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ABSTRACT OF DISSERTATION

MIXED PTL/STA TIC  LOGIC SYNTHESIS USING GENETIC ALGORITHMS:

THEORY AND APPLICATIONS

W ith the increasing demand of high-performance and high-density VLSI (Very 

Large Scale Integrated circuits) designs, technology scaling has been meeting the in­

creasing demand and will continue in UDSM (U ltra Deep-SubMicron) regimes. As 

the complexity of a chip increases almost exponentially as CMOS (Complementary 

Metal-Oxide Semiconductor) technology scales to  under lOOnm, the difficulty of de­

signing VLSI system has increased. Thus, the gap between design productivity and 

technology capability is increasing. Because of this gap, efficient and practical EDA 

(Electronic Design A utom ation) solutions have become more and more relevant in 

ensuring successful chip designs and time-to-m arket.

S tatic CMOS logic style has long been used widely to realize a VLSI system 

because of ease to  use and well-developed synthesis methods. W ith power becomes 

an increasingly limiting factor in high density and high-performance VLSI designs, a 

great deal of effort has been made to  explore low-power design options w ithout sacri­

ficing performance. Pass-transistor logic (PTL) is being considered as an alternative 

logic style of static CMOS because static  logic consumes a large am ount of power due 

to  large short circuit current. Generally, PT L  consumes less power than  static  logic 

because of its small capacitive load and smaller area. However, PTL only circuits 

would increase the circuit delay caused by a long transistor chain in series.
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In this dissertation, a new mixed pass-transistor logic (PTL) and static  CMOS 

logic synthesis m ethod is presented. The main advantage of mixed P T L /S ta tic  cir­

cuits is th a t the static  CMOS acts as a buffer as well as performs a logic function. The 

proposed synthesis m ethod searches for possible matches between a logic structure and 

a  set of predefined P T L /S ta tic  logic gates using Binary Decision Diagrams (BDDs). 

This proposed mixed P T L /S ta tic  synthesis m ethod also optimizes the final m apped 

circuits on a global level by using genetic algorithms (GAs). O ur experim ental results 

dem onstrate th a t circuits synthesized using our proposed mixed P T L /S ta tic  synthe­

sis m ethod outperform  their static  counterparts in delay or power consumption, or 

both in various CMOS technologies. The im pacts of technology scaling on mixed 

P T L /S ta tic  circuits in term s of performance and power consumption are also exam­

ined by means of both  theoretical projections and experiments. The projection and 

experim ental results give more evidence th a t the mixed P T L /S ta tic  circuit style is 

a promising alternative to  static  and domino circuit styles for high-performance and 

low-power applications in the future.

Geun Rae Cho
D epartm ent of Electrical and Com puter Engineering 
Colorado State University 
Fort Collins, Colorado 80523 
Spring, 2003
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Chapter 1 

Introduction

1.1 Background

Static CMOS logic style has widely been used to realize a VLSI system because 

of ease to  use and well developed synthesis and analysis methods. W ith power being 

increasingly a limiting factor in high density and high-performance VLSI designs, 

a great deal of effort have been made to explore low-power design options without 

sacrificing performance.

Power reduction techniques can be implemented at various levels in a system. 

These techniques fall into four general categories: system and software level, archi­

tecture or behavioral level, logic level, and circuit level power reduction. This section 

provides an overview of these four techniques.

1.1.1 System  and software level

System and software level power reduction methods relate chiefly to  the reorder­

in g  of the instructions used in a program or the efficient use of registers. Because 

many mappings form a high-level source code into machine code exist, the optimiza­

tion method of a compiler of a code-generator can impact power consumption. If a 

power cost for every instruction is available, the power th a t a system consumes can

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



be reduced by reordering the instructions appropriately in the generated code [3]. Be­

cause register access is much cheaper than  memory access, efficient register allocation 

can significantly affect power consumption.

1.1.2 A rchitecture or behavioral level

A rchitecture or behavioral level low-power technique tries to optimize the overall 

system power by considering various design alternatives when a system is first being 

designed. Such analysis can help designers choose the best resource allocation for a 

given system. Because every architecture resource consumes power, the optimized 

resource allocation can reduce power consumption.

1.1.3 Logic level

Logic level power reduction methods include several approaches. One is combi­

national logic, which can be broken down into two phases: technology-independent 

optimization and technology-dependent optimization.

Technology-independent optimization manipulates logic equations to  reduce power 

dissipation. This optimization method works prim arily by means of factorization of 

logical expression. For example, ac + ad + bc + bd can be factored into (a +  b)(c + d), 

considerably reducing transistor count. Additionally, common subexpressions can be 

found across multiple functions and reused. In this approach, kernels[4] are usually 

generated so th a t the literal counts are reduced. W hen targeting power consumption, 

because the cost function is not only the literal count, but also the switching activity, 

modified kernel extraction methods th a t target switching activity are proposed in [5]. 

After a technology-independent optimization of a set of logic equations takes place, 

the results generally m ust be m apped in a feasible circuit th a t optimizes power while 

it also meets delay constraints.

2
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D on’t care optim ization is a component of technology-independent optimization. 

The don’t care optimization method exploits controllability and observability don’t 

cares associated w ith a combinational circuit. Don’t cares can be exploited to  improve 

delay[6] or to reduce switching activity and power consum ption[7].

Technology-dependent optimization is often called technology mapping. Because 

technology mapping has the role of finalizing circuit synthesis by performing the gate 

selection form of a given library, technology mapping is a crucial step in log synthesis.

1.1.4 Circuit level

At the circuit level, static  CMOS logic style has been widely used to  realize a 

VLSI system because of its ease of use and its well-developed synthesis and analysis 

methods. Pass-transistor logic (PTL), first proposed in [8, 9], has attracted  much 

attention from early on. Because the overall capacitance in PTL is less than  tha t 

of static CMOS logic, PT L  generally consumes less power than  static  CMOS logic. 

The fact th a t the transistor’s junction capacitance is smaller than  gate capacitance is 

the main reason for the lower overall capacitance of PTL. However, some issues exist 

about using PTL circuit styles. For instance, a PTL-only circuit would significantly 

increase the circuit delay caused by long pass-transistor chains. To alleviate this 

drawback, conventional PTL synthesis methods[10, 11] use dedicated buffers th a t are 

inserted every fixed number of pass-transistors in series. However, these buffers can 

cause a large amount of power consumption and performance degradation.

Mixing PTL with static  CMOS has been proposed[12, 13,14, 15] as an alternative 

low-power circuit style; this is known as a mixed P T L /S ta tic  CMOS circuit. Unlike 

conventional PT L  design, where dedicated buffers are inserted in pass-transistor trees 

to  restore driving strength, the mixed P T L /S ta tic  circuit allocates a certain number of 

static gates a t optimal locations within pass-transistor trees to  boost driving strength

3

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



as well as perform logic functions. Consequently, circuit performance and power 

consumption of mixed PTL circuits are further improved in comparison to  those 

in conventional PTL circuits. Mixed P T L /S ta tic  circuits can take full advantage of 

both static CMOS and pass-transistor circuit styles and are considered as a promising 

alternative to  static  CMOS circuits for use in low-power applications because their use 

has no performance penalty. Mixed PTL circuit styles are not widely used because the 

synthesis environments for mixed PTL circuits are not m ature in comparison to  static 

synthesis environments. However, mixed PT L  synthesis remains very im portant for 

achieving low-power and high performance VLSI system.

1.2 Problem  Descriptions

Designing mixed PTL circuits for low-power and high-performance highly de­

pends on two tasks: selection of PTL cells and a synthesis technique to produce a 

mixed PTL structure.

The choice of PTL cells directly im pacts the Boolean matching process in the 

synthesis phase and significantly impacts overall quality of the final synthesized re­

sults. In [13, 14, 16], nMOS-only and pMOS-only pass transistor trees are used in 

PTL cells to  reduce cell size. The full rail-to-rail swing of the ou tpu t signal is re­

stored by the ex tra  level restoring logic at the output of a PTL gate. The existence of 

level-restoring logic a t the output of PTL gates not only slows down the PT L  gates 

due to  potential drive-fights, bu t also increases their power consumption.

During logic synthesis, technology m apping play an im portant role in reducing 

power. Because the technology mapping process is to  select the best m atch among 

the possible different matches at each node of a given decomposed circuit using base 

functions such as NANDs and INVs, the applied selection m ethod is very im portant.

4
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The objective function of the mapping process can be area or power under delay 

constraints, or vice versa.

Dynamic program m ing[17] has been widely used to solve the technology mapping 

problem[18, 19, 20, 21]. This m ethod is efficient for an area optimization. The 

m ethod’s main drawback, however, is th a t it does not guarantee the optim ality for 

timing or power because the load capacitance of a node is not determined yet when 

a m atch is considered. Therefore, the delay cannot be calculated a t the time of the 

mapping. In [19], an improved m ethod has been proposed to estim ate delay during the 

mapping process. First, n  load bins are created a t each node and delay is calculated 

in the postorder tree traversal. For each bin, the m atch th a t gives minimum arrival 

time a t a node output is stored. The final selection is made during preorder traversal 

by selecting matches depending on the load seen at each node.

In [20, 21], the author proposed an area-delay trade-off curve th a t utilizes only 

non-inferior area-delay points, bu t the load capacitances are still not determined 

during the postorder traversal. The search for optimal mappings in [19, 20, 21] was 

applied only within a sub-tree of a given circuit represented by a directed acyclic 

graph (DAG). Sub-trees are separated by multiple fanout points in the DAG. The 

cell interactions between sub-trees were not considered, and no a ttem p t was made to 

optimize the overall circuit a t the  global level. A greedy search algorithm proposed 

in [13] to determine the best mappings for mixed P T L /S ta tic  circuits also ignores 

global level optimization.

The limitations of the existing methods can be summarized as follows: (1) The 

use of PT L  cells with nMOS or pMOS only in the signal path  significantly impacts 

power consumption and circuit performance. (2) Technology m apping algorithms 

using dynamic programming or greedy methods ignore global level optimization. (3) 

The lack of global view in technology mapping will result in poor quality of the final 

mapped circuits in term s of power consumption and performance.

5
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1.3 Research O bjectives and Organization of the  
D issertation

1.3.1 O bjectives

The objectives of this research are to  explore appropriate PTL cell types for 

mixed P T L /sta tic  logic and to develop a new technique for mixed P T L /S ta tic  CMOS 

circuit synthesis m ethod th a t can optimize the circuits a t global level. Also, the 

scalability of mixed PTL, including performance, dynamic power consumption, and 

leakage power consumption, will be examined.

The proposed m ethod is as follows. First, appropriate PTL cell types for mixed 

P T L /S ta tic  circuits will be explored though circuit simulation methods. Second, for 

the technology mapping method, a circuit will be divided into sub-Boolean func­

tions using multiple fanout points. Each sub-Boolean function will then be mapped 

to a set of potential sta tic  and PTL cells using well-known BDD-based matching 

techniques[22]. Therefore, each sub-Boolean function may have many legal mappings 

of mixed PTL and static cells. The global-level search for the best combination of 

PTL gates and static gates for the given circuit will be achieved by the use of genetic 

algorithms (GAs).

There are concerns about the ability of PTL to  scale well with technology scaling, 

particularly with Vdd  scaling. The scalability of mixed PTL, including performance, 

dynamic power consumption, and leakage power consumption, is not well understood. 

The existing published results did not address these concerns, because almost all of 

the previous work on PT L  was performed on the 0.25pm  technology generation or 

older. W ith current process generation moving beyond the 0.25pm generation and 

into the 0.18pm, 0.13pm, and 0.1pm generations, this paper attem pts to  directly ad­

dress the issues of PTL scalability by projecting the trends of performance, dynamic

6
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power consumption, and leakage power consumption on future CMOS technologies be­

yond 0.1 fim, and presenting new comparative results using more up-to-date 0.18/rm, 

0.13fim, and 0.1 fim  CMOS technologies.

1.3.2 O rganization

The organization of the dissertation is as follows. In C hapter 2, first, three dif­

ferent logic im plem entations including mixed P T L /S ta tic  logic im plem entations are 

examined and preliminary experimental results are presented. Then, PTL cell types 

th a t are appropriate for mixed PTL circuits will be explored in bulk CMOS and SOI 

devices. Boolean matching using BDDs will be discussed and implemented in the 

Chapter 3. In C hapter 3, the proposed logic mixed P T L /S ta tic  logic synthesis is also 

presented. In C hapter 4, the proposed mixed P T L /sta tic  logic covering method based 

on genetic algorithms and the performance enhancement methods are presented. In 

Chapter 5, the scalability of mixed PTL circuit styles will be presented by projecting 

the performance and power consumption of the mixed PTL circuits for the future 

technology generations. In C hapter 6, first, the experimental results on the mixed 

P T L /S ta tic  and static CMOS circuits in a 0.25/j l tu , 0.1 gm  CMOS, and a 0.13fim  SOI 

technologies will be presented. Second, the im pact of technology scaling on mixed 

PTL circuits will be presented by comparing w ith the results of static  and dynamic 

CMOS circuit styles using three different modern CMOS technologies. Finally, the 

experimental results on leakage power consumption will be presented. Finally, con­

cluding remarks and future work will be given in C hapter 7.

7
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Chapter 2 

On m ixed P T L /S ta tic  logic

2.1 Introduction

This C hapter has two purposes. The first is to present more evidence in a deep- 

submicron (DSM) CMOS processor to validate the advantage of mixed PTL circuits. 

The second is to  explore appropriate PTL cell structure for mixed PTL circuits in 

a deep-submicron CMOS process and a deep-submicron silicon-on-insulator (SOI) 

processor.

Conventional static CMOS logic gates have been widely used in ASIC (application- 

specific integrated circuit) design today mainly due to  the advantages of easy syn­

thesis and a well-developed synthesis and analysis environment. Pass-transistor logic 

(PTL), which was first proposed in [8, 9], a ttrac ted  a lot of attention early on. In 

general, PTL has less overall capacitance than  static  CMOS because of small area, 

and consumes less power than  static  CMOS. The advantage of PTL as an alterna­

tive low power circuit design approach in 0.5/jm and 0.3/rm CMOS technology has 

been well documented in [23, 24]. However, the  advantage of PTL in deep-submicron 

CMOS technology is not well understood yet. There are speculations [23] th a t with 

aggressive scaling in transistor critical dimension and supply voltage, the advantages 

of PTL over conventional static CMOS gates will gradually diminish.
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The adoption of PTL is further exacerbated by the lack of synthesis environment 

to support the use of PTL gates. The well-known method of synthesizing the PTL 

circuit from a set of logic equations was proposed in [10]. The use of binary decision 

diagrams (BDDs)[25, 26, 27] made the synthesis process easy and straightforward. 

To minimize delay, a buffer is inserted every fixed number of transistors in series in 

the PTL chain. The process of buffer insertion can also be viewed as the process of 

BDD decomposition as suggested in [11], where buffers are inserted a t the root of 

each decomposed BDD.

For complex logic functions, the number of buffers to  be inserted in a PTL circuit 

can be significant. One way to  alleviate this problem is to use static  logic gates to 

both act as buffer and perform logic functions. Mixed PTL with static  logic gates 

has been proposed in [12]. This chapter presents more evidence in a deep-submicron 

CMOS process to  validate the benefit of mixed PTL circuits. By eliminating explicit 

buffering between PTL stages, mixed PTL circuits can further improve the low power 

nature of PTL circuits w ithout sacrificing performance.

The remainder of this chapter consists of four sections. In section 2.2, pure static 

and conventional PTL will be reviewed, then a mixed P T L /S tatic  logic structure will 

be presented to  show more evidence of mixed P T L /S ta tic ’s potential advantages. 

Because PT L  cell type is very im portant for mixed PTL, an appropriate PTL cell 

type for the mixed PTL circuits will be presented in section 2.3. Finally, the behavior 

of PTL cells in silicon-on-insulator (SOI) CMOS process will be reviewed and a new 

SOI DTMOS PTL structure will be presented in section 2.4.

2.2 M ixed P T L /S tatic  Circuit

In this section, we compare mixed PTL circuits with conventional PTL and pure 

static circuits in term s of power, delay, and power-delay-product (PD P). The mapping 

method for each circuit style will be described briefly.

9
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2.2.1 P roperties o f Pass-Transistor Chains

The average dynamic power, Pav, consumed by a CMOS gate is given by

p av = V^d - f - C L -A i  (2.1)

where Vm  is the supply voltage, /  is the operating frequency, Cl is the to tal load 

capacitance driven by the gate, and Ai is the switching activity of the gate1. f ,  

and Ai are fixed. Decreasing Cl will have a positive im pact on power consumption. 

Since the input capacitance of a PTL gate is smaller than  the input capacitance of a 

static CMOS gate, replacing CMOS gates with PTL gates should result in a reduction 

in the power consumed.

We cannot arbitrarily connect PTL gates together, however, because the delay 

through pass-transistors is a quadratic function of the number of transistors in series. 

The delay in PTL can be estim ated as O =  rn ■ N 2 where rn and N  are the time 

constant and the number of transistors in series, respectively[28]. This quadratic de­

pendence can be seen in Figure 2.1 where the results from an HSPICE[29] simulation 

of a 0.25jim  process are shown. The delay is plotted versus the number of nMOS 

transistors in series in Figure 2.1. Figure 2.1 plots the percentage of increase in de­

lay over one pass-transistor against the number of transistors in series. These graphs 

show th a t the delay is unacceptably high when the number of pass-transistors is three 

or more. Therefore, we limited ourselves to  a maximum of three pass-transistors in 

series w ithout an intervening static gate for this process.

Another issue with pass-transistors is th a t they do not have full output voltage 

swing. The high ou tpu t voltage is limited to  Vaa ~  Vtn for an nMOS transistor chain

xIn this case, we ignored the power consumed by short circuit.

10
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Figure 2.1: Pass-transistor chain delay (HSPICE simulation results in a 0.25/rm 
CMOS technology)

where Vtn is the nMOS threshold voltage. We had hoped to  use this limited volt­

age swing to  reduce the dynamic power consumption. However, this ou tpu t voltage 

was not high enough to completely tu rn  off the pMOS transistors in the following 

static gates, and, therefore, the static current became unacceptably high. To fix this 

problem, an inverter and a pull-up pMOS transistor had to  be added a t the output 

of each PTL cell to  restore the swing all the way to Vdd- The size of inverter and 

pull-up pMOS was chosen in such a way th a t the loading effect a t the cell output is 

minimized. This arrangem ent is shown in the inset of Figure 2.2(a).

2.2.2 C onventional PTL and Static C ircuits

One of the purposes of this chapter is to  compare a type of mixed PTL structure 

with the conventional PTL structure. To implement a given set of Boolean functions 

in a conventional PTL circuit, we followed a m ethod similar to  the one described in 

[10]. In this method, the logic equations are first converted to  a reduced and ordered

11
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BDD (ROBDD)[26, 27]. This BDD is then converted to a PTL circuit simply by 

replacing each node w ith two nMOS pass transistors in a Y-shaped pattern , as shown 

in the inset in Figure 2.2(a). This is a straightforward method, and it assures th a t 

only one path  is on at a time. The final step is to  add buffers after every two pass- 

transistors in series for the reasons outlined in Section 2.2.1. The buffers use pull-up 

transistors to  restore full swing at the output of the pass-transistors.

As an example of a conventional PTL circuit, the Boolean equation

/  = yos2si 4  + s i s ^ x - l  +  s2x 2x^ 0  + yos2s i s 0x 2 (2 .2)

was mapped using the above process. The results are shown in Figure 2.2(a).

For the pure static implementation, we used the SIS program, as described in 

[30, 31]. Since technology mapping is an N P-hard problem[32, 33], SIS uses a set 

of heuristic algorithms. The first algorithm decomposes the given Boolean function 

into a graph containing only simple gates, such as 2-input NAND’s and inverters. 

In the second step, this large graph is then partitioned into smaller pieces called 

subject graphs[19, 34] to  make the th ird  step tractable. The th ird  step is called 

covering[19, 34, 22] and consists of trying to  m atch portions of the subject graph 

to  graphs created from the cell library. The cell library used by SIS contains only 

static CMOS gates. In the final step, the algorithm chooses which library cells to use, 

usually based upon some sort of tim ing constraint.

SIS was used to  implement the function /  given in (2.2). The result is shown in 

Figure 2.2(b).

2.2.3 P T L /S ta tic  H ybrid C ircuit Im plem entation

The approach used in this chapter to  the mixed P T L /S ta tic  circuit implementa­

tion is similar to  the m ethod as described in SIS[30, 31]. The mapping process begins

12
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by decomposing the Boolean functions into a graph containing only simple gates 

called base functions: 2-input AND’s, 2-input O R ’s, and inverters in our case. The 

prim ary purpose of this step is to express all local functions as simple functions and 

is required to  ensure th a t every node is covered by a t least one library cell. In order 

to ensure the existence of a solution, the  library has to  include the base functions.

During partitioning, the large graph is broken into subject graphs. Since the 

technology m apping problem is NP-complete in nature, we can reduce the problem 

size, and the problem becomes tractable by breaking the graph into cones. We have 

chosen multiple fanout points as the boundary of the subject graphs.

We used a similar covering m ethod as th a t used in SIS. Our m ethod differs from 

the SIS m ethod in two ways. First, three PT L  gates are added to  the library of static 

gates. Second, the static gate is used both  to  perform logic functions and to  act as 

buffers between PTL gates. These PTL gates have a maximum of two pass-transistors 

in series. Figure 2.3(a) shows the schematic of these three cells. W ith the addition of 

the PTL gates, some new rules must be added to  the conventional covering scheme to 

generate a mapped circuit after finding possible matches at every node in the subject 

graph. In this mixed PTL implementation, we used the following rules. First, all 

inputs to  a PT L  cell must be from static  cells. Second, all outputs from a PT L  cell 

must be to  static  cells. These rules assure th a t two PTL cells are never connected in 

series, and thus no more than  two pass-transistors are in series a t any point in the 

circuit. These rules needs to be followed to  keep the delay a t acceptable levels as 

discussed in Section 2.2.1.

Because the main purpose of discussing this mixed PTL approach is to  examine 

the ability of the mixed PTL circuit in power and performance, the details of the 

mapping process are not presented in this chapter. Instead, the details of the mixed 

PTL mapping process and algorithm will be presented in Chapters 3 and 4. A sample

14
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of mixed PTL im plem entation is shown in Figure 2.3(b), where the function /  given 

in equation (2 .2 ) is implemented.

2.2.4 Sim ulation R esu lts o f m ixed P T L /sta tic  Logic

In order to  make a comparison, three different benchmark circuits taken from a 

microprocessor design are implemented in each of the three logic styles: conventional 

static, conventional PTL, and mixed PT L /static . The characteristics of three circuits 

are summarized in Table 2.1. These three circuits are implemented using a commercial 

0.25/im CMOS process w ith V dd  =  2.5F. For each of the three circuits, we randomly 

chose five paths to  compare delay, power consumption (under different input setup 

to  activate the given path), and power-delay product. The transistor sizes in all the 

circuits were determined such th a t rise and fall time of all the signal nodes in the 

circuits are in the range between 300ps and 400ps.

Table 2.1: Benchmark Circuits
No. of P is No. of POs No. of Gates Circuit Function

Circuit 1 7 13 52 Logic
Circuit 2 32 16 107 Logic
Circuit 3 93 53 172 Logic

The HSPICE simulation results are shown in Table 2.2, where the paths num­

bered 1 through 5 are from Circuit 1, 6  through 10 are from Circuit 2, and 11 through 

15 are from Circuit 3. This was the original process we designed our cells for, and 

the results are encouraging. In 9 out of 15 paths (path #  1, 6 , 7, 8 , 11, 12, 13, 14, 

15), the mixed PTL scheme outperformed the conventional static  logic and the con­

ventional PTL in either delay or power consumption. O ut of these 9 paths, 6  paths

15
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outperformed in both delay and power consumption. In 10 out of 15 paths (path #  1, 

6 , 7, 8 , 9, 11, 12, 13, 14, 15), the mixed PTL scheme outperformed the conventional 

static logic and the conventional PTL in power-delay product.

On average, the mixed PTL has a 30 percent improvement in delay while con­

suming approximately half of the power when compared to  the conventional PTL. 

More modest, but still substantial, gains are seen when comparing our approach to 

the static  CMOS implementation, where there is approximately a ten percent savings 

in both delay and power. For power-delay product (PDP), the mixed PTL yields a 

17 percent improvement over the static  CMOS method.

In addition, the experimental results show th a t, at 0.25fim , the advantages of 

conventional PTL over conventional static are disappearing. In fact, conventional 

static logic significantly outperforms the conventional PTL scheme in all three cat­

egories of delay, power consumption, and power-delay product. It is our belief th a t 

explicit use of buffering between PTL stages in the conventional PTL added signifi­

cant delay and additional power consumption to  the conventional PTL circuits.

2.2.5 Sum m ary on m ixed  P T L /sta tic  Logic

In this section, a new pass-transistor scheme in which conventional PTL stages 

are mixed with static  logic gates is presented. The static logic gates not only act 

as buffers between PTL stages, bu t also perform part of the logic functions of the 

given block. In comparison to  the conventional PTL, the  elimination of explicit 

buffering between PTL stages significantly improved both circuit performance and 

power consumption. The experimental results confirm th a t the proposed scheme can 

yield over 1 0 % improvement in delay and power consumption over the conventional 

static logic, and up to  50% improvement in power consumption and up to  30% in 

delay over the conventional PTL.
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Figure 2.4: Different PTL Cell Types.

The proposed scheme requires a new method of technology mapping. In Chapters 

3 and 4, the process of mapping a given logic network using the mixed PTL and static 

logic gates will be described.

Power consumption and circuit performance of a PTL-based circuit depend on 

the PT L  cell types used in the circuits. But not enough work has been done in 

comparing the effects of PTL cell types for mixed P T L /S ta tic  circuits. In this section 

we examine several widely known and well used PTL structures to  examine their 

performance and power consumption in the context of mixed PTL/C M O S circuits. 

The outcome of this analysis also severs as justifications for our choice of the PTL 

cell structure used by our synthesis algorithm.

2.3 PTL Cell Types

2.3.1 B ulk CM OS PT L  Cells

18
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2.3.1.1 Previous m ethods

Figure 2.4 shows several single rail PTL cells2. The cell type in Figure 2.4(a) 

is used in [10]. There are two other cell types proposed in [10] th a t are not shown 

here. Figure 2.4 (b) is used in [23], (c) is used in [13] and [14, 16]. For the circuits in 

Figure 2.4 (a) and (b), the output of the cells swings from 0 U to Vdd — Vtn, where 

Vtn is the threshold voltage of the nMOS transistor. Therefore, the cell outputs need 

to  have swing restoring circuit in order to reduce leakage current of the static gates 

at the next stage. Having swing restoring circuit would increase power consumption 

and delay of the circuit because of potential drive fight a t the PTL output.

The PTL cell in Figure 2.4(c) uses nMOS and pMOS to  form paths for non­

control input signals. The worst case output voltage of the pass-transistor section 

is from Vtp to  Vdd  — Vtn, because nMOS passes zero well, while pMOS passes high 

well. In order to recover the voltage drops due to  the use of nMOS and pMOS in 

the cell, two swing restoring transistors need to be used. One is for pull-up and the 

other one is for pull-down. This introduces more power consumption and delay than  

the cell types PTLBU P and PTLFU P, which are shown in Figure 2.4 (a) and (b), 

respectively.

2.3.1.2 P T L +  cell typ es

The PTL cell type in Figure 2.4 (d) is a MUX-like structure th a t uses transm is­

sion gates. This cell type does not need any swing restoring circuitry because the 

output swing range of this cell is rail-to-rail (0U to  Vdd). The transistors pMOS p i 

or p2 (nMOS n l  or n 2 ) can be removed, as shown in Figure 2.9 (c), if term inal b or c 

(non-control inputs) is connected to  G nd (Vdd). This removal will positively im pact

2The inverters to generate signal a ' are not drawn. The inverters are needed because these cells 
generate single-rail output voltage.
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Table 2.3: FA Simulation Result of PTL Cells in a 0.25um  CMOS technology.
Cell Type Power (W) Delay(ns) P D P (J) ^ Area (fim 2)
PTLBU P 1.914E-06 0.462 8.842E-07 7.16
PTLFU P 1.940E-06 0.459 8.902E-07 8.65
PTLPU D 5.743E-06 1.921 1.103E-05 7.50

P T L + 1.591E-06 0.347 5.520E-07 6 . 8 6

power consumption and performance of the circuits where this type of cell is used. 

This type of cell is referred to as the P T L +  cell.

2.3.2 Sim ulation and A nalysis o f S ingle-R ail PT L Cells

To illustrate th a t the P T L +  type cells are faster and consume less power than  

others, each PTL cell type from Figure 2.4 is used to implement a 1-bit mixed 

PTL/CM O S full adder (FA) circuit in a commercial 0.25firn CMOS process. The 

number of pass-transistors in series is limited to two.

The FA circuits using the cells in [10] and P T L +  cells are shown in Figure 2.5. 

The simulation results for all cell types are shown in Table 2.3, and Figure 2.6 shows 

the full adder simulation waveform for the PTLBUP, PTLFU P, and P T L +  cell types.

The PTLPU D  cell used in [13, 14] showed the highest power and worst delay. 

Because this cell’s output swing is Vtp to  V dd  — Vtn in the worst case, ex tra level 

restoring logic (dashed symbols) is added a t the output of the cell, as shown in 

Figure 2.4 (c). This extra level restoring logic introduces a significant am ount of 

delay and a large am ount of power consumption due to  short circuit current.

The PTLBU P and PTLFU P cells show very similar results in both  power con­

sumption and delay. This is due to the fact th a t both cell types use one pull-up 

pMOS and one inverter for level restoring. The area of PTLFU P cell, measured using
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Figure 2.6: Full-adder simulation waveform for three different PT L  cell types in 
0.25jim  technology (Vdd =  2.5V). (a)input waveform, (b)sum output, (c)carry-out 
waveform, and (d)current waveform.

the to ta l transistor gate area, is larger than  PTLBU P cell due to  added inverter in 

PTLBU P cell.

The P T L +  cell shows the best results compared to  the other three types of PTL 

cells. This is due to  the range of ou tpu t voltage th a t exhibits rail-to-tail swing and 

reduces the am ount of short circuit current a t the output stage. This configuration of 

PTL gates has not been used often in most studies on PTL because of fears th a t the 

configuration is too big. Our results show th a t P T L +  cells are slightly bigger than  

PTLBUP, but smaller compared to  others. The benefits of getting a  rail-to-rail full 

swing a t the PTL gate output w ithout significant drive fights significantly outweighs 

the slightly bigger area in term s of performance and power consumption.

Although it is clear th a t the delay of the P T L +  cell shown in Figure 2.4 (d) is 

better than  th a t in Figure 2.4 (a), it might be helpful to illustrate th a t analytically. 

In deep-submicron technologies, drain current of a transistor can be represented by
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the alpha-power law[35]. Assuming th a t logic 1 is transferred from input c to  output 

o. The final voltage of node X  of Figure 2.4 (a) is VDD due to level restoring logic, 

the nMOS transistor n 2 is in saturation mode during the transfer and the delay of 

Figure 2.4 (a), t d, is given by

,a _  C xV pp  I ,INV (o Q \

“ “  2K j y ^ — v * r  d ( '

where K s is a technology dependent param eter, VGsn2 i s ^ d d ~ V x , Vtn is the threshold 

voltage of the nMOS transistor, t IdNV is the delay from node x to node o, and a  is 

the velocity saturation index which varies from 1 to  2 .

For Figure 2.4 (d), the nMOS transistor, n^, is in saturation mode when Vx  < 

Vdd ~  Vtn and is in cutoff region when Vx > Vdd — Vtn. The pMOS transistor, 

P2 , is in saturation mode when Vx <  \Vtp\ and it is in non-saturation mode when 

>  | T 4 p | -

Since Vdd is several times higher than  the device threshold voltage for sub-180nm 

technology node[36], for most of the switching time, nMOS and pMOS transistors 

are in saturation and non-saturation mode, respectively. Therefore, the delay of 

Figure 2.4 (d) can be approxim ated as

d _  C xV pp  INV , ,
d of Tsat i Tlin \  d \ ' )

^VDm ~T~ 1Dp2)

where / | ^ 4 is the saturation current of nMOS and I l̂ 2 is the non-saturation 

current of pMOS p2- I sd14 and I 1d^2 are represented by

rsat 
Dn 4 =  K s(VGSn4 -  Vtn)a (2.5)

I lDV2 = K l(VSGP2- V tpr / 2VSDp2 (2.6)

where VGsn4 is VDd ~  Vx , VSgP2 is VDD, VSDp2 is VDD -  Vx , and K t is the velocity 

saturation index in non-saturation mode. Comparing Equations (2.3) and (2.4), it is
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Figure 2.7: Simulation results of PTL circuits in a 0.13/im  CMOS process. The 
waveforms 0 \  and O2 represent the outputs of Figure 2.4 (a) and (d), respectively. 
The waveforms X \  and X 2 represent the node X  of Figure 2.4 (a) and (d), respectively. 
And I\ and I 2 represent the current of Figure 2.4 (a) and (d), respectively.

clear th a t the delay of the circuit in Figure 2.4 (d) is lower than  th a t in Figure 2.4 

(a) given the delays of the inverters in Figures 2.4 (a) and (d) for the same load 

capacitance are the same.

Dynamic power dissipation of a CMOS inverter is given by

P d y  =  P load  T  P sc  (2-7)

where Pioad and Psc are the power consumed by load capacitance and short circuit 

power, respectively. Since the power consumed by the load capacitance is the same 

for the same load capacitance, the power efficiency of Figure 2.4 (a) mainly depends 

on Psc of the inverter and the power dissipation caused by the current flow through 

pull-up transistor pup. However, the power efficiency of Figure 2.4 (d) mainly depend 

on Psc of the inverter. Assuming th a t fin (Vtn) and flp (Vtp) are the same, Psc of an 

inverter is given by [37]

=  ^ ( V dd ~  2 V,)3^  (2 .8 )
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where t rf  is the input transition time, T  is the period of the input waveform. One of 

the reasons the power consumption of PT L  cell in Figure 2.4 (a) is more than  th a t in 

Figure 2.4 (d) is the slower slope of node X  in Figure 2.4 (a) due to  drive fight a t the 

level restoring circuit. Figure 2.7 shows the simulation results where the transition 

time difference of node X  is clearly illustrated. Therefore, the power consumed by 

Figure 2.4 (a) is great than  th a t of Figure 2.4 (d).

Based on the experimental results and analysis above, we have chosen P T L +  as 

the basic PT L  cell type for our mixed PTL circuit implementations. Figure 2.8 shows 

three basic single-rail P T L +  cell types used in our approach. The area overhead of 

P T L +  cells can be reduced by removing nMOS or pMOS transistor in the cells. For 

example, pMOS p\ or (nMOS riz or n±) of 2.4 (d) can be removed when term inal 

b or c (non-control input) is connected to  G nd (Vdd), as shown in Figure 2.9 (c).

2.3.3 D ual-R ail PTL Cells

Dual-rail P T L +  cell structure used in this study was chosen to  be very similar 

to single-rail P T L +  cells based on the analysis above. The difference is th a t, since
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Figure 2.9: Single-rail and dual-rail P T L +  T ypel cells and their variations.

all gate output in dual-rail mixed PTL circuits generate a signal and the one with 

the opposite polarity, the dual-rail P T L +  cells do not have inverters which are used 

in single-rail cells to  generate opposite polarity of gate control signals. Figure 2.9 (b) 

and (d) show the dual-rail P T L +  type l cell and its a variation when the input signal 

b (b) is connected to  G nd (Vdd), respectively.

2.3.4 PTL C ells for F loating-B ody P D SO I

The SOI technology is potentially more attractive for mixed PTL circuits due to 

its reduced junction capacitance. Therefore, experiments presented in C hapter 6  were 

carried out using a 0.13fxm partially depleted SOI (PDSOI) technology. SOI PTL cells 

have the same structure as th a t of bulk CMOS. In addition to  the fact th a t the delay 

of PTL cells in SOI are expected to  switch faster than  bulk CMOS due to  its lower 

junction capacitance, the decreased threshold voltage of a  floating-body SOI device 

due to  capacitive coupling between body and device term inals, im pact ionization, and 

junction leakage also makes SOI device faster than  bulk CMOS devices. The decrease 

in capacitance in SOI positively impacts on the power consumption.
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2.4 SOI versus DTM OS

In this section, silicon-on-insulator (SOI) and dynamic threshold CMOS (DT­

MOS) will be reviewed, and experimental results of basic cells using SOI and DT­

MOS3 in two different 0.13/im  SOI technologies will be presented. Then a proper SOI 

type will be chosen for SOI mixed PTL circuits.

2.4.1 SOI

Silicon on insulator (SOI) CMOS is not much different from bulk CMOS. The 

main difference is th a t an insulator layer, buried oxide layer (BOX), is inserted be­

tween the substrate and body of the device in SOI CMOS. Therefore, the body of 

a transistor is floated and is not connected to  the device body anymore. The main 

advantage of the SOI device is th a t it has a smaller junction capacitance than  bulk 

CMOS devices. As a result, w ith SOI CMOS, lower power can be achieved than  with 

bulk CMOS devices.

Floating body SOI devices can be classified into two categories: partially de­

pleted SOI (PD SOI) and fully depleted SOI (FD SOI) devices. The main difference 

between PD SOI and FD SOI is th a t silicon thickness of the transistor (Tsi) of PD 

SOI (200nm — 50nm) is thicker than  th a t of FD SOI (50nm — lOnm). It is known 

th a t the inverse subthreshold slope (ISS) in the FD SOI device is lower than  th a t in 

the PD SOI device[39]. However, there are some manufacturability issues in FD SOI, 

while the PD-SOI process is almost compatible to  the modern bulk CMOS process. 

The m anufacturability issues come mainly from the fact th a t the Vt sensitivity to  TSi 

and thin-film doping density ( N Si) of FD-SOI is higher than th a t of PD SOI. Because

3DTMOS can be realized in bulk CMOS process. However, DTMOS based on bulk CMOS [38] 
is not dealt in this dissertation.
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Figure 2.10: Sources of body charging mechanism in partially depleted floating body 
SOI. (a)im pact ionization, (b)junction leakage, (c)capacitive coupling.

FD SOI devices are unpopular due to the fact described above, FD SOI will not be 

examined in this dissertation.

Due to  the fact th a t the body is floated in the floating body PD SOI device, 

the device characteristic is no longer constant and depends on the am ount of charge 

in the body. Therefore, it is necessary to understand body charging and discharging 

mechanisms in order to  understand floating body effects[40].

Body charging is mainly caused by im pact ionization, junction leakage, and ca­

pacitive coupling between body and gate, source, and drain. Figure 2.10 shows the 

sources of the body charging mechanism in the floating body SOI nMOS device. Im­

pact ionization[41], shown in Figure 2.10(a), is caused by lateral electric field when 

the drain voltage is large. Electrons traveling from the source to  the drain get high 

energy in the high electric field region near the drain. The high energy electrons 

collide with the lattice in the depletion region and generate electron/hole pairs. The 

newly generated electron collides again with the lattice to  produce more elctron/hole 

pairs. Most of the electrons move toward the drain, and holes move toward the body 

of the device. Some of the holes are accumulated a t the buried oxide boundary near 

the source. These accumulated holes raise the body potential.
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The second source of body charging is junction leakage. As shown in Fig­

ure 2 .1 0 (b), the source and /o r drain junction are reverse biased when the source 

and /or drain potential are higher than  the body potential, and there is current flow 

through the reversed biased junctions. As a result, the potential a t body is increased.

Figure 2.10(c) shows the capacitive coupling between body and gate, source, and 

drain. W hen one of the term inal voltage goes higher than the body potential, the 

body potential is increased by the current flow through the term inal to the body.

The body discharging mechanism is related to forward biased junction diodes. 

W hen the voltage between body and source (or the voltage between body to  drain), 

Vbs (or Vbd), exceeds a certain limit due to  im pact ionization, leakage current, and 

capacitive coupling, the diode turns on and passes body charge to  source (or drain).

Due to  the floating body, several phenomena th a t are nonexistent in conventional 

bulk CMOS devices can be observed in floating body SOI devices[41] such as history 

effect, kink effect, bipolar parasitic effect, and self-heating. The details of these effects 

are not described here.

2.4.2 D ynam ic Threshold-V oltage CM OS

Dynamic threshold-voltage M OSFET (DTMOS) structure in SOI is shown in 

Figure 2.11 [1, 2], Because the gate and body of a DTMOS are connected as shown 

in Figure 2.11(a), the controllability of the gate over the channel can be improved for 

PD SOI devices. Therefore, the floating body effects th a t are observed in the PD SOI 

device can be eliminated in DTMOS. The threshold voltage, Vt , of DTMOS decreases 

as gate voltage increases. Threshold voltage reduction has a positive im pact on carrier 

mobility. Therefore, the mobility in DTMOS is higher than  the  mobility in body- 

tied to  ground (in the case of nMOS) device because the vertical electrical filed is 

effectively reduced. The effective vertical electrical field is approxim ately represented
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by the following equation [2 ].

E e f f
V gs  +  V t  

btn.T
(2.9)

Because of the connection of the gate to  the body, the effective capacitance 

seen at the gate includes front gate oxide capacitance, the equivalent capacitance 

accounting for the depletion region under the channel, and junction capacitance of 

the body-source and body-drain junction. Therefore, the effective gate capacitance of 

DTMOS is greater than  th a t of conventional bulk CMOS where the body is grounded. 

However, the increased mobility portion dominates the increased gate capacitance, 

the drive current in DTMOS is much higher than  th a t of regular CMOS, and DTMOS 

gates are expected to  switch faster than  regular CMOS. The main disadvantage of 

DTMOS is th a t DTMOS is only suitable for low-power applications, meaning a supply 

voltage less than  0.7V, because the device current increases significantly when a 

supply voltage is greater than  0.7V.

Since DTMOS suffers from a significant am ount of current when the supply 

voltage is higher than  diode turn-on voltage, which is about 0.7V, a great deal of effort 

has been made to  overcome the drawback of DTM OS[l, 2, 42, 43]. In [1] and [2], a
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small auxiliary transistor was used to  limit V)S ju st below the diode turn-on voltage. 

Figure 2.12(a) and (b) show inverters, conventional DTMOS and DTMOS with a 

limiting transistor proposed in [1, 2], respectively. Usually the limiting transistor is 

very small compared to  the main transistor.

Assume th a t the reference voltage Vnref  (Vpref)  in Figure 2.12(b) is connected 

to  Vdd (Gnd). The limiting transistor M na is on-state when input Vtn is low, and 

the voltage a t the body of M nm is the same as the input voltage. In this situation, 

the threshold of M nm is high because the body voltage of the transistor is low. As 

input voltage rises, the body voltage of M nm also rises until the  input voltage exceeds 

Vdd — VtMna. W hen the input voltage is greater than  Vdd — V tMna, the transistor 

Mna goes to  off-state and the body voltage stays a t the voltage it reaches ju st before 

entering the off-state of M na. The operation of pMOS side is very similar to  the 

operation of nMOS. Thus, DTMOS w ith a limiting transistor can be operated above 

the diode turn-on voltage by clamping the body voltage below the diode turn-on 

voltage by a limiting transistor.

Requiring the additional voltage sources for the gates of limiting transistors is the 

main drawback of the DTMOS configuration in Figure 2.12(b). In Figure 2.12(c) [44],
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because the gates of the limiting transistors are connected to  the input, which is 

also connected to  the gates of the main transistors. This configuration also does not 

require extra contact for the limiters. Thus, this DTMOS configuration is more de­

sirable than  Figure 2.12(b). As input changes form low to high, both main transistor 

(M nm) and limiting transistor (M na) tu rn  on, the pull-down process begins. At the 

beginning of the pull-down process, the potential at the body of main transistor M nm 

rises, and the threshold voltage of the main transistor is lowered. The threshold volt­

age drop speeds up the pull-down process. W hen the drain potential goes below the 

body potential, the charge a t the body is injected to  the drain through the limiting 

transistor M na, then the body potential returns to  zero level and the device threshold 

voltage returns to  a high value.

2.4.3 P ass-transistor Logic in P D  SOI and D TM O S

W ith power being an increasingly limiting factor in high density and high- 

performance VLSI designs, PTL circuits have received a great deal of attention as an 

alternative high-speed and low-power circuit style.

The applications of DTMOS technique to  PTL have also been proposed in [45, 

42, 46]. However, because DTMOS PTL with a body biasing circuit is an emerging 

circuit style, not enough work has been carried out to  further examine its effectiveness, 

particularly in deep submicron technologies. The basic SOI PTL structure in [45, 42, 

46] uses nMOS-only pass transistor trees to  reduce cell size. The full rail-to-rail swing 

of the output signal is restored by an extra level restoring logic a t the output of a 

SOI PT L  gate. The existence of level-restoring logic a t the ou tpu t of PTL gates not 

only slows down the PTL gates due to  potential drive-fights, bu t also increases their 

power consumption.
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Figure 2.13: Different body bias control circuits for DTMOS.

This section presents a new SOI PTL gate where an active body control circuit 

is used to allow increase in supply voltages and compares the proposed SOI PTL gate 

with other SOI DTMOS PTL types. The experimental results using two different 

0.13/im SOI technologies show th a t the proposed SOI PTL gate with one auxiliary 

transistor for each nMOS and pMOS transistor shows a significant performance im­

provement and power reduction over the other SOI DTMOS PTL gates.

2.4.3.1 B ody Bias Control Techniques for Pass-Transistor

The nMOS pass-transistor circuit with active body bias circuit shown in Fig­

ure 2.13(a) [42] uses two auxiliary transistors, iVal and N a2, to  clamp main transistor 

body voltage. However, this DTMOS configuration requires a  significant am ount of 

extra silicon area due to  two auxiliary transistors. In addition, since the body poten­

tial of the main transistor is divided between two auxiliary transistors, this potential 

may not rise high enough to  speed up the signal transfer from source to  drain. The 

asymmetrical dynamic threshold pass-transistor (ADTPT)[46] scheme shown in Fig­

ure 2.13(b) can achieve faster signal transfer from source to  drain because the main 

transistor body potential can be increased more than  th a t of the main transistor body 

in Figure 2.13(a). The main drawback of these two DTMOS schemes using auxiliary 

transistor(s) to  allow increase in supply voltages is th a t the capacitance a t the gate 

term inal increases because the gate of the auxiliary transistor is connected to  the gate
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of the main transistor. The DTMOS pass-transistor in Figure 2.13(a) sees more gate 

capacitance than  th a t in Figure 2.13(b). Therefore, the circuit in Figure 2.13(b) is 

expected to  be faster than  the circuit in Figure 2.13(a).

Figure 2.13(c) shows one of the body bias control circuits proposed in [43] for 

SOI DTMOS static gates. As shown in the figure, the gate of the auxiliary transistor 

N ac is connected to the source of the main transistor N mc, and the source of N ac is also 

connected to the source of N mc. Therefore, the capacitance seen a t the gate of the 

main transistor N mc is reduced compared to both DTMOS pass-transistor techniques 

in [42, 46]. The main advantage of this body biasing technique can explained as 

follows.

W hen Vq and Vs are both  high, the auxiliary transistor N ac is off. Since N nc is off 

by the fact th a t the voltage difference gate and drain connected to  the  main body is 

less than  Vt , the capacitive coupling between the body and the drain of the auxiliary 

transistor N ac is not shielded by a channel. W hen Vs goes to  low, the capacitive 

coupling between the main transistor N mc body and the gate/source of N ac quickly 

discharges the body charge, and the body voltage drops to  the voltage above zero 

level because of capacitive coupling. However, the DTMOS schemes in Figure 2.13 

(a) and (b) pull the body voltage down to  zero because the auxiliary transistors, N ai 

and Nab, are turned on during the discharge process. When Vs in Figure 2.13(c) goes 

to  high, the initial body potential is increased by the capacitive coupling. W hen the 

gate voltage is increased above the Vt of N ac, N ac is on and the body charging process 

is accelerated. This body charging process is also faster than  those of in Figure 2.13

(a) and (b).

Furtherm ore, the performance of pass-transistor in [46] is determ ined only for 

the delay from source to  drain when the input signal at source switches from low 

to high. However, in a PTL circuit, a signal path  can be from source to drain
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Figure 2.14: The body voltage of main transistors in Figure 2.13

when the gate is in high-state or from gate to drain when the source is low or high. 

Assuming th a t the source voltage V5  is high and the gate signal (Vq ) changes from 

low to high, Figure 2.13(c) can take the full advantage of dynamic threshold voltage. 

When the source voltage Vs is high and the gate voltage Vq is low, the body of 

the main transistor N mc in Figure 2.13(c) stays a level higher than  the main body 

of Figure 2.13 (a) and (b), as shown in Figure 2.14. This is because the capacitive 

coupling through N ac charges the main body of Figure 2.13(c), while the main body of 

Figure 2.13 (a) and (b) stays low because the auxiliary transistors are off. As Vq goes 

to high, the body voltage of the N mc is further increased. As shown in Figure 2.14, 

the body voltage of Figure 2.13(c), VJ,ody_(c), is higher than  the body voltage of the 

main transistors in Figure2.13 (a) and (b). Therefore, the DTMOS pass-transistor
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Figure 2.15: Normalized average delay of pass-transistors with different body control 
scheme.

using active body biasing technique in Figure 2.13(c) is faster than  the m ethods in 

[42] and [46], as shown in Figure 2.15. In Figure 2.15, SYMM, A D TPT, GST, GND 

represent the average delay of Figure 2.15(a), Figure 2.15(b), Figure 2.15(c), and 

body-grounded pass transistor, respectively.

2.4.3.2 D ynam ic Threshold PTL G ates

The dynamic threshold transistor structure shown in Figure 2.13(c) in [43] was 

intended for and experimented in the context of static CMOS circuits only. Its suit­

ability and performance characteristics for PTL logic have not been fully understood. 

The effect of threshold voltage drop can significantly impact performance in DTMOS 

because DTMOS is usually operated a t lower voltage for low-power applications. The 

previous methods of SOI PTL[42, 46, 47] using only nMOS for the signal path  of non­

control inputs suffer from the threshold voltage drop and require a level restoring logic 

a t the output of the pass-transistor, resulting in a significant increase in power and 

delay. Therefore, the SOI PTL types with nMOS- or pMOS-only circuits for the non­

control signal path  will not be considered in this chapter. Instead, an SOI PTL type
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Figure 2.16: DTMOS PT L  using symmetrical and A D T PT structure. (a)Symmetrical 
structure. (b)A D TPT structure.

th a t uses both  nMOS and pMOS transistors will be considered. Figure 2.16 (a) and

(b) shows the SOI DTMOS PTL implementations th a t performs the XOR function 

using symmetrical and A D T PT  techniques, respectively. As shown in Figure 2.16, 

the body of each nMOS (pMOS) main transistor in symmetrical DTMOS PTL is 

connected to  the source/drain of two auxiliary nMOS (pMOS) transistors, while the 

body of each nMOS (pMOS) main transistor of A D T PT is connected to  the drain 

(source) of only one nMOS (pMOS) auxiliary transistor.

L et’s examine the  switching characteristics of these circuit structures in PTL 

logic. W hen Va  is low and Vc  is high, the pMOS main transistors, Ps and Pdl of 

symmetrical and A D T PT  are on while the nMOS main transistors (N s and N d) are 

off. The body voltage of Ps and Pd is high. As Vq changes from high to  low, the initial 

discharge path  from output Z  to  input C  is formed by the main transistors Ps and Pd
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for symmetrical and A D TPT structure, respectively. Because both  Vsbp and V,jbp are 

high, the discharging speed through pMOS for both circuits is almost the same. At 

the same time, the body voltage of nMOS main transistors, Vsbn and V(j}m , are pulled 

down by the capacitive coupling of the main transistors (N s and N,i) which are in off- 

state. W hen input Vc goes down below device threshold voltage Vt) the discharging 

path changes from the pMOS main transistor to the nMOS main transistor. From 

this time, the discharging speed of the body voltage of Nd is quicker than  th a t of N s. 

This is because the body of Nd is pulled down by the auxiliary transistor N ad which 

is in on-state while the body voltage of N s is pulled down slowly by the effect of the 

auxiliary transistor N aS2 ■ Because the decreasing speed of Vsbn is slower than  tha t 

of Vdbn, the symmetrical structure is faster than  the A D TPT structure, as shown in 

Figure 2.17.

Figure 2.18(a) shows another DTMOS PT L  structure referred to  as D T PT L + . 

In the D T P T L +  case, when Va is low and Vc is high, the body voltage of pMOS 

main transistor, Pp, is much lower than  th a t of symmetrical and A D T PT  because a 

small amount of charge is injected to  the body of Pp by off-state auxiliary transistor 

Pap during the body charging process. During discharging when Vc goes down, the 

auxiliary transistor Pap is on and the body of Pp quickly discharges to  zero, as shown 

in Figure 2.17. On the  other hand, the body of nMOS main transistor N p is not pulled 

down to  ground level because N ap is in off-state during the discharge. The voltage 

discharging speed through nMOS main transistor is also faster than  symmetrical and 

A D TPT structures. Therefore, D T P T L +  is faster than  the other two DTMOS PTL 

structures.

W hen the PTL structures described above are used in SOC applications, the 

load capacitance of the driving gate can be reduced by removing some of the main 

and auxiliary transistors as shown in Figure 2.18(b).
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2.4.3.3 Experim ental R esults

The SOI DTMOS PTL gates described in Section 2.4.3.2 were implemented in 

two different 0.13/xm SOI CMOS technologies (process A and process B) in various 

supply voltages. The main difference between process A and process B is th a t the 

channel doping density of process B is lower than  th a t of process A. Therefore, the 

threshold voltage of process B is slightly lower than  th a t of process A, and the tran ­

sistors in process B are leakier than  those in process A. As such, the body effect in 

process B will not be as pronounced as th a t in process A.

Most of the existing researches on DTMOS used partially depleted SOI (PDSOI) 

process models with a great am ount of body effect. Process A resembles the PDSOI 

characteristics of most of the PDSOI processes on which most of the DTMOS experi­

ments were based. Process B, however, is the result of tuning process param eters for 

better performance and power consumption of standard CMOS circuits.

The goal of investigating DTMOS performance and power consumption on two 

different PDSOI processes is to  better understand the im pact of PDSOI param eters 

on DTMOS. Because the signal paths for the gates can be from non-control inputs to 

output as well as from control-input to  output, all possible signal paths were chosen to 

compare delay and power consumption. The simulation results of the DTMOS PTL 

were also compared to  the body-grounded CMOS style PTL gate. The simulation 

was done by a SPICE simulator, which uses the BSIM3SOI model.

Figure 2.19 shows th a t the average delay of the gate using the proposed method 

is lower than  th a t of the symmetrical and A D T PT structures because the threshold 

voltage of the  main transistor in the proposed gate is lower than  th a t of the symmet­

rical and A D T PT structures. In Figure 2.19, bgnd, sym, ad tp t, and d tp tl+  represent 

body-grounded, symmetrical, A D TPT, and D T PT L +  PTL gates, respectively. The 

delay of the body-grounded PTL gate is higher than  th a t of the PT L  gate with body
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Figure 2.19: Normalized average delay vs. supply voltage.

bias control circuit. The performance gain of D T P T L +  can be seen for both  processes 

over the whole voltage range. Therefore, the D T P T L +  structure is desirable for the 

high-performance SOC design using PTL logic.

The average power consumption, power-delay-product, and energy-delay product 

are shown in Figure 2.20, Figure 2.21, and Figure 2.22, respectively. The average 

power consumption of D T P T L +  circuits is lower than  th a t of the symmetrical and 

A D TPT structures, and the power consumption of A D TPT structure is higher than  

th a t of symmetrical DTMOS PTL structure. The power-delay-product and energy- 

delay-product of D T P T L +  circuits are also better than  th a t of symmetrical and 

A D TPT structure. Therefore, D T P T L +  is preferable for lower power applications 

using PTL logic.

W hen the average power consumption of the circuits implemented in process B 

is compared to  th a t in process A, the former has a higher average power consump­

tion than  the la tter. This is consistent with the characteristics of process A and B 

as discussed earlier. As shown in Figure 2.21, the average power-delay-products in
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Figure 2.20: Normalized average power vs. supply voltage.

process A increase significantly when supply voltage is less than  0.5V, and this trend 

is very similar to  the power-delay-product curves reported in [42]4, while the average 

power-delay-products for circuits in process B decrease monotonically as the supply 

voltage decreases. These results indicate th a t w ith leakier transistors in SOI, the 

advantage in performance and power consumption due to  the floating body effect 

diminishes. However, among different DTMOS structures, the proposed D T P T L +  

structure performs consistently better than  others in both power consumption and 

performance.

2.4.4 Sum m ary on SOI Pass-Transistor Logic

In Section 2.4.3.2, an SOI PTL structure w ith adaptive body-bias is presented 

and compared w ith different DTMOS PTL structures. All the SOI PT L  gates were

4In [42], body-grounded and symmetrical SOI PTL structures were reported.
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Figure 2.21: Normalized average power-delay-product vs. supply voltage.

implemented in two different 0.13[im SOI CMOS technologies. The experimental re­

sults show th a t the D T P T L +  structure with adaptive body-bias by one auxiliary tran ­

sistor can achieve better performance than  other SOI PTL gate structures. However, 

DTMOS PTL structures consume more power than  body-grounded PTL structure 

in the same technology because of the  forward-biased diode current of the DTMOS 

structures. Such a power consumption disadvantage is further exacerbated if the 

floating body effect is reduced by making the transistor leakier. However, DTMOS, 

and the D T P T L +  structure in particular, m aintain a significant performance advan­

tage over non-DTMOS structures. The tradeoffs between performance and power 

depends on details of process parameters.

2.5 Conclusions

In this Chapter, a new pass-transistor scheme in which conventional PTL stages 

are mixed w ith static  logic gates has been presented. The static logic gates not 

only act as buffers between PTL stages, bu t also perform part of the  logic functions
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Figure 2.22: Normalized average energy-delay-product vs. supply voltage.

of the given block. Compared to  the conventional PTL, the elimination of explicit 

buffering between PTL stages significantly improved both circuit performance and 

power consumption.

A new SOI DTMOS PTL structure is also proposed and compared w ith exist­

ing SOI DTMOS PTL structures. The experimental results show th a t the proposed 

structure with adaptive body-bias by one auxiliary transistor can achieve better per­

formance than  other SOI PTL gate structures. However, the power-delay-product and 

energy-delay-product trend in submicron SOI design highly depend on the technology 

used to  implement circuits.
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Chapter 3 

Boolean M atching

3.1 Introduction

W ith logic synthesis flow, after a technology independent optimization of logic 

network is done, the results generally need to  be m apped using library cells. Equiva­

lence between a subnetwork and a library cell has to  be defined before replacing the 

logic network with library cells. The process of defining the equivalence is called 

matching. This chapter describes the matching technique for mixed P T L /S ta tic  

logic synthesis used in this proposal. Before describing the m atching techniques, the 

overview of the proposed mixed P T L /S ta tix  synthesis m ethod is reviewed in section

3.2. The rest of this chapter is organized as follows: In section 3.3, the advantages 

and disadvantages of structural and Boolean matching are described. In section 3.4, 

the logic and graph decomposition methods are described. The concept of cluster and 

its function is described in section 3.5. The equivalence checking m ethod and sym­

m etry set finding m ethods are described in section 3.6 and section 3.7, respectively. 

The details of the pin assignment process between a subnetwork and a library cell 

are presented in section 3.8. The Boolean matching algorithm used in the proposed 

mixed P T L /S ta tic  logic synthesis method is presented in section 3.8. Finally, the 

concluding remarks are given in section 3.10.
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Figure 3.1: Top level flow of the proposed synthesis method. PTL and DTL represent 
single-rail and dual-rail mixed PTL circuits, respectively.

3.2 Overview of the proposed Logic Synthesis Flow

Figure 3.1 shows the top level flow of the proposed synthesis method. As shown 

in Figure 3.1, the logic synthesis process begins by decomposing a given Boolean 

function into a graph containing only simple gates, such as two-input NANDs, NORs 

and inverters. This large graph is then partitioned into subject graphs[19, 34] to  make 

the rest of the synthesis process tractable. The th ird  step consists of m atching and 

covering. The m atching process is to  find matches between pa ttern  trees of library
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cells and a portion of the subject tree1. The portion of the subject tree is selected from 

a set of functions generated a t a node rq with a fixed depth constraint in the subject 

graph. The covering process is to  select the best matches th a t minimize a given cost 

function from the matches found in the matching stage. The final step is to  generate 

the netlist. The synthesized mixed PT L  circuit can be single-rail or dual-rail. W hen 

the synthesis mode is dual-rail, the dual-rail mixed PTL circuits were generated by 

replacing the single-rail PTL and static  cells with corresponding dual-rail cells. There 

are additional steps used to  m anipulate buffers a t the output stage. The following 

sections describe our approach for matching in detail. The details of the proposed 

covering process based on genetic algorithms will be described in C hapter 4.

3.3 Structural and Boolean M atching

Several matching techniques have been published in the past in the areas of 

structural matching[19, 34] and Boolean matching[48, 22, 49]. There are two methods 

in structural matching, tree matching and graph matching. Tree matching determines 

whether a pattern tree is isomorphic to  the subgraph of the subject tree. This is 

performed by matching the root of the pattern  tree to a vertex of the subject tree 

and visiting recursively their children. Isomorphism can be detected by comparing 

the degrees of pair vertices in both  subject and pattern  trees, starting  from the root of 

the vertices and processing top down to  the leaves. The comparing process continues 

until it reaches the leaf vertex of the pattern  tree. Graph matching methods[19, 50] 

also try  to  detect the isomorphism between a pattern  graph and a portion of the 

subject graph w ithout decomposing a graph. However, this m ethod creates other 

multiple fanout points because of subgraph duplication resulting in negative im pact on

Tn this proposal, we use the terms su b je c t tree  and su b je c t g raph  interchangeably.
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performance and power consumption of m apped network. Both matching techniques 

decompose the subject graph and library cells in base functions such as NAND2 and 

INV. The drawback of these methods, however, is th a t the number of pattern  graphs 

(or trees) increases dram atically because the decomposition for a cell is not unique. 

A new structural pattern  matching m ethod proposed in [51] is based on the fact th a t 

matches of a current node can be represented by the matches of its children. Although 

this method is considered as a fast method, the matching quality is poor because it 

cannot be applied to a directed acyclic graph (DAG).

The Boolean matching[52, 22] method involves an equivalence checking and input 

polarity assignment. Boolean matching can be defined as follows[48, 22] : Given a por­

tion of subject graph function F ( x i ,X 2 , ■■■,xn) and a library element G (y i , y 2 , ..., yn), 

find an ordering { i , ..., j }  and a polarity ■ ••,</>«} such th a t the following equa­

tion is true:

F ( x t \ . . . . , x f )  =  G(y 1 , y 2 , . . . ,yn) (3.1)

The Boolean m atching method, however, is more flexible than  the graph matching 

method, and can detect a m atch th a t may not be detected by the graph matching 

method. For example, consider two functions th a t are logically equivalent, = 

ab +  a'b' +  b'c and f 2 = ab + a'b' +  ac. Boolean m atching can detect a m atch between 

functions f i  and f 2, while graph m atching may not detect the m atch because the 

graph of / i  differs from th a t of f 2. Figure 3.2 shows the difference between graph 

representation and binary decision diagram (BDD)[25, 53, 26] representation. For 

this reason, Boolean m atching is chosen. Boolean matching using BDDs has been 

widely studied in the past.

3.4 Logic and Graph D ecom position
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Figure 3.2: The difference between graph matching and Boolean matching, (a) graph 
representation of / i .  (b) graph representation of / 2. (c) BDD representation of both 
f i  and / 2.

The goal of logic decomposition is to  express all local functions in a given logic 

network as simple functions (base functions) such as two-input NAND-, NOR-gate, 

and inverter. This decomposition is required to  guarantee a solution to  the network 

covering process, which is described in Chapter 4, by ensuring th a t each vertex is 

covered by a t least one match. The library must includes cells implementing the 

base functions to  ensure the existence of a solution. The choice of base functions 

affects the covering process because the number of pattern  graphs depends on the 

base functions[32]. In [19, 30, 31], a two-input NAND-gate and an inverter were 

used as the base functions and showed th a t this base function set is good in term s 

of optimization potential. This is because increased base function has a potential 

th a t can increase the number of pattern  graphs for some library cells. This increase 

of pattern  graphs is a m ajor drawback structural matching technique. On the other 

hand, Boolean m atching does not require pattern  graph because it depends on the
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checking of functionality between a portion of subject graph and library cells. The 

base functions used in our approach, therefore, are two-input AND-, NAND-, OR-, 

NOR-gates, and inverters. By using this set of base functions, a logic network can 

easily be converted to  a decomposed network while maintaining fine granularity of 

the decomposed network.

Once a logic network is represented by base functions, the network is needed to 

decompose. The process of converting an entire network to a set of smaller networks is 

called graph decomposition. The purpose of the process is to  reduce problem size and 

to  make the problem tractable because the covering process described in C hapter 4 

is NP-complete[33]. As a result of the decomposition, the entire network reduces to 

many m ulti-input single output subnetworks, each subnetwork is called the subject 

graph. The common methods for generating subject graphs is to use m ultiple fanout 

points (M FP) as a boundary of breaking points. The approach used in this proposal 

is similar to  the  method used in [19] where M FP was used as the boundary of subject 

graphs. Figure 3.3 shows an example of subject graphs. As shown in Figure 3.3, 

the subject graphs are generated based on multiple fanout points, and five subject 

graphs were generated because there are three multiple fanout points and two prim ary 

outputs (POs).

3.5 Cluster and Its Function

A subject graph can have more input nodes than  those of a library gate. In this 

case, a  m atch cannot be detected because the number of variables, which is called 

support set, differs for both functions of the subject graph and the library gate. To 

examine all possible matches at the  root node of a subject graph, it is desirable for 

the matching stage to  define possible sub-graphs of a subject graph. A connected 

sub-graph of a subject graph th a t rooted a t a root node vr is called a  cluster[34, 22],
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Figure 3.3: Example of subject graphs generated based on multiple fanout points. Si 
represents a subject graph.

A cluster is characterized by its depth and the number of inputs, and a Boolean 

function associated with a cluster is called cluster function[34, 22], The matching 

algorithm described in this chapter tries to  detect a m atch between a cluster function 

and a library function (or pattern  function).

3.6 Equivalence Checking

Boolean matching problem described above requires an equivalence check be­

tween a cluster function and a library function. The equivalence can be detected using 

reduced ordered binary decision diagrams (ROBDD)[26). A binary decision diagram 

(BDD) representation of a function is based on Shannon’s expansion theorem[54]. 

The reduced ordered binary decision diagram is a canonical representation of switch­

ing functions[26]. In other words, the ROBDD does not contain any redundancies in 

its representation. Therefore, it can represent a function uniquely.

Our matching step uses BDDs to  represent a function. Once a cluster function 

and a library function are represented by ROBDDs, the equivalence checking routine
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illustrated in Algorithm 3.6.1 is then applied to detect a m atch between the two 

functions. To detect a m atch using ROBDD, the order of variables of one BDD is 

arbitrary fixed, then the variables ordering of the other function is changed until a 

match is found.

A lg o r ith m  3 .6 .1 : B d d E q C h e c k (bdd(f) , bdd(g))

1 . if  (bdd(f) is constant  a n d  bdd(g) is constant)

{i f  ( f v a l  ~h 9 va l)
th e n  r e tu r n  ( F A L S E )  

e lse  r e tu r n  (T R U E )  
e lse  r e tu r n  (B D D E q C h e c k ( fT ,g r ) ^ B D D E q C h e c k ( fE ,g E ) )

Algorithm 3.6.1 shows the equivalence checking routine used in our implementa­

tion. As shown in Algorithm 3.6.1, the equivalence between two functions is detected 

by checking recursively to  determine whether f T and g? have the same value. In 

the algorithm, f o  (gr) and / e  (gs) represent the positive cofactor and the negative 

cofactor of the cluster function (pattern  function), respectively.

3.7 Sym m etry Set Finding

Boolean m atching requires solving the factorial number of equivalence checks 

between a cluster function and a pattern  function. Assuming th a t the number of 

inputs of a function is n, the required number of input comparisons is n\-2 ” because 

n! comes from the perm utation of inputs, and there are 2 n possible input polarities. 

The number of polarities and input perm utations can be reduced by using unateness 

and symmetry  information [34, 22], respectively :

• Unateness Property. Any input perm utation must associate a unate (binate) 

variable in the pattern  function.
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• Symmetry Property: Variables or groups of variables th a t are interchangeable 

in the cluster function must be interchangeable in the pa ttern  function.

The unateness property implies th a t the cluster and pa tte rn  function must have 

the same number of unate and binate variables to have a match. If there are b binate 

variables, the required number of input perm utations is b\(n — b)l. For example, the 

function of the P T L +  type3 cell described in chapter 2 is represented as follows:

g =  abc +  ab'd +  a 'e f  +  a'e'g (3-2)

In equation 3.2, there are 4 unate variables and 3 binate variables. For the cluster 

/  with n  =  7, /  must have 4 uante and 3 binate variables to  have a match. If this 

is the case, only 314! =  144 variable orders and corresponding OBDDs need to be 

considered instead of 7! =  5040.

The symmetry property[55, 56, 57] allows us to reduce search tim e by exploiting 

variable groups th a t give us the same result when we change the variable order in a 

group. A symmetry set is a set of variables th a t are pairwise interchangeable w ithout 

affecting the logic functionality. A symmetry class is a set of sym m etry sets with 

the same cardinality. If we denote symmetry class by Si when its elements have 

cardinality | 5 j | ,  where % =  l , 2 , . . . ,n , the number of perm utations required to  detect 

a match is I'Sil-- If we have the following function,

/  =  x i x 2 X3  +  x 4 x 5 +  x 6 x 7  (3.3)

there are 3 symmetry sets, { x 4, x 2, £3 }, {x 4, aq}, and {x6, x 7}, and two symmetry 

classes, S 2  =  { { x q ,  x5}, {x6, x 7}}  and S 3  =  {{xq, x 2) .X3 } } .  Therefore, when consider­

ing pattern  function, only functions w ith IS2 I =  2  and |,S3| =  1 are valid to detect 

a match. In this case, the required number of perm utations is only 2!, i.e., if the
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initial variable order is ( x i , x 2 , x z , x i , X 5 , x§ ,x t ) ,  the required variable orders of g are 

( x 1 , x 2 , x 3 , x i , x 5 , x 6 , x 7) and (aq, x 2, x 3, x e, x 7, x4, x5).

Unateness and sym m etry property can be used together to achieve the number 

of non-redundant perm utations. U nate and binate symmetry sets are disjoint, since 

both unateness and sym m etry properties must be the same for two variables to be 

interchangeable. Thus, we can write S* =  S^ U S f ,  i — 1 ,2 ,..., n, and |5j| =  |5f| + 1 | , 

where b and u represent binate and unate, respectively. The non-redundant variable

perm utations are at most 7r =  117=1I'-’tl- ' 1^1- ~  117=1 l^fl- ' (l*%l — l^ iD - Thus, 

in this case, the to tal number of comparisons required to  find a m atch is a t most 

11?-. |S * |! - ( |S . |- |5 ? l ) ! - 2 ‘-<KHS?l)[22].

A lgorithm  3.7.1: G e t S y m m S e t (bdd(f),  sup( f) )

procedure Is S y m m e t r y (bdd(f),Vi,  vf) 
if (BddEqC heck( fVivj , faiVj) or B ddE qC heck( fViVj, f PiP})) 

th en  return {TRU E)  
else return ( F A L S E )

main
output (S y m m S e t )
1 . m  <------1

2. for n  «— 0 to  N\sup(g)\ -  1 

' v\ sup"
if  ( foreach i < m  SymmSet[i]  fl v\ —— 0)

then  + 1
ySymmSet[m\ Sym m Set[m\  U v\

else continuedo <
for k  <— 0 to  N\sup(g)\ -  1 

V2 <— supkj
do  ̂ if  (ui v2 and I s S y m m e t r y ( b d d ( f ) , v \ , v 2))

Sym m Set[m\  *— SymmSet[m]  U v2  

return (S y m m S e t )

Algorithm 3.7.1 illustrates the symmetry set finding method used in this proposal. 

The symmetry between any two variables is detected by comparing two BDDs of a
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function. The procedure in Algorithm 3.7.1 performs the symmetry checking between 

two input variables of function / .  There two different types of symmetries [58, 59]. 

The first is positive symmetry. This type of sym m etry is detected when f Viijj =  fy.v . 

This property implies th a t the change of order of the variables and Vj does not 

affect the BDD structure of / .  The second is negative sym m etry th a t is detected 

when the condition f ViVj = f VjV] is satisfied. The variables in negative symmetry are 

interchangeable, for example, {vi, Vj} or {vj, v*}, w ithout affecting the BDD structure 

of / .  The main routine of the algorithm groups the variables in the same symmetry. 

The index m  in the algorithm represents different symmetry sets. The last step of 

the algorithm is to  return  the symmetry sets to the caller.

3.8 Pin Assignm ent Based On Signal D epth

Once a m atch is detected between a cluster function and a library cell, the 

pins of the matched library cells must be m apped to  the input signals of the cluster 

function with proper polarity of the input of the cluster function. L et’s denote A is 

the mapping function, and I  duster and I ceii is the set of input of the cluster function 

and the set of inputs of a library cell, respectively. The mapping can be represented 

by A : I  duster I  ceil- This section describes the pin mapping method from a cluster 

function to  a library cell.

3.8.1 D ata  structure o f a m atch

Before describing the pin mapping method, le t’s look a t the data  structure of a 

match used in this proposal. Figure 3.4 shows the d a ta  structure of a m atch associated 

with a node structure. In a node of a subject graph, there are two lists of matches. 

One is a static m atch list, smatch,  and the other is a PTL match list, pmatch.  The 

static and PTL m atch list contains static matches and PT L  matches, respectively.
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node

m ath p in jn a p

*cell nam e cell

"pm atch netJpin

Figure 3.4: D ata structure of a m atch and static and PTL m atch list.

Each m atch list is a linked list th a t consists of a library cell name, celLname, and 

a linked list of pin information, Lpin. The d a ta  part of the linked list L Pin consists 

of two character strings, Pnet and Pcci.i- Pnet and Pcen represent the m atched input 

names of a cluster function and a pin name of a library cell. The polarity information 

of a pin is contained in Pnet by examining the polarities of both  inputs of the cluster 

function and the library cell.

3.8.2 P in  m apping algorithm

Algorithm 3.8.1 illustrates the pin mapping method between the inputs of a 

cluster function and a library cell. In the argum ent list of the algorithm, rij represents 

a node th a t is the root node of a cluster, /  is the cluster function, g is a  matched 

library function, and 7r ( /) ,  n(g), and C represent the  ordered support set of / ,  g, and 

the matched library cell, respectively. The support sets 7r ( / )  and ir(g) are ordered 

based on the depth of inputs of the cluster function / .

At the beginning of the algorithm, a pin map, M..P  , and a linked list th a t 

contain the pin map, Lpin, are initialized. If the m atched cell type is a static  cell, the 

first part of the i f  statem ent is executed. Each support set of /  and g are examined
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simultaneously. For each fa G /  and ft G 9 . Pccit gets ft w ithout modification of its 

polarity, and Pnet gets fa after modifying its polarity based on the input polarities of 

the cluster and library functions, 4>(fa) and </>(ft) (statem ent (i) and (ii)). W hen the 

pin map between a cluster input and a input of the library cell is determined, it is 

added to  the pin map list, Lpin. After examining all the support variables of /  and 

g, the linked list is inserted in the m atch structure of the node (statem ent (iii)).

A lgorithm  3.8.1: P l N A s s i G N ( n i , / , f t 7r ( / ) , 7r ( g ) , C )

1 . M . P ^ O  ; L'pm 0

2. if (C = =  S T A T IC )
'for each (fa G 7r ( / ) ,  f t  G 7 r ( g ) )

P cell 9i
if (A/l-cell ifiv) P n et * fa  ® < ^ ( / i )  (i)
e lse Pnet <- fa ® <p(gfa (ii)th en  < do <

-/p m Lpin tJ P
M .P  «- L'pin 111

else (C = =  PTL)
'Linv IBinateVars(n(g) , g, C) 
if  (M.cell == ptLtypel)

for each (fa G 7r ( / ) ,  f t  G ir(g))
Pzell < 9i
i f  (9i = =  a )

do <

th en  <

(iv)

P n e t ^  fa (v )
else P n e t * fa ®  0 ( f t )
if (9% e L(inv) switch pin  b and c (vi)

. L p in  4 L p in  U  P

do <

else if  (M.cell == ptLtype2) 
for each (fa G 7r ( / ) ,  f t  G ir(g))

Pcell < 9i
if  (9i is b inate var)

Pnet i fa (vii)
e lse  { Pnet <- fa <g> <j)(gi)

if (b G Linv) switch pin  c and d (viii) 
„ Lpin < Lpin U P  

else if  (M.cell —= ptlJtypeZ)
Lpin PinMap3(Tr(f),n(g),Linv)

M .P  < Lpin

W hen the  matched cell is a PTL cell, the binate variables in the pa tte rn  function 

are checked if their polarities are modified during the detection of the match. All the
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binate variables whose polarities are modified are listed in a linked list L inv (statem ent 

(iv)). Then the matched PTL cell type is checked. If the m atched cell is a PTL cell 

type 1 or type 2, each support variable gt of function g is inserted to  Pceu . The 

corresponding support variable fa of /  is inserted to  Pnet gets when c/i is a binate 

variable, otherwise the polarity of fa is modified based on the phase of gt , 4>(9i) and 

it is inserted into Pnet (statem ent (v) and (vii)). If the polarity of binate variables of 

PTL type 1 and type 2 are inverted, the assigned pins to non-control inputs (b and 

c for PTL type 1, c and d  for PTL type 2) must be modified. This modification of 

pin assignment is done by switching the names in Pceu for each non-control input of 

a PTL cell (statem ent (vi) and (viii)).

A lgorithm  3.8.2: P in M a p 3(7t( / ) , ir(g), Linv)

th en  <

1* d/pin 0
2.for each (fa G 7r ( /) ,  ^  G n(g))

P cell * 9 i  
if  (|7r(s0| = =  3)

'if  (gi is a or gt is b) Pnet =  fa (i) 
else Pnet <- fa <g> 4>(gi) 
if  (g i is  c and b G Linv) (ii) 

(  P cell d  

th en  < switch pin d to c 
 ̂ [ switch pin  g  and f

do else if  (|7r(c/)| >  3)
'if  (m is b inate var)

P n e t i f i  
else

th en  Pnet <- fa <8> <t>(gi)

Jp in
3.ret urn (Lpin)

th en  <

Lpin tl P

(iii)
if (b G Linv) th en  switch pin  d and c (iv) 
else if  (e G Linv) 

th en  switch pin f  and g (v)

The pin assignment for PTL type 3 is more complicated than  those of PTL type

1 and type 2. Algorithm 3.8.2 shows the pin assignment procedure for PTL type 3 

matches. Each variable ĝ  in the support set rc(g)oi a pattern  function is inserted
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into a Pceu like PTL type 1 and type 2. The assignment of variables in the cluster 

function consists of two parts, one is for the cluster function whose cardinality of the 

support set is three, and the other is for the cluster function whose cardinality of the 

support set is greater than  three. The first condition is for three input exclusive-OR 

(XOR) matches, and the second is for other matches with PTL type 3.

L et’s consider the case when the cardinality of tt( / )  equals three. Each support 

variable / ,  in 7r ( / )  is assigned to Pnet when the support variables of ir(g) are a or 

b; otherwise, the variable f t with polarity modification is assigned to  Pnet (statem ent 

(i)). If the support variable gi of function g is c and Linv contains b, d is assigned to  

Pceii (statem ent (ii)), the support variables of the cluster function assigned to c and 

d are interchanged, and the variables assigned to  g and /  are also interchanged.

W hen the cardinality of the matched cluster function is greater than  three, the 

support variable / ,  is assigned to Pnet if the current support variable gi of function 

g is a binate variable; otherwise, polarity modified variable f i  <8 > 4>{gi) is assigned to 

Pnet■ W hen gi is not a binate variable, the contents of L inv are examined (statem ent 

(iv) and (v)). The support variables of the cluster function assigned to  c and d are 

interchanged if b is in L inv, and the support variables of the cluster function assigned 

to  /  and g is interchanged if e is in L inv. The last step of the pin assignment procedure 

of PTL type 3 returns a pin map list Lpin to  Algorithm 3.8.1. As in the case of static 

match, the pin assignment procedure for PT L  cells update the pin m ap list of the 

match structure, A4.P,  to  L pin.

3.9 M atching Algorithm

Algorithm 3.9.1 illustrates the matching process. The algorithm is applied to 

find both static and PTL cell matches. In the argument list, rii is a node whose 

function is / ,  g is the function of a library cell C, and sup( f)  and sup(g) represent
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the support set of function /  and g , respectively. Step 1 of Algorithm 3.9.1 is to 

check whether both  function’s support sets have the same cardinality. Step 2 finds 

symmetry sets[22, 27] after generating BDDs[25, 26] for both functions. The number 

of binate and unate variables of function /  are found in step 3. Step 4 performs the 

actual matching, and step 5 assigns the support variables of /  to the pins on cell C 

w ith appropriate polarity.

Finding a possible match between /  and g begins by modifying the polarity of 

variables in the cell function g (statem ent (i) in step 4). Since function g only describes 

a basic function of a cell, the polarity of some variables in g need to  be modified to 

allow more thorough exploration for matching. To check this possibility, the modified 

function g is calculated by multiplying a phase function, <p(k), which is a binary mask. 

For example, if the number of support variables of g is 4, sup(g) = {a,b,c,d},  and 

the value of /c is 0111 (7), then the polarity of the variables {b, c, d} in g is reversed.

A lg o r ith m  3 .9 .1 : M .A T C H (r i i , f ,g , sup ( f ) , sup (g ) ,C )

1 . if  (\sup(f) \ \sup(g)\) r e tu r n
2. fsym <- G etSym m Set(bdd( f ) ,  sup( f) )
3. { bf , Uf }  G etN u m B in a te U n a te V a rs ( f )  
/  * p e r fo r m  matching  * /
4. fo r k  <- 0 to  N\sup(g)\ -  1

'g*-g®<j){k) (i)
{ b § , U g }  <— G etNum BinateU nateVars(g) (ii)
if  (bg 7  ̂ bf \ \v , g  7  ̂ U f )  continue (in)
gsym *— GetSymrnSet,  (bdd(g) , sup(g)) (iv)
if  (\fsym\ \9 sym\) continue (v)
fo r e a c h  e  7r(gsy m )

( bdd(chri) <— GetBdd(g,iTi) (vi)
d o  < m  <— BddEqCheck(bdd(f) ,bdd(gni)) (vii) 

 ̂if  (m) break
if  (m) break

5. if  (m)
th e n  P in A s s ig n (n h f , g Vi,-K{f),'K(g^i),C)

6 . r e tu r n
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The number of binate and unate variables, bg and Ug, in function g is calculated 

in statem ent (ii), and bg and Ug are compared to the binate and unate variables in 

function / .  If bg and Ug are not equal to  those of function / ,  there is no m atch and the 

next phase function <f>{k + 1) is examined (statem ent (iii)). The number of symmetry 

sets of g , \gsym\) is a lso calculated and compared to  th a t of function / ,  \ fsym\- If they 

are not the same, there is no m atch (statem ent (iv) and (v)). The reason for finding 

symmetry sets and the number of unate and binate variables in both  the cluster 

function and pattern  function is to  reduce the number of comparisons as described in 

section 3.7.

The inner for  loop in step 4 of Algorithm 3.9.1 checks the equivalence between two 

BDDs, bdd(f)  and bdd(gn ). Due to  different variable ordering, two BDDs representing 

the same function may not be the same [26, 59]. Since reordering variables of a 

function in its symmetry set doesn’t  affect the functionality and the BDD structure, 

an equivalence check can be carried out on the reordered BDDs. bdd(gWi) in the 

statem ent (vi) represents the BDD of g after reordering the symmetry set gsym. If 

two BDDs, bdd(f)  and bdd(gni), are detected to  be equivalent, the algorithm exits 

from both  inner and outer f o r  loops after setting the flag m. PinAss ignQ  (step 5) 

assigns support variables of /  to  the pins of cell C w ith appropriate polarity when m  

is set. This information is stored in the internal da ta  structure of node n* for use in 

the covering stage.

3.10 Conclusions

In this chapter, an overview of the proposed mixed P T L /S ta tic  logic synthesis 

method is presented. The proposed logic synthesis flow begins by partitioning a logic 

network and decomposing a  subject graph. The subject graph was generated based 

on multiple fanout points to  reduce problem size and make m atching and covering
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problem tractable. The Boolean matching m ethod is selected because of its quality, 

and a matching algorithm based on a existing Boolean matching theory is presented. 

This matching algorithm builds a match list for both  static and PTL cells to use in 

the covering stage described in C hapter 4. The pin assignment between the inputs 

of a cluster function and a library cell function is also presented because it is very 

im portant for the covering stage to  keep the correct network functionality of mapped 

circuits.
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Chapter 4 

Covering U sing G enetic  
Algorithm s

4.1 Introduction

Technology mapping is the last step in logic synthesis flow and finalizes the 

m apped network structure by selecting gates from a given library. Technology m ap­

ping consists of two steps. The first is the matching step described in the previous 

chapter. The second step is to  select actual cells from a given library based on the 

cost associated with the cells. This step is called graph covering (or network covering) 

because selection of the best cells among the matches found in the m atching stage is 

done in order to find the best covers by selecting the matches. G raph covering is an 

im portant step in technology m apping because it determines the final mapped circuit 

by using the library based on the cell’s functionality and cost values.

In this chapter, a new graph covering algorithm will be presented. This proposed 

algorithm differs from existing algorithms mainly because it optimizes the network 

on a global level based on genetic algorithms, while the existing methods[13, 16] for 

mixed PTL do not consider global level optimization. The proposed algorithm can 

also be applied to  technology mapping using static CMOS technology mapping.
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(a)

Static Matchs PTL Matchs

s j  =  {g l , AND2}

s 2 = OR2l
s 3 = {g3> AND2} 
s4 =  lgng3’ AND3} 
s 5 =  lg2’ g3’ OA21}

P i  =  {gi, ptLtypel}
P2 =  (g2> ptl_type2}
P 3 =  lg3> ptl_typcl} 
P 4 =  (gi>g3’ ptl_type2} 
P 5 = {g2> g3> ptl_type2}

(b)

Figure 4.1: Logic network and matches. (a)Logic network. (b)Static and PTL 
matches.

This chapter is organized as follows: In Section 4.2, the graph covering problem is 

formulated as a satisfiability problem th a t is an NP-complete[33] problem. In Section

4.3, previously proposed problem solving techniques for the problem will be reviewed. 

The overview of the proposed covering algorithm using genetic algorithms is presented 

in Section 4.4. In Section 4.5, the encoding m ethod for the proposed algorithm is 

described. The initialization methods of sub-population and global population are 

described in Section 4.6. In Section 4.7, the details of genetic operators used in 

the proposed algorithm are presented. The overall proposed algorithm description 

is given in Section 4.8. The convergence pattern  of the algorithm and the im pact of 

genetic param eters on the proposed algorithm are examined in Section 4.9. In Section 

4.10, the performance enhancing methods for the mapped circuits are also presented. 

Finally, concluding remarks are given in Section 4.12.

4.2 Graph Covering Problem

The graph covering problem for mixed P T L /S ta tic  circuits can be described as 

follows. Given a graph G  =  (V ., E)  and two sets of matches, static  matches S  = 

{sj, 1 <  i < n}  and PTL matches P  =  {pi, 1 <  i < m } ,  select the best matches th a t 

generate a legal network such th a t cost is minimized while given constraints are met. 

In other words, the covering problem can be modeled by selecting enough matches
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in S  and P  th a t cover all nodes of the network in the best way. For each selected 

match, we must ensure th a t all the inputs of the matches are either prim ary inputs or 

outputs of other matches. Therefore, the choice of a m atch implies the choice of some 

other matches. This network covering problem is also known as a binate covering 

problem [34], In order to  have valid solution, each internal node in the solution must 

be covered by a t least one match. This condition can usually be met by decomposing 

the network using base functions in the library before the m atching step is applied 

so th a t all the nodes in the network can have a t least one m atch in the library.

Consider the situation shown in Figure 4.1. This figure shows a logic network 

and possible static and PTL matches for the logic network. In order to select best 

matches among all possible static and PTL matches, each static  and PTL match, s* 

and pi, can be associated w ith a binary value. The requirement th a t the gate g\ be 

covered by a t least one library gate is

(s i  +  S4  +  pi +  P4 ) =  1  (4-1)

Similarly, the covering requirements for g2 and g3 can be represented by clauses (s2 +  

S5 + P2  + Ps) and (s3 +  .S4 +  .s5 +  p3 +  /q +  p5), respectively. In addition to  these 

requirements, to  ensure th a t selected covers lead to  a valid circuit, both  static and 

PTL matches th a t cover the same gate(s) cannot be selected simultaneously, and 

additional clauses need to  be generated. These conditions lead to  a clause of XOR 

term , s* © Pi , for each static  and PTL match. And, assuming th a t a static  (PTL) 

gate cannot drive a static  (PTL) gate, selecting s3 at g3 requires th a t p\ and p2 be 

chosen a t gi and g2, respectively. Therefore, to get a valid solution, the following 

clause must hold:

( S i  +  S 4  +  Pl  +  P 4 )  ( ^ 2  +  $5 +  P2 +  Ps){s3 +  5 4  +  5 5  +  p 3  +  Pi  +  P5 ) 

(S1®PI ) ( S2 ® P 2)(S3 ®P3 ) { S4 ®P4 ) ( S5 ®P5)(S^ +  P1) (S3+P2)

(P3 +  s l)(Ps +  S2)(S4 +  P2 XS5 +  Pl){P4 +  S2 )(p3  + Si) =  1 (4.2) 
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This is an satisfiability problem th a t is known to be an NP-complete[33] problem. 

For this reason, many heuristic algorithms have previously been developed to  ap­

proximate the solution of the network covering problem.

4.3 Previous Works and Lim itations

Most of the previous methods for covering are based on greedy or dynamic 

program m ing[17] methods. However, not many works have been reported for mixed 

PTL logic synthesis because those works were intended for static  use only. This 

section reviews the previous works to  solve the problem for both  static  and mixed 

P T L /S ta tic  technology mapping.

A greedy search algorithm was proposed in [13] to  determine the best mappings 

for PTL and static cells. Although a greedy search method is simple and can be 

easily applied to  an optimization problem, it cannot guarantee the optim ality of the 

solution because it is prone to  getting stuck a t local minima. Therefore, it is hard to 

find a global optimum for the graph covering problem described above.

The dynamic programming m ethod is an algorithmic m ethod th a t solves an opti­

mization problem by decomposing it into a sequence of smaller decisions, and it relies 

on the principle of optimality1 [17], Because the problem needs to  be decomposed into 

a sequence of subproblems in order to apply dynamic programming, it is very effective 

to  use tree structure instead of directed acyclic graph (DAG). Thus, this method has 

been widely used to  solve covering problems by approxim ating the problem into a 

forest of trees. The covering m ethods using dynamic programming[18, 19, 20, 21],

'The principle of optimality can be described as follows. An optimal sequence of decisions 
has the property that whatever the initial state and decisions are, the remaining decisions must 
constitute an optimal decision sequence with regard to the state resulting from the first decision.
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however, have the main drawback th a t dynamic programming does not guarantee 

optimality for DAG covering in term s tim ing or power because the load capacitance 

of a node is not determined yet when a m atch is considered. Therefore, the delay 

cannot be calculated a t the time of the mapping.

In [19], an improved method for static  CMOS logic mapping, has been proposed 

to estim ate delay during the mapping process. First, n  load bins are created at each 

node, and delay is calculated in the postorder tree traversal. For each bin, the match 

tha t gives minimum arrival time at a node output is stored. The final selection is 

made during preorder traversal by selecting matches depending on the load seen at 

each node.

In [20, 21], the author proposed an area-delay trade-off curve th a t utilizes only 

non-inferior area-delay points, but the load capacitances are still not determined 

during the postorder traversal. Additionally, the search for optimal mappings in 

[19, 2 0 , 2 1 ] was applied only within a sub-tree of a given circuit represented by a DAG. 

Sub-trees are separated by multiple fanout points in the  DAG. The cell interactions 

between sub-trees were not considered, and no a ttem pt was made to  optimize the 

overall circuit a t the global level. The existing optim ization techniques for mixed 

PTL logic[14, 16] using dynamic programming for the covering are also sub-optim al 

because the optim ization is only restricted to within a  sub-tree separated by multiple 

fanout points of a given circuit.

To overcome these drawbacks, in this dissertation, the genetic algorithm s[60, 61] 

(GA) will be used to  construct the best m apped circuit from the matches generated 

in the m atching stage. The basic philosophy of the proposed approach is to  consider 

the cell interactions between sub-graphs and a ttem p t to find the optimum solution 

a t the global level. Staring the next section, the details of the proposed algorithm 

will be described.
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4.4 Overview of the proposed covering algorithm

The flowchart of the proposed covering algorithm is shown in Figure 4.2. The 

graph in the diagram represents the logic network th a t contains static and PTL 

matches found in the matching stage and is the target to  be optimized. Sub-populations 

for each sub-graph are initialized the first time; then the global population is formed 

by selecting sub-chromosomes from the populations based on their fitness. The cost 

of each global chromosome is then evaluated once before genetic operators are applied 

to the populations.

Matches

No
'max

Yes

Graph
Initialize Sub-population

Initialize Global population

Crossover / Mutation

Cost Evaluation / Update

Figure 4.2: Flow chart of the proposed covering algorithm.

Once the populations are initialized, crossover operations are applied to  individ­

uals th a t are randomly selected from the sub-populations. M utation operations are 

also applied to  some individuals when the algorithm triggers the m utation based on 

the overall population fitness. Cost evaluation and update need to  be done after the 

genetic operators are applied in order to  make the populations evolved. The stopping 

criteria of the proposed algorithm are th a t either the global population is saturated
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or the pre-specified maximum number of iterations for the crossover/m utation and 

cost evaluation/update routines are reached.

4.5 GA Encoding

Before the genetic operators are applied to  the population, the information of 

the logic network and the matches need to  somehow be encoded. Generally genetic 

algorithms (GAs) use fixed-length binary strings to represent a solution. However, 

binary strings are not efficient to represent the m apped circuit, because each node 

in the graph can have multiple matches. In this proposed method, a hierarchical 

GA structure is adopted reflecting the existence of subject graph. Each solution 

for an entire circuit, referred to  as a global chromosome, is represented by a graph 

structure. As the entire circuit is divided into sub-trees by multiple fanout points 

(M FP), a sub-population is generated for each sub-tree section, and GAs are applied 

to  each sub-population. W hen a new sub-population of chromosomes is formed, a 

chromosome from each sub-population is then selected based on its fitness to  form a 

new global chromosome for the new global population.

Figure 4.3 illustrates the proposed encoding method. As shown in Figure 4.3(a), 

all the matches found in the matching stage are mapped to  genes, and each gene 

represents either a static gate match or a PTL match. Figure 4.3(b) shows two sub­

chromosomes for each sub-graph. A sub-chromosome represents a feasible mapping 

solution for a sub-graph, and it is formed by selecting possible matches a t each node 

as shown in Figure 4.3(b). A global chromosome is a mapping solution of the entire 

graph, as shown in Figure 4.3(c). Figure 4.3(c) shows a mapping solution of an entire 

graph th a t is formed by selecting one of the two sub-chromosomes. Therefore, a 

hierarchical GA structure is used for graph covering.
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Figure 4.4 shows the hierarchy of the GA structure used for the proposed covering 

algorithm. Each sub-population contains a number of sub-chromosomes, each of 

which represents a solution of a subject graph. In Figure 4.4, sub-population and 

global population represent a set of sub-chromosomes and a set of global chromosomes, 

respectively.

To avoid having long pass-transistor chain during the generation of chromosomes, 

the following rules were applied in the covering process in order to  keep a maximum 

of three pass-transistors in series. In order to  increase the number of PT L  gates, rule 

number 5 was included.

1. P T L +  T ypel, Type2 and Type3 can always drive static gates.

2. P T L +  T ypel can drive P T L +  Type2 if the inputs of T ypel are not driven by 

Type2 or Type3.

3. P T L +  T ypel can drive P T L +  Type3 if the inputs of T ypel are not driven by 

a PTL cell.

4. P T L +  Type2 and Type3 can drive T ypel if the inputs of Type2 and Type3 are 

not driven by a P T L +  cell.

5. A static  gate cannot drive any other static gate.

Any global chromosome th a t violates the rules is an invalid chromosome; invalid 

global chromosomes are discarded. U pdate of the global population is synchronized 

with the population evolution in each sub-population until the design goal is achieved 

or the maximum number of iterations has been reached.
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Figure 4.3: An example of G raph Encoding for GA. (a)Genes. (b)Sub-chromosomes. 
(c)A global-chromosome.

4.6 Initializing sub/global populations

This section describes the m ethod of sub-populations and global population. 

Because the graph are decomposed based on multiple fanout points, there can be a 

number of sub-populations while there is only one global population.

4.6.1 Sub-C hrom osom e and Sub-population

Sub-chromosomes are generated by randomly selecting matches among the static 

and PTL matches. This is done for each sub-graph. First, the type of m atch (static
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Figure 4.4: The hierarchical relationship between sub-chromosome and global chro­
mosome.

or PTL) is selected a t the root node of a sub-graph by generating a random  number, 

j rt oot, in [0,1]. If 7 [oot is 0, the static m atch type at root node is assigned; otherwise, 

the PT L  m atch type is assigned. Once the root type is determined, a m atch, referred 

to  as , is selected among static or PTL matches at the root node. Then, the 

sub-graph is traversed from the root node to  the leaves in the pa tte rn  of breadth- 

first-search (BFS). For each input node of the selected match for the root node, a 

new type of m atch is determined. Then, another m atch is randomly selected from the 

selected type of matches at the node, and validity is checked if the selection meets 

the rules described above. The process will check another m atch a t the node by 

generating a different random number from the previous random number when the 

validity check fails. A legal sub-chromosome is stored into the sub-population, and 

the sub-population size,A^s„6pop, is a param eter th a t is provided as an external input.
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4.6.2 G lobal Chrom osom e and G lobal P opulation

A global chromosome is formed by selecting different sub-chromosomes from each 

sub-population. The roulette wheel[60] m ethod is used to determine the selection of 

a sub-chromosome in a sub-population. Algorithm 4.6.1 shows the details of how a 

global chromosome is constructed. The random  number for the roulette is generated 

by the following equation:

where RAND is a random number between 0 and 1, and Clubpop is the to tal sum

the cost is calculated and is accumulated in the variable, F fffpop, referred to as the 

fitness of the partial sub-chromosome. W hen F fffpop exceeds N rarui after the current 

sub-chromosome’s cost is reflected, the sub-chromosome is selected as a member of 

current global chromosome.

A lg o r ith m  4.6.1: G e t G lC hromosome(C/, O)

o u tp u t  (£, mapped netw ork)
/  * in itia lize  global population  * /
1. fo r e a c h  uii G

'Clubpop CalculateTotalCost(uJi)

Nrand ~  Csubpop * R A N D (4.3)

of each chromosome cost in the population. Then, for each sub-chromosome,

N rand «- Clubpop * R A N D* R A N D
fo r each  Gw;

d o  <

/  * determ ine the va lid ity o f  global chromosome * /
2 . if  (C heckValidity((f)) 

th e n  r e tu r n  (£) 
e lse  r e tu r n  (N U L L )
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Because all the inputs of a sub-chromosome must be connected properly to  the 

output of another sub-chromosomes in a global chromosome, a global chromosome 

must be legal. All the sub-chromosomes, therefore, are sorted based on their output 

depth, referred to as global depth, in a global chromosome before checking the legality 

of connection. The global depth for each sub-chromosome of a global chromosome 

is determined by traversing the global chromosome from prim ary inputs to  prim ary 

outputs. After a global chromosome is generated, its validity is checked. Any global 

chromosome th a t violates the rules is an invalid chromosome, and any invalid global 

chromosome will be discarded.

4.7 GA Operators

The proposed algorithm uses two genetic operators called crossover and mutation. 

The following two subsections describe the details of the two genetic operators.

4.7.1 Crossover O peration

The main purpose of the crossover operation is to  introduce new m apped solu­

tions th a t differ from the solutions in the current sub-population so th a t the cost of 

the children moves toward the desirable direction. In this proposed synthesis flow, 

the objective is to  minimize the cost defined as the to tal transistor area under delay 

constraints. The crossover operation is applied to  two parents (sub-chromosomes), 

paren tl and parent2, of a sub-population, and these parents are random ly selected 

from the sub-population in such a way th a t the sub-chromosomes with lower cost are 

most likely to  be selected. The reason for applying crossover to  the sub-chromosomes 

is th a t the entire circuit was decomposed based on multiple fanout points. Two new 

sub-chromosomes th a t are created after applying crossover are called children, child l 

and child2.
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(a  )parentl  (c)childl

(d)child2

Figure 4.5: Crossover operation.

(e)childl

m

Figure 4.5 shows the concept of the crossover operation. Figures 4.5 (a) and (b) 

are the two parents, p a ren tl and paren t2 , respectively. A crossover point, cp, for each 

parent m ust be selected before the crossover operation. The crossover point m ust be 

the same in each parent; otherwise, the validity of each child after crossover cannot 

be guaranteed because nodes around cp can be duplicated.

Once the crossover point is determined, the crossover operation is performed by 

exchanging the fanin cones rooted a t cp of pa ren tl  and parent2, as shown in Figure 4.5 

(c) and (d). Any invalid child chromosome according to the covering rules will be 

discarded. Before deciding the validity of the children, the merging (also called re­

mapping) process is performed by checking the two nodes around crossover point cp.
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For example, as shown in Figures 4.5 (c) and (d), the static (PTL) nodes si (pi) and 

s 2 (p2) can be merged if matches a t node si (pi) contain a static  (PTL) match th a t 

covers both node si (pi) and node s2 (p2). Figures 4.5 (e) and (f) show the children 

after merging the nodes around the crossover point cp (not shown in the figures). The 

merged nodes for static and PTL in the figure are sm and pm, respectively. This merge 

process of two different cells into one cell positively impacts power and performance 

because the effective area is reduced.

A lg o r ith m  4 .7 .1 : G A C R O S S O V E R (p a re n t l ,p a re n f2 )

/  * procedure to partial copy * /  
p r o c e d u r e  C P C H (p , n*, cpn)

1. Q <— rii
2 . w h ile  (Q  ^  <p)

' np <— Q .D equeue() 
n cc <— C rea teN  ode(np)
Gch <- Gch U n°c 
for e a ch  n in G npc

n in CreateNode(riin)
Gch <- F a n in (n cc, n cin) 
Gch *— Fanout(rfin, nf)

d o  <

d o  <

(i)

(ii)
(iii)

3. r e tu r n  (Gch)

if  (cpn ^  N U L L  a n d  n cin ±  cp a n d  n F U N C (n cin) ±  P I)  
th e n  Q  «- n°in 
e lse  if  (n F U N C (n cin) ^  P I)  
th e n  Q n tn

m a in
1. Cp <— getC rossP o in t(paren tl,paren t2 )
/  * p e r fo rm  crossover * /
2 . ch ild l <- C P C H (p a re n tl,n rp(f }t:cp)
3 . child 2  <— CPCH.(parent2,rip20t,c  )
4. ch ild l <- C PC H (parent2 , cp, N U L L )
5. child2 <- C P C B (p a re n tl,c p, N U L L )
6 . C heckV alid ity .M ergeJJpda te(ch ild l, child2)
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Algorithm 4.7.1 illustrates the crossover operation. The procedure C P C H () in 

Algorithm 4.7.1 partially copies nodes from a parent to a child based on BFS search. 

The first step of the crossover process, step 1 of the main procedure, is to  determine 

the crossover point cp. As shown in step 2  and 3 in the main procedure of Algo­

rithm  4.7.1, the construction of ch ild l and child2 is started  by partially duplicating 

p a ren tl and parent2  rooted a t the nodes rfQQ1 and n ^ of, respectively. During the 

partial chromosome duplication process, the procedure C P C  HQ  does not insert into 

the queue for further processing when it meets cp or prim ary inputs (Pis).

The actual crossover takes place in step 4 and 5 of the main procedure. Step 4 

copies all the nodes in the fanin cone of parent2  rooted at cp to  ch ild l, while step 5 

copies all the nodes in the fanin cone of the p a ren tl rooted a t cp to child2. After the 

crossover operation is performed, the validity of ch ild l and child2 is checked; then 

the merging process is performed when the merge is possible as described above. The 

last step of the crossover operation is to update the sub-population. Any child will 

be replaced with a sub-chromosome in the sub-population when the cost of the child 

is smaller than  th a t of a sub-chromosome th a t has the biggest cost.

4.7.2 M utation  O peration

M utation is another way to  introduce diversity into the population. After several 

generations of a population, it is possible th a t the crossover will drive some genes in a 

certain position on chromosomes to  have the same kind of static  or PTL matches. In 

this case, then, the population cost will converge prematurely. W ithout the m utation 

operator, it is hard to reintroduce alternative solutions. The m utation operator, 

therefore, is used to  reintroduce alternative solutions and is used as a hill-climbing 

mechanism.

The m utation operation is initiated when the average cost difference between 

the current global population and the previous global population is within a certain
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Figure 4.6: M utation Process, (a)before m utation, (b)after m utation.

range, 5, which is referred to  as the m utation threshold. The am ount of m utation 

for a population is governed by a variable called m utation rate, /jl. T o  maximize 

the preservation of the characteristics of selected and evolved samples, the disruptive 

effects should be minimum. This suggests th a t m utation should not be applied to 

all the populations[62, 63, 64]. In other words, // need to  be much lower than  1. 

Figure 4.6 shows the conceptual process of the m utation, in which m p represents the 

m utation point th a t is the root of the cone where the m utation is applied. As shown 

in Figure 4.6, the cone rooted a t m p is deleted and replaced with a new cone th a t is 

a newly mapped solution from the m utation point m p down to  the leaves.

Algorithm 4.7.2 shows the detailed process of m utation for a sub-chromosome. 

This algorithm takes a sub-chromosome lus as an input and returns a m utated sub­

chromosome u)s . At the beginning of the process, a node, n map, th a t is the m utation 

point in a chromosome is randomly selected. Then, in step 2, the current m atch type, 

fmrt, and the m atch list of the node, L mat, is obtained by a  routine G etM  a tchL istQ .
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Step 3 of the algorithm finds a new match, whose m atch type is the same as

/mat! but the cover by this match is different from th a t of the m atch . The 

new m atch is indexed by a random number between 1 and N mat th a t represents the 

number of matches a t the node nmap. If the covers of and are different, 

the while-loop is exited by the process. A new sub-chromosome, cu®, is built by the

BuildN ew C oneQ  routine after deleting all nodes of the fanin cone rooted a t nmap.

A lg o r ith m  4 .7 .2 : g a M u t a t i o n ( u ; ® )

o u tp u t  (a;®, m utated  netw ork)
1- nmap SelectN ode(us)
2. (f™at>L mat) G et M atch  L i s t(n map)
3. w h ile  (1)

4. w® <— D eleteCone(ujs,n map)
5. w® e -  B uild N ew C o n e(u s,n map, / " eJ )
6 . r e tu r n  (a;®)

4.8 Covering Algorithm

This section describes the proposed graph covering th a t combines all the genetic 

operators described above. Algorithm 4.8.1 illustrates the proposed covering process 

using the genetic algorithms. In the argument list of G A M A P Q , Q represents the set 

of subject graphs th a t contain a  set of possible matches found in the m atching stage 

at every node, N gpop is the size of the global population, S is a threshold value th a t 

enables the gaM utationQ  routine, /i is the m utation rate, and Imax is the maximum 

number of allowed iterations.

/mar G etM atch(L mat,n pos)
Z f  ( f c u r  -L f n e w \
11 \ J m a t  i J m a t )
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The GA begins by generating sub-populations th a t represent the mixed PTL/C M O S 

mapping solutions for each subject graph (step 1). G enerateSub-P opula tionQ  

takes a subject graph ^  as input and returns a sub-graph population th a t contains 

a finite number of sub-chromosomes. Q. represents a set of sub-populations. The size 

of a sub-population varies with the number of nodes in graph gy

The next step is to  initialize the global population Vg (step 2). A global chromo­

some is formed by selecting sub-chromosomes in the routine G etG lC hrom osom e().

In step 3, genetic operators such as crossover and m utation are applied to  the sub­

population, the cost of new chromosomes is calculated and the sub-population is 

updated.

A lg o r ith m  4 .8 .1 : G A M A P(t?, N gpop, 5, p, I  max)

o u tp u t  (£, m apped netw ork)
/  * in itia lize  sub-population  * /
1. fo r ea c h  §i E Q

' Ui <— G enerateSub-P opulation(gi)
°  ' Q, <— fl  U Ui 

/  * in itia lize  global population  * /
2 . fo r i <— 1 to  Ngp0p

, f <— Get-Global-Chromosome(Q)

/  * p e r fo rm  optim iza tion  * /
3. fo r ea c h  u>i E f2 

' lo\ <— gaCrossoveripJi) (i)
if  ((COStayg^l) -  COStaygfJ^1)) < 5) 

th e n  gaM utation{u\, g) (ii)
fl* *— { 0  — oJi] U ui\
(I <— Get-Global-C hr om osom elfT ) 
if  (cost(Cj) < cost(fmax) a n d  m eets const.) 

k th e n  V I <- {V g -  (max} U (f
4 .  N i t r  N i t r  +  1

5. Repeat step  3 u n til Nur >  Imax or Vg =  SAT
6 . C =  mm(Ci), w here Q E V t

do  <
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Figure 4.7: Example of mapped graph crossover.

An example of crossover on the subject graph is illustrated in Figure 4.7. Fig­

ures 4.7 (a) and (b) represent the two parents, parenti and paren t2, which are 

randomly selected from sub-population uj1 to perform the crossover operation. These 

parents show the m apping solutions for a sub-graph before crossover, and the P T L +  

cell assignments are also shown in Figure 4.7. The crossover operation begins by 

selecting a crossover point cp from the parents. After the crossover point is selected, 

the two sub-trees of p a ren tl and parent2  rooted at cp are crossed over to  form two 

new child chromosomes, as shown in Figures 4.7 (c) and (d).

Validity of each child is checked. For any invalid child chromosome, an a ttem pt 

is made to  re-map the invalid part to  make it valid. Re-mapping is also attem pted to 

improve the fitness (the to ta l transistor gate area) of the child chromosomes as shown 

in Figure 4.7(b) for ch ild l, where merging two T ypel cells into a Type2 cell resulted 

in  an overall red u ction  in  sizes. A fter  re-m apping, each  valid  ch ild  w ill su rv ive  if  its  

fitness is higher than  the worst chromosome in the existing sub-population u>i.

The routine gaM utateQ , statem ent (ii), performs the m utation operation when 

the average cost difference between previous generation and current generation
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lo\ is less than  a threshold <5. Figure 4.8 illustrates an example of the m utation 

process. M utation begins by randomly selecting a node, m p, from a sub-chromosome, 

as described above. All the m apped nodes in the fanin cone rooted a t m p are deleted. 

We then build a new m apped circuit for the removed fanin cone. Figure 4.8 shows 

an example of the m utation process. In this example, the mappings for the gates gi 

to (ja are deleted first and a new m apping solution is formed, as shown in Figure 4.8 

(b). Thus, a new combination of covering is introduced in the sub-population.

a
b

o rm

ptl+ _type2| "

c
b u —

V -------

b) after mutation

ptl+_type2 ptl+_typel
a
b

or

c
b

and

U —and

a) before mutation

Figure 4.8: Example of a m apped graph m utation.

A fter crossovers and m utations are done, the sub-population list Q is updated 

(17*), and a new global chromosome ( f  is formed to  update the global population V g. 

V* represents the updated global population in each iteration. As described in Section 

4.5, any global chromosome th a t violates the rules is an invalid chromosome, invalid 

global chromosomes are discarded. U pdate of the global population is synchronized 

with the population evolution in each sub-population until the design goal is achieved 

or the maximum number of iterations has been reached.

Steps 3 and 4 are repeated until the  N itr reaches Imax or the global population 

is saturated. The last step is to  select a global chromosome th a t has the minimum 

cost as the final solution. The cost function (or fitness function) in GA can be speci­

fied. Because the average power of a given circuit is also linearly proportional to  the 

transistor size given a fixed activity factor at each node, the overall size of transistors
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is used as the cost (fitness) throughout the experiments performed in this dissertation.

4.9 Evaluation of GA Param eters

Param eters used in GA, such as population size, m utation rate, and m utation 

threshold can affect the performance of the optimization algorithm and the quality of 

the final results. Figure 4.9 shows the number of iterations to  converge with respect 

to  m utation rate  (//) and percent threshold value th a t triggers m utation (5). The 

maximum number of iterations to converge is relatively flat. Nevertheless, when 

5 =  0.85% and n  =  0.35, the required number of iterations is the smallest compared 

to  other n  and S settings.

400

0  300' 
> c o o
o

200

O
X

J  100
100
200
300
400

0.2
0.40

0.35
0.30

0.25
0.20

0.15
0.10

Figure 4.9: Number of iterations to  converge (C499, N su ,̂(yp =  25, N gpop = 15).

The final converged cost as a function of maximum sub-population size is shown 

in Figure 4.10 (a). The results show th a t the saturation cost (i.e., quality of the solu-
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Figure 4.10: Convergence value and number of iterations to  converge w ith respect 
to various genetic param eters. (a)Normalized convergence value with respect to sub­
population size (C499, <5 =  0.85, n  =  0.35, N gpop =  15). (b)Number of iterations 
to  converge with various m utation rate  and global population size (C499, S =  0.85,
N.subpop 25).

tion) highly depends on the maximum sub-population size and th a t the convergence 

performance is relatively insensitive to  the choice of the m utation rate  and m utation 

threshold. Figure 4.10 (b) shows the maximum number of iterations to  converge with 

respect to  fi and global-population size. Based on the experimental results and the 

above observations, the GA param eters of global population size, sub-population size, 

m utation rate, and m utation threshold for the experiments presented in C hapter 5 

were chosen to  be 15, 25, 0.35, and 0.85%, respectively.

The experimental results also show th a t the GA-based m apping algorithm con­

verges well. Most of the circuits obtained a  significant am ount of improvement on 

cost with only fewer 500 iterations, and the average cost improvements were 18%. 

Figure 4.11 shows the normalized cost convergence pattern  for C6288, which is one 

of the largest ISCAS85 benchmark circuits, and C1355.
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Figure 4.11: Convergence result of the proposed method, (a)Convergence result of 
C6288. (b)Convergence result of C l355.

4.10 Perform ance Enhancem ent

Fanout optim ization is required during technology mapping (after covering) to 

meet certain delay constraints. Fanout optim ization is a fundamental problem in 

timing optimization. Because this problem is known as an NP-complete problem [65], 

many of the previous works [6 6 , 67, 6 8 , 69, 70] use heuristics to  solve the fanout 

optimization problem. These methods are widely used for tim ing optim ization for 

static CMOS circuits.

In this section, a new delay reduction m ethod for PTL synthesis by performing 

an autom atic redundant buffer identification and removal is presented. The algorithm 

also performs fanout optim ization similar to  the one described in [65, 67, 71]. The 

im pact of these features during synthesis on dual-rail mixed PTL/C M O S circuits 

using an experimental 0.1 /rm CMOS technology was examined.

4.10.1 D elay M odel

In general, a  logic network can be represented by a directed acyclic graph (DAG) 

where each node represents a gate and each arc represents a connection from one gate
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to  another gate. Delay of a gate can be expressed as follows:

td — max {Di int “I- Di ioadCiJ} (4*4)
t& n p u ts

where td is a gate delay, D tiinl is the load independent intrinsic delay of the gate, 

Dijoad is the drive resistance of the gate from input i to output, and Cl is the load 

capacitance at the gate output.

4.10.2 R edundant Buffer Rem oval

Assuming th a t the dual-rail mixed PTL circuits were generated by replacing the 

single-rail cells w ith dual-rail cells, all gate outputs in dual-rail mixed PTL circuits 

generate a signal of one polarity and another signal with the opposite polarity. There­

fore, unlike in the case of single-rail circuits, only inverting buffers are required, and 

some of the inverting buffers are redundant in the case of dual-rail circuits2. How­

ever, simple conversion from non-inverting buffers to inverting buffers by removing 

one of the inverters in the non-inverting buffers may have a negative im pact on delay 

because an am ount of fanout a t a node may require multi-stage buffering. Therefore, 

the use of inverting and non-inverting buffering is determined during the synthesis 

process by examining the benefit of using the single stage inverting buffers in the 

context of fanin/fanout conditions of a node.

do =  £>?'„, +  +  £>5„. +  fS o r fC i (4.5)

Figure 4.12(a) shows a situation in which a dual-rail gate gs drives a dual-rail 

inverter g-i, and g* drives two sink nodes g\ and g\. The delay from source node gs to 

the sink nodes is the sum of delay gs to  g% and the delay from ĝ  to  the sink nodes as

2In this case, the problem is basically different from a buffer insertion problem.
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shown in the equation (4.5), where do is the delay from the source node to the sink 

nodes, D \3int is the load independent intrinsic delay of the source gate, D fsload is the 

drive resistance of the source gate, D fint is the load independent intrinsic delay of 

g%. D fload is the drive resistance of gt) and C'£ and C \  are the load capacitance seen 

at the nodes gs and gi, respectively. We assumed th a t all the param eters for both 

polarities of the gate output are the same.

A lg o r ith m  4 .10 .1 : RBR(<?)

l.fo r  eac h  rii G Q
"if rii is  not b u f fe r  or inverter continue 
F T  fa n in  node's fa n o u t nodes o f  rq 
Fo <— fa n o u t nodes o f  ni 

, A  a D elay -D i f  f  erence ()

3. r e tu r n  {Qf)

As shown in Figure 4.12(b), after removing the inverter, the source node’s out­

put signals x  and x  are connected to the input signal of the sink nodes y  and y, 

respectively. The delay from the source node to  the sink nodes d\ is

The delay difference before and after the removal of an inverter buffer, equa­

tion (4.7), need to  be great than  zero in order to  get delay benefit after the removal 

of the inverter buffer.

if  Ad >  0

V

d o  Fq

Z-G i { G  — L r }

(4.6)

(4.7)
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Figure 4.12: Delay reducing method, (a)before reduction, (b)after reduction.

The pseudo code of the redundant buffer removal process is shown in Algo­

rithm  4.10.1. A given dual-rail mixed PTL circuit is converted to a graph Q; the 

algorithm traverses the graph. For all inverter buffer nodes during graph traversal, 

the delay difference A<j is calculated. If the delay difference A f/ is greater than  zero, 

the graph is modified so th a t the fanout nodes of node n t are the fanout nodes of the 

fanin node of node rii and the inverter node is inserted to the redundant buffer list 

L r . After traversing all the nodes in the graph, the nodes in the list L r are deleted 

from the graph.

4.10.3 Fanout optim ization

The conventional two level tree fanout optimization m ethod generates a buffer 

tree where rooted a t the source node. This m ethod inserts the buffer tree regardless 

of the critical pa th  between the source node and the sink node. Because critical path  

isolation[65, 67, 71] can avoid the drawback of the two level tree fanout optim ization 

method, we will use this m ethod instead of using more sophisticated fanout algorithms 

such as LT-trees[72]. Although this m ethod has been widely used in the past, its 

adaption in mixed PTL synthesis has not been reported so far.
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Figure 4.13: Critical path  isolation fanout optimization method, (a)before optimiza­
tion. (b)after optimization.

Figure 4.13(a) shows a situation in which a source node g3 drives several capac­

itive loads (sink nodes) including node g\. If a path  th a t passes node g\ is a critical 

path, this node should be excluded from the buffer tree and keep the connection to 

the source node gs while sink nodes th a t are not in a critical path  are distributed to 

the leaves of the tree. Algorithm 4.10.2 illustrates the fanout optim ization process. 

The inputs of this algorithm are source node rq, list of fanout nodes Q'p, and critical 

path  d a ta  V c. The output of this algorithm is a fanout tree Q F.

A t the beginning of the process, the required number of sink nodes, N l 2 , for each 

second level buffer is calculated such th a t the loads are balanced and the delay from 

the source node to  all sinks is reduced based on the following equation.

olu + -  ( A+ B ) > 0 (4.8)

where A  is the sum of the load independent delays in the paths from source to  sinks 

and B  is the maximum load dependent delay from the source to  the sinks. Then, the 

fanout tree building is started  by inserting the first level buffer into QfF (step 4). Step 

5 of the algorithm generates the fanout buffer tree by examining the fanout nodes of 

the source node rq.
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A lg o r ith m  4 .1 0 .2 : F a n o u t O p t (rii,Q1p ,Vc)

U n it ia l iz e  QfF
2 .N 1 2  <— Calculate S in k s
3 .j <— 0 ; k <— 0  

4 -  PLl
5.for e a ch  n q G Q'p

"if n q G V c continue  
/  * build fa n o u t b u f fe r  tree  * /
Q% <- T O  -  ™ J
i f  k > N L2 

( k < -  0d o <
d o  ^  / i t 1

„ Q fF  I l 2 i ^

e lse  
[ d o  {<5^

6 . r e tu r n  (Q^)
* fc +  1

For each node n q in the fanout list, if n q is in the critical path  V c, the node is not 

inserted into the fanout tree. A level-two buffer is inserted into the  fanout buffer tree 

if nq is not in the critical path. If the level-two buffer count exceeds a limit, N jj2, a 

new level is created in the tree QF. The fanout tree Q F is completed after considering 

all the fanout nodes of the source node nj. Figure 4.13(b) shows the generated fanout 

tree after fanout optimization using the algorithm 4.10.2. As shown in Figure 4.13(b), 

the critical path  is isolated from the fanout tree in order to impose a  minimum im pact 

on the critical path  by the fanout tree.

4.10.4  E xperim ental R esu lts o f Perform ance Enhancem ent

The characteristics of the benchm ark circuits used for this evaluation are shown 

in Table 4.1. These circuits are small, bu t they are representative of both  control-type
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Table 4.1: Characteristics of benchmark circuits.
Circuit #  Trans. #  Inputs #  O utputs Logic Depth
Ckt 1 524 32 26 11

Ckt 2 642 82 8 8

Ckt 3 64 18 2 7
Ckt 4 60 16 2 7
Ckt 5 894 60 36 1 2

Ckt 6 488 35 2 11

Ckt 7 278 25 4 14
Ckt 8 156 9 2 9
Ckt 9 246 16 25 1 2

Ckt 10 242 2 0 14 9

and data-path-type circuits used in microprocessor design. Three ISCAS85 bench­

m ark circuits are also used in our experiment. All the PTL and static CMOS cells 

used in our synthesis were created using an experimental 0.1 fim  CMOS technology. 

The supply voltage in our experiments was set to  1.1E.

Table 4.2: Experimental results of applying the redundant buffer removal method 
with a fanout optimization method.

Circuit Synthesis results 
w /o  proposed m ethods

Synthesis results 
w / proposed methods

Area
(um)

Delay
(Ps)

Power
(mW)

PD P Area
(um)

Delay
(ps)

Power
(mW)

PD P

Ckt 1 39.4 93 0.014 1.31E-15 40.5 87 0.015 1.33E-15
Ckt 2 595.7 151 0.131 1.98E-14 415.4 140 0.077 1.08E-14
Ckt 3 2131.5 144 0.440 6.33E-14 1734.6 1 1 1 0.191 2.12E-14
Ckt 4 1 0 0 2 .1 129 0.319 4.12E-14 809.1 118 0.245 2.89E-14
Ckt 5 238.5 77 0.091 7.04E-15 126.9 74 0.066 4.85E-15
Ckt 6 209.0 90 0.076 6.88E-15 194.2 48 0.062 2.96E-15
Ckt 7 256.7 60 0.042 2.53E-15 208.8 51 0 .0 2 1 1.08E-15
Ckt 8 67.3 83 0.017 1.44E-15 59.5 63 0 .0 1 2 7.27E-16
Ckt 9 257.5 1 2 1 0.368 4.46E-14 266.4 90 0.053 4.81E-15

Ckt 10 723.5 192 0.258 4.95E-14 676.8 178 0 .2 2 2 3.94E-14
Average 552.1 114.0 0.176 2.38E-14 453.2 96.0 0.096 1.16E-14

To see the im pacts of the redundant buffer removal and fanout optimization 

process using PTL based cells, the results between two dual-rail mixed PTL circuits
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before and after the fanout optimization and redundant buffer removal were compared 

in term s of delay, size, and power consumption. The results are shown in Table 4.2. 

The simulation results using ISCAS85 benchmark circuits are shown in Table 4.3. 

The delay and power measures were obtained using P ow rM ill and P athM ill[73], 

respectively.

Table 4.3: Experimental results of applying the redundant buffer removal method 
with a fanout optim ization method(ISCAS85 benchmark circuits.)

Circuit Synthesis results 
w /o  proposed methods

Synthesis results 
w / proposed methods

Area
(um)

Delay
(Ps)

Power
(mW)

PD P Area
(um)

Delay
(Ps)

Power
(mW)

PD P

C432
C499

C1355

2710.3 
4130.1
6115.3

477
339
406

1.093
1.856
3.873

5.21E-13
6.29E-13
1.57E-12

3204.5
3493.5 
3417.0

420
256
255

1.640
1.987
1.988

6.89E-13
5.09E-13
5.07E-13

Average 4318.6 407.3 2.274 9.08E-13 3371.7 310.3 1.872 5.68E-13

Table 4.2 shows th a t the dual-rail mixed PTL circuit where the fanout optimiza­

tion and redundant buffer removal were applied outperforms the circuit th a t does not 

apply the methods described above. On average, the dual-rail mixed PTL circuits 

with fanout optimization and redundant buffer removal outperform s the results of 

the circuits w ithout fanout optimization and redundant buffer removal by up to  16%, 

18%, and 45% in delay, area, and power, respectively.

4.11 M iscellaneous

The proposed mixed P T L /S ta tic  logic synthesis method described in Chapters 3 

and 4 deals only w ith combinational circuits. Since most of the  modern VLSI de­

signs include sequential parts as well combinational parts, it is necessary to include
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Figure 4.14: Synthesis based ASIC design flow.

a sequential circuit handling m ethod to  the proposed mixed P T L /sta tic  logic syn­

thesis flow shown in the previous chapter. Therefore, this section describes how to 

incorporate the mix PTL synthesis into a commercial logic synthesis flow.

Figure 4.14 shows general ASIC design flow. The fist step of the design flow 

is to  determine functional specifications followed by RTL (Register Transfer Level) 

coding using Verilog[74] or VHDL[75] hardware description language (HDL). After 

the RTL coding, the next step involves RTL synthesis using RTL synthesis tools such 

as Synopsys design compiler [76] and behavioral simulation to  check the functionality 

described in the functional specifications. If the behavioral simulation results meet 

the specification, the netlist from the RTL synthesis is optimized and mapped to a 

circuit using library cells. This step is called logic synthesis and optimization. On 

performing the functional simulation after the logic synthesis, the functionality may
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Figure 4.15: Possible signal connection patterns around latch. In each case, the 
signal connected to  latch is the candidate of the prim ary input or output of the new 
combinational block.

not exactly m atch the desired functional behavior. In this case, we need to  return 

to  modify the RTL source code. Once the logic synthesis is done, the next step is 

to  insert test circuitry and to generate test patterns for the fabricated chip. The 

netlist generated after the test insertion will be simulated before the physical layout 

as shown in Figure 4.14.

In order to  incorporated the proposed mixed P T L /S ta tic  synthesis m ethod into 

the ASIC design flow described above, the following steps need to  be carried out:

1. Sequential P arts  Separation

2. Convert combinational logic to  equations and rearrangem ent of the block in­

p u t/o u tp u t ports

3. Mixed PTL logic synthesis

4. Combine the mixed PTL circuit with sequential parts

The details of the steps are as follows. First, after determining the boundary of 

the sequential and combinational parts, all the sequential gates are w ritten to a file
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to use later. Then, the separated combinational gates are transform ed into the list of 

equations called SLIF (Stanford Logic Interchange Format).

However, there can be problems w ith signal connectivity when we simply sep­

arate combinational gates from sequential parts. This is because signals connected 

to input or output of a latch or flip-flop may not prim ary inputs nor prim ary out­

puts. Therefore, the prim ary input and output pins of the transform ed combinational 

parts need to be rearranged before performing the mixed PTL synthesis. There are 

several possible signal connection patterns around one or more latches as shown in 

Figure 4.15. Therefore, the input and output pins of the transformed block need to 

be rearranged based on the signal connection patterns.

Table 4.4: Prim ary input and output relationship between original and sequential 
part removed block.

Case Signal P roperty Original Block I/O New Block I/O
Latch Combinational PI PO PI PO Pi po

1 O ut - Yes - Delete - -

2 O ut In Yes - Delete Insert -

3 Out In - - - Insert -

4 In Out - - - - Insert
5 In In /O ut - - - - Insert
6 In /O u t In - - - Insert -

7 In /O u t In Yes - Delete Insert -

Table 4.4 shows the signal property (connection pattern) and prim ary in pu t/ou tpu t 

relationship between original and sequential part removed block. The first column 

represent the possible cases in Figure 4.15, the second column shows the signal con­

nection patterns for each case in Figure 4.15, and the th ird  and fourth columns show 

the actions th a t need to be done for the newly transformed com binational block. For
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Figure 4.16: Proposed mixed PTL design flow th a t is incorporated into a general 
ASIC design flow.

example, when the signal, 5 4 , is the input of a latch as well as the output of combina­

tional gate in the original block (case 4), this signal needs to  be inserted to a prim ary 

output of the combinational only block as shown in Table 4.4. However, the prim ary 

in p u t/ou tpu t list of the original block has not been changed because this signal was 

not prim ary input nor prim ary output of the original block.

Once the combinational gates are transformed into a  set of logic equations (SLIF 

format) and the prim ary inputs and outputs are rearranged, the next step is to 

synthesis the set of equations, which represents all the combinational parts of the 

original block, using the proposed mixed P T L /S ta tic  synthesis method.

Finally, the separated sequential part need to be merged with the mixed PTL 

combinational parts to  restore the original block after the mixed PTL circuit is ac­

quired. At the same time, all the inputs and outputs th a t are tem porarily inserted 

to  prim ary inpu t/o u tp u t are removed from the prim ary in p u t/o u tp u t list, and the
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original prim ary inputs and outputs are restored. Then, we can follow the rest of the 

ASIC design flow.

Figure 4.16 shows the proposed mixed PT L  design flow th a t are incorporated 

into a modern ASIC design flow. As shown in Figure 4.16, the added flow starts 

from separating the netlist where sequential and combinational exist. After restoring 

sequential parts to  the mixed PTL circuits, we can go through the standard ASIC 

design flow.

4.12 Conclusions

A new graph covering method and performance enhancing features were proposed 

in this chapter. The covering method was developed based on genetic algorithms th a t 

optimize the covering problem on a global level. The crossover and m utation were 

performed on graph structure chromosomes th a t are the m apped solutions of a given 

circuit. The proposed covering algorithm converged well. Also, a performance en­

hancing m ethod through redundant buffer removal for dual-rail mixed P T L /S ta tic  

logic was developed. It was also shown th a t the use of the redundant buffer removal 

method with a fanout optimization m ethod significantly improves power and perfor­

mance. Finally, we proposed a m ethod th a t incorporates the mixed PTL synthesis 

method into a commercial ASIC design flow.
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Chapter 5 

Technology Scaling Im pact on 
m ixed PTL Circuits

5.1 Introduction

Power is an increasingly limiting factor in high-density and high-performance 

VLSI designs. As a result of tha t, a great deal of effort have been made to  explore 

low-power design options without sacrificing performance.

Technology scaling [77, 78, 79], which is one of the approaches th a t can reduce 

power, has been a vehicle th a t makes it possible to  achieve high density, high per­

formance, and low-power VLSI designs. As physical dimension scales down, the 

delay and dynamic power of CMOS circuits are decreasing because of reduced gate 

capacitance and reduced supply voltage. However, the sub-threshold leakage expo­

nentially increases as CMOS technology scales down due to scaling of the threshold 

voltage. This is further exacerbated by the increasing short-channel effect and DIBL 

(Drain Induced Barrier Lowering) effect. The increased sub-threshold leakage is an 

increasing concern and considered as one of the bottlenecks of future low-power VLSI 

systems [36].

Since the conventional PTL circuit styles[10, 11] can cause a large am ount of 

power consumption and performance degradation because of excessive number of
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buffers used, mixing PTL with static CMOS has been proposed[12, 13, 16] as an al­

ternative low-power circuit style. This is referred to  as a mixed P T L /S ta tic  CMOS 

circuit. A utom ated synthesis of an exclusive set of mixed PTL circuits[16, 80] shows 

significant advantages of mixed PTL circuits over static CMOS and dynamic circuits 

in term s of power and performance. However, there are concerns about the ability 

of PTL to  scale well with technology scaling, particularly with Vdd  scaling. The 

scalability of mixed PTL, including performance, dynamic power consumption, and 

leakage power consumption, is not well understood. The existing published results 

did not address these concerns, because almost all of the previous work on PTL was 

performed on the 0.25pm  technology generation or older. W ith current process gen­

eration moving beyond the 0.25\im  generation and into the 0.18pm , 0.13pm , and 

0. Ifirn generations, this paper attem pts to directly address the issues of PTL scal­

ability by projecting the trends of performance, dynamic power consumption, and 

leakage power consumption on future CMOS technologies beyond 0 .1pm , and pre­

senting new comparative results using more up-to-date 0.18pm, 0.13pm, and 0.1pm 

CMOS technologies. The supply voltage for each technology generation from 0.18pm, 

0.13pm, to  0.1pm was also scaled to 1.5V, 1.3V, and 1.0V, respectively.

This com parative study also takes into account the different transistor sizing re­

quirements for different circuit styles and their im pact on final circuit performance 

and power consumption. In [81], PTL circuits were optimized using a commercial 

circuit optimizer to take advantages of each pass-transistor logic style. But the cir­

cuits used in the comparison were limited to  simple X OR/X N O R gates in a 0.18pm 

technology.

We used a set of 10 circuits extracted from a modern 64-bit microprocessor de­

sign. The experimental results show th a t the mixed PTL circuits scale well down to 

the 0 .1 pm  technology node compared to  their dynamic and conventional static coun-
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terparts. Theoretical projections for performance and power consumption provides 

further evidence of scalability of mixed PTL circuits.

The remaining part of this chapter consists of six sections. Section 5.2 reviews 

modern scaling trends and general scaling theory. To project delay and power con­

sumption trends of different circuit styles, delay and power models for the different 

circuit styles will be described in Sections 5.3 and 5.4, respectively. In Section 5.5, 

the projected trends of delay and power consumption will be presented. Concluding 

remarks for this chapter are given in Section 5.6.

5.2 Technology Scaling

5.2.1 ITR S R oad M ap

For over 35 years, IC industry has been following Moore’s Law[82, 83] in rapidly 

and constantly improving VLSI technology by scaling physical dimensions of transis­

tors as well as interconnects. The physical dimension reduction factor has been around 

1 /  y/2 for every two to three years. In order to help the IC industry in continuing to 

follow Moore’s Law, ITRS (International Technology Roadmap for Semiconductors) 

was published to project the progression of the IC technology generations over next 

15 years. Table 5.1 shows the ITRS roadm ap 2001 [36] for some param eters th a t are 

most relevant to  discussions in this paper.

5.2.2 Technology Scaling T heory

This section briefly reviews the general technology scaling theory. There are three 

types of technology scaling: full scaling, fixed voltage scaling, and general scaling[84,
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Table 5.1: Key Overall Chip param eters for High-performance Logic(data from ITRS 2001 road map).
Near Term Long Term

Calendar Year 2 0 0 1 2 0 0 2 2003 2004 2005 2006 2007 2 0 1 0 2013 2016
Physical Gate Length (Le/ / ) nm 65 53 45 37 32 28 25 18 13 9
Power Supply Voltage,VDD V 1 .2 1 .1 1 .0 1 .0 0.9 0.9 0.7 0 .6 0.5 0.4
Tox Electrical Equivalent nm 2.25 2 .1 2 2 .0 1 1.95 1.87 1.87 1.35 1.15 1.03 0.93
Sub-Threshold Current (NMOS) l iA /n m IE-2 3E-2 7E-2 IE-2 3E-1 7E-1 1E0 3E0 7E0 1E1
Effective Transconductance gm gS/fxm 1 0 0 0 1055 1107 1137 1181 1181 1584 2378 3434 4430
Maximum On-chip Clock Frequency GHz 1.7 2.3 3.1 4.0 5.2 5.6 6.7 11.5 19.4 28.8
Allowable Max. Power W atts 130 140 150 160 170 180 190 218 215 288
Number of Trs per chip xlO6 Trs 276 348 439 553 697 878 1106 2 2 1 2 4424 8848



Table 5.2: Scaling relationship for devices.
Param eters Relation Full Scaling General Scaling Fixed Voltage Scaling
W , L , T 0X - 1 / a 1 / a 1 / a
vDD,v t - 1 / a \/(3 1

N sub v/wlpl a a 2 /  (3 a 2

Area/Device WL 1 / a 2 1 / a 2 1 / a 2

C'^  ox 1 / ^ o x a a a
C L C o x W L 1 / a 1 / a 1 / a
k p i k n C o x W / L a a a
1 av K , PV 2 1 / a a //3 2 a
tp (intrinsic) C L V / I av 1 / a (3 jo? 1 / a 2

P a v c Lv 2/ tp 1 / a 2 a /  (33 a
P D P c Lv 2 1 / a 3 l /a(32 1 / a

85, 77, 8 6 ]. First, the full scaling, which is also called constant electric field scaling, 

is an ideal model. In this scaling method, physical dimensions and supply voltage 

are scaled together by the same scaling factor a  as shown in Table 5.2 (adapted 

from [77]). The purpose of this scaling is to  keep the electrical field patterns in a 

scaled device identical to  those in the previous technology generations to  prevent the 

secondary effects such as breakdown. In this method, the substrate doping density 

need to  be increased by a factor a  in order to  maintain same electrical patterns in the 

device. Using this scaling method, the delay and power consumption can be reduced 

by factors 1 / a  and 1 /a 2, respectively, as shown in Table 5.2.

The fixed voltage scaling m ethod was most commonly used scaling m ethod until 

early 90’s. This scaling m ethod only scales physical dimensions by a factor 1 /a  while 

maintaining the supply and threshold voltages identical to  the previous technology 

generation. This scaling m ethod is adequate for the situation where the designer 

cannot change the supply voltage arbitrarily  because of the com patibility to  the older 

version of designs. The scaling m ethod can speed up the device by a factor 1 /a 2. 

However, the system power consumption is increased by a factor a . Therefore, this 

method is not appropriate when the power reduction is required in the scaled system.
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Finally, the general scaling scales the device dimension and voltage using differ­

ent scaling factors, 1 /a  and 1//3, respectively, as shown in Table 5.2. This scaling 

method is most realistic m ethod for today’s situation because there may be different 

restrictions for scaling device dimension and voltage. The scaling methods used in 

ITRS roadmap shown in Table 5.1 falls into this scaling category.

5.3 Delay M odels for Different Circuit Styles

The drain-source current of MOS transistor in square-law model [28, 87] is given

by
(  0 , Vg s  <  Vt h

I d s  =  \  K { ( V g s  ~ V t h ) V d s — Q -5V dS }  , VDs < V Gs  — VTH  (5.1)
[  K ( V g s  ~  Vt h ) 2/ 2  , V o s  >  Vg s  ~  VTh

where V t h  is threshold voltage, V g s  is gate-source voltage, and V d s  is drain-source

voltage. K  is a drivability factor and equals n(e0X/ t 0X) (W /L ef f ) ,  where fi is an effec­

tive mobility, eox is dielectric constant of a gate oxide, tox is a gate oxide thickness, W  

is a device width, and Le/ /  is the effective channel length. The Vds — I d characteristic 

of this model is fairly accurate where the channel length is long. However, this model 

is not accurate enough in DSM (deep-submicron) devices.

For DSM CMOS devices, the a-power law model has been proposed[35]. The 

a-power law is given by

I d s

0 , V gs <  Vt h

( I 'd o /V d o )V d s  , V d s < V g s  — VTh  (5.2)
1 do  ) Vds  >  Vgs — VT h

In equation (5.2), I'D0 and V'DQ are given by

M / P
I'do — —- — (V g s  — V t h ) 01 (5.3)

V^o =  P v {VGs - V t h T /2 (5.4)

where a  is dependent on the degree of velocity saturation, which varies from 1 to  2 .

The exact value of a  is derived empirically. Pc and Pv are the technology param eters
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to  be determ ined by experimentally. This model is fairly accurate in DSM MOS 

devices. Therefore, in this dissertation, we used a-power law model to  model drain- 

source current for a MOS transistor.

5.3.1 S tatic and D ynam ic Logic D elay

For an inverter, when the input goes from low to high and initially the output is 

at V d d , the nMOS of the inverter is in saturation region. The fall time delay of an 

inverter can be computed from the following differential equation[28, 87]

CL^ t  =  - I DSn (5.5)

where Cl is load capacitance, Insn — K n(VGSn — Vrn)a is the drain-source current

through the nMOS transistor, and Vout is the voltage across the load capacitance.

Assuming a step function at the input, the propagation delay of ou tput falling is 

the output transition tim e form V d d  to  V d d / 2. Integrating the Equation (5.5) form 

t  = ti (Vout — V dd ) to  i  =  t 2 (Vout =  V d d / 2 ), the the delay tim e of high-to-low 

transition of an inverter is given by

, _  C l V d d

HL 2 K n(VGSn ~  VTny  ( ' }

where K n is a technology paprmeter[35]. Similarly, high-to-low delay tim e of an 

inverter, tLH, is given by

, C l V d d

LH 2Kp(VsGp- \ V Tp\)a ( - )

The transconductance of an nMOS device is defined by

dlDSn
9 m  g y

GSn
a—1— a K n(VGsn ~  VTn)a (5.8)
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Thus, the drain current of a nMOS device in saturation mode can represented by

T  __  T S  ( \ r  T /  \ o t —1 K n ( V G S n  ^ T n )
i D S n  ~  a K n ( V GSn ~  VT n )  ,  -  / f - - - - - - - - - - - - T /  w _ i

a K n(VGSn ~  VTn)a 
= gnma - l {VGSn- V Tn) (5.9)

For finite rise and fall time at the input, an additive modifying factor, 5, can be 

added to the delay models in Equations (5.6) and (5.7). The modifying factor 5 is 

given by[35, 8 8 ]
1 1 - V T/V DD 

S = {2 ~  l  +  a  )tT ( 5 ' 1 0 )

where a  is the velocity saturation index which is the same as th a t in Equation (5.6), 

Vt  is the threshold voltage of a nMOS or pMOS transistor, and t r  is the rise or fall 

time of the input waveform. This input slope dependent delay (<5) increases the delay 

in Equations (5.6) and (5.7). The question is w hether the load dependent delay tfiL 

(or t m )  dominates the input slope dependent delay 5. Using the param eters defined 

in ITRS[36] for 0.1 pm  CMOS technology, the ratio  of Vt  to  Vdd is 0.14 and the 

transconductane (gm) is 810j iS /u m .  Assuming th a t Cl =  50f F ,  a  =  1.2 as in[35], 

and t r  =  50ps, the input slope dependent delay 8 will be 0.11fT(5.5ps). On the 

other hand, the load dependent delay tnL{ps) is 43.1/W „ where the unit for Wn is 

lim  . For internal gates, it is reasonable to  expect th a t the typical W n of an inverter 

will be in the range of 0.2g m  ~  1.0pm, using the Equation (5.6), the resulting load 

dependent fall-time delay is in the range of 215.bps ~  43.1p.s. It is clear th a t the load 

dependent delay dominates the input slope dependent delay. The similar conclusion 

can be reached for the rise-time delay. In addition, it is known[35, 8 8 ] th a t, for a 

fixed Vt /V d d -i the delay Ihl (or t,LH) becomes less sensitive to  input slope when 

the carrier velocity saturation effect gets severe and a  becomes smaller due to  the 

fact th a t the factor 5 decreases monotonically as a  decreases. Acceptable value of 

Vt /V dd is between 1/4 and l/5[42] in modern CMOS process and it is projected to  be
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even smaller for future CMOS technologies[36]. This implies th a t the load dependent 

delay becomes more dom inant than  the input slope dependent delay as V r/V DD and 

a  become smaller. Based on the above analysis, the remaining discussions on trend 

of circuit delays will be focused on load dependent delay only.

The overall delay (or propagation delay time) of an inverter is given by

tpINV — 2 ^ LH ^ L H )

Therefore, the propagation delay tim e of an inverter is given by

f C l V d d ( ° - 5  I ° - 5  1 15 121
tpINV 2 {gnma - ^ V GSn- V Tn) + g ^ a - ^ V s o p - ^ y  ^  J

For n-input NAND gate, assuming th a t n identical nMOS are connected in se­

ries and all the transistors are in saturation node, the high-to-low and high-to-low 

propagation delay time can be approxim ated by the following equations [89].

jnand   'hCl VdD / j. 10^
HL ~  2C a - H V fc s ,  -  VTn) (5 ' 13)

j.nand _ C l Vd d  ( k -\a \
LH ~  2gpma - '{ V SGp- \ V Tv\) j

Therefore, the delay time of a  NAND gage is given by

Cl Vd d , 0.5 n  , 0.5
pNAND 2 {g ^ { V GSn ~  VTn) +  gLa-K Vscp  ~  |V ^ |) } ( ' }

Similarly, in case of a NOR gate, assuming th a t n identical pMOS are connected 

in series and there in saturation node when the load capacitance is charged, the 

propagation delay tim e of a n-input NOR gate is given by

, _  C l V d d ,  0-5 , 0.5n
pNOR 2 g%ia ~ 1(VGSn — VTn) $nOi~l (VsGp — \Vtp\)

For a domino logic gate [90, 28, 77, 87], there are three delay components: pre­

charge, evaluation delay, and the delay through the inverter a t the end of the gate.
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For example, shown in Figure5.2 (b), the worst case propagation delay of a domino 

gate is given by[91]

tpDyn t-eval "F  tpINV

CyVj)n Tl
+  tpINV (5.17)

2  9ma 1(V G S n -V Tn) 

where t evai is the evaluation delay, Cy is the capacitance at node y in Figure 5.2 (b). 

tpiNv denotes the delay caused by the inverter in Figure 5.2 (b), and n  in Equation 

(5.17) represents the number of transistors connected in series in the nMOS tree.

GND

N-tr sa tN-tr off
P-tr sa tP-tr in

N-tr Im 
P-tr sa t

N-tr sa t VL=0P-tr linX  0.»n

N-tr inN-tr sa t
P-tr offP-tr sa t

v  =y
y  in DD

Figure 5.1: Pass-transistor logic operational modes, (a) and (c) are voltage and 
current relationship for logic 1 and logic 0  transfer, respectively, (b) and (d) are the 
operating regions for logic 1 and logic 0  transfer, respectively.

5.3.2 D elay M odels for Pass-Transistor Logic G ates

In order to  derive delay models of P T L +  cells, we need to  examine the operational 

modes of each transistors in P T L +  cell. Figures 5.1 (a) and (c) show the voltage and 

current relationship of a part of a P T L +  cell. W hen logic 1 is transferred from input 

to  output as shown in Figure 5.1 (a), the nMOS transistor, n i, is in saturation mode 

when Vout <  Vdd — Vtn and rq is in cutoff region when Vout > Vdd — Vtn. The pMOS 

transistor, pi, is in saturation mode when Vout < \Vtp\ and it is in non-saturation 

mode when 1 >  \Vtp\- Figure 5.1 (b) illustrates the operating regions of the n- 

channel and the p-channel transistors for transferring a logic 1. Since Vdd is several
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times higher than  the device threshold voltage in sub-180nm technology nodes [36], 

for most of the switching time, nMOS and pMOS transistors are in saturation and 

non-saturation mode, respectively. Therefore, the low-to-high delay of Figure 5.1 (a) 

can be approxim ated as

j-PTL+ _  C l Vd d
L H  o  /  j sa t  _ i_  j l i n  \

\  D S n  “ r  J S D p )

Cl Vdd
----------------------  (5.18)

2 (fl'm «  ^(VG Sn — VT n) +  g Vvn^OL 1(V sG p  ~  \Vt p \) )

where g™ (g&) is the transconductance of nMOS ni  (pMOS pi) in saturation (non-

non­saturation) mode, and and I ^ p are the saturation current of rii and

saturation current of p i , respectively.

W hen logic 0 is transferred form input to output, the nMOS transistor, n 2, is 

in non-saturation mode when V,out <  V d d  — V tn  and n 2 is in saturation region when 

V out >  V d d  — V t n . The pMOS transistor, p2, is in saturation mode when V out >  \V t p \ 

and it is in cutoff mode when V o u t  <  \V tp \-  Figure 5.1 (d) illustrates the operating 

regions of the n-channel and the p-channel transistors for transferring a logic 0. The 

high-to-low transition delay of Figure 5.1 (c) can be approxim ated as

± p t l +  _  C l V d d  

HL +  / - , )

Cl Vdd (5.19)
2(V;;;)2o W „.,„ -  V T n ) +  < R a - ' ( V s a t  -  

where g^l and are the linear mode and saturation mode transconductance of nMOS 

n 2 and pMOS p2, respectively. Since the P T L +  ty p e l cell is composed by connecting 

the circuits shown in Figure 5.1 (a) or (c) in parallel, the delay of the P T L +  typel 

cell is proportional to  the delay of the circuit in Figure 5.1 (a) or (c). Therefore, the 

overall propagation delay of P T L +  type 1 cell, shown in Figure 2.8 is given by

tPPTL+ = ( t ^ L+ + t Z L+) / 2 (5.20)

The worst case delay of P T L +  type2 and type3 is the sum of the delay of two sections 

of the P T L +  ty p e l in series while the load capacitances for each section are different.
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5.4 Power Consum ption M odel

In CMOS logic, power consumption of a circuit is given by

P to t  =  C lM d D V sw in g f A i  +  I le a k ^ D D  T  ^ tu n n e l^ D D

where V SWing  is the voltage swing at an output node, /  is the frequency of the input 

signal, Ai is activity factor, and Iie a and Itunnei are to tal sub-threshold current and 

gate tunneling current of the circuit. The first term  in Equation (5.21) represents 

dynamic power consumption of CMOS circuits. The second and th ird  term s are the 

power consumption caused by sub-threshold leakage and gate tunneling currents. The 

following two subsections describe these currents in detail.

5.4.1 Leakage Current M odel

5 .4 .1 .1  S u b -th r e sh o ld  C u rren t

The sub-threshold leakage current of a M OSFET is given by[92]

I sub =  A e s i r ( vg s - V Sb - V tho-'yVsB + vV D S ) ( i  _  ( 5  2 2 )

where V g s , V s b , and V g s  are the gate-source, source-substrate, and drain-source 

voltages, respectively, 7 , S, and 7  represent linearized body-effect coefficient, sub­

threshold swing, and DIBL coefficient th a t is representing the effect of V d s  on thresh­

old voltage, respectively. The coefficient A  is given by

A  = n o C o J ^ L i k T / q f e 1* (5.23)
L e f f

where / / 0 and Cox are the zero-biased carrier mobility and the gate-oxide capacitance 

per unit area, respectively. W hen transistors are connected in parallel and all the 

transistors are in off-state, the Vds  each transistor are the same. Therefore, the
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leakage current is the sum of the currents th a t flow through each transistor. If the 

transistors are connected in series and all of them  are turned off the V d s  °f aA tran ­

sistors are not the same because the source voltages between transistors are different, 

while the currents through each transistor are the same. In this situation, assuming 

tha t the source voltage of the first transistor (the top transistor in the stack) Vsi is 

much smaller than  V d d  (Vsi <  V d d ) ,  Vds2 can be represented in term s of VDD

+  ( 5 ' 2 4 )

Similarly, the drain-source voltage of the i th transistor, The drain-source voltage of a 

transistor in a transistor stack, Vbsi, in Equation (5.22) can be calculated using the 

following equation [93]

VoSj = V^f»(l + ;V (l-ea!v"-')) (525)q{ 1  +  7 )  A i

This equation can be iteratively used to  find V d s  of each transistor.

The leakage current model in Equation (5.22) is reasonably accurate and con­

siders all the possible sources of leakage currents. In order to  use this equation, the 

drain-source voltage of each transistor needs to  be determined. For a large chip, this 

process can be very expensive. To overcome this lim itation, the following empirical 

model for leakage current has been proposed in [94]

Ileak = I o f f ^ - C t (5.26)
b f

where / 0/ /  is the leakage current of a transistor measured from an actual silicon,

W tot is the sum of all nMOS and pMOS transistor areas in a circuit, and S f  and Ct

represent stacking factor and tem perature factor. The value S f  is calculated based 

on the fact th a t the leakage current in transistor stacks is less than  a single transistor 

device because of self-reverse bias of V q s  of a transistor in the stack. The coefficient C t
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is used to  scale I 0j f  for an appropriate junction tem perature of the devices. Assuming 

th a t it is fixed, the leakage current is highly depends on Wtot/ S f  th a t is given by

where Wi and Si are the to tal w idth and the stacking factor of cell i. To get the 

leakage current of different circuit styles, we need to calculate W i/S i  first for each cell 

i in the circuits, then all the W i/S i  are summed to  get W tot/ S f .  This m ethod can 

be easily applied when a circuit is designed with ASIC style. W hen a circuit is not 

designed w ith ASIC style, all different sub-circuit styles whose stacking factors are 

the same need to be classified into different groups, then we can calculate W tot / S f  by 

summing the ratio of to tal area to  stacking factor of all different groups.

5.4.1.2 Tunneling Current

Due to  high electric Held at gate oxide, direct tunneling current from gate material 

to  the substrate increases exponentially as the gate oxide thickness decrease. As 

technology scaling continues this current cannot be ignored any more. The tunneling 

current can be modeled by [95]

where A  and B  are physical param eters. Since Vox depends on gate-source voltage Vgs 

and the surface potential ijjs (Vox — Vgs — Vfb — ips) , it is necessary to  calculate ips to  

calculate tunneling current using Equation (5.28). However, i(js can only be calculated 

accurately using an iterative numerical m ethod which is expensive[96]. Ignoring some 

second-order effects, a simpler model can be used[36] here as:

The tunneling current of a circuit was calculated in this work by multiplying to tal 

transistor w idth of the circuit with Iox.

(5.27)

Iox = 16.2 L e f fe ^ AbVDD- l0Mo*\iJiAliim\ (5.29)
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Figure 5.2: Static, Dynamic, and PTL logic implementation of a O R gate, (a) , (b), 
and (c) represent static, dynamic, and PTL, respectively. For PTL, it is assumed 
th a t the input b is connected to  Vdd.

5.4.2 Stacking Effects o f D ifferent Logic Styles

In order to  determine the leakage current of a given gate, the  stacking factor needs 

to be determined. Similar to the approach used in [94], the stacking factor of a gate 

was calculated based on the am ount of current through turned-off transistor stacks 

compared to  the current through a single turned-off transistor using Equation (5.30).

where Io represents the am ount of current through a single turned-off transistor, N  

represents the number of possible input combinations for the given stack, i and l \ eak 

represent a input combination and the corresponding sub-threshold leakage current, 

respectively. Iq and l[eak were determ ined based on a SPICE simulation. Based on 

a 0.1 n m  CMOS process, our experimental simulation results show th a t the leakage 

currents in a stack with 2, 3, and 4 turned-off transistors are 1/6, 1/7, and 1/7 of 

th a t in a single transistor stack. Figures 5.2 (a) and (b) show an O R gate implemen­

tations using static and dynamic logic styles, respectively. We will use the OR gate 

im plem entations in Figure 5.2 to  illustrate how stacking factor for each type logic 

gate is calculated.

(5.30)
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Table 5.3: The leakage current flow of static  and dynamic gates in Figures 5.2 (a) 
and (b), respectively, with different input combinations.

Inputs Static gate Dynamic gate leakage
a b leakage pre. eval. to tal

Gnd Gnd 2 / 0 $ ( 2 /o) 2 / 0 ( 2 / o ) ^ ( 4 / 0)
Gnd Vdd Jo Jo(na) 2 / o ( 2 / „ ) 3 /0 (2 /0)
Vdd Gnd h Jo(na) 2 / o ( 2 / 0 ) 3/o(2I0)
Vdd Vdd Jo/ 6 Jo(na) 2 / o ( 2 / 0 ) 3 Jo (2 Jo)

Average 1.04 J0 - - 1-4 Jo (2 Jq)

Table 5.3 shows the input combinations and corresponding leakage current for 

the static and dynamic gates. L et’s consider the static  gate in Figure 5.2(a) first, 

when inputs (a ,b )= ( ll) ,  the leakage current flows from Vdd to  node x  through pMOS 

Pi and p2. In this case, the current is six times less than  th a t of a single device. When 

inputs (a,b)=(00), the leakage flows through both nMOS rii and n 2 in parallel, and 

the am ount of current is twice of a single turned-off device current. W hen inputs 

(a,b)=(01) or (a,b)=(10), the leakage current flows through pMOS p2 or p\,  but there 

is no leakage through nMOS because node x  is grounded, resulting in the same current 

as a single turned-off device current for both cases. For all these inputs combinations, 

the stacking factor of the gate is 0.96 using Equation (5.30). The effective stacking- 

area of the static gate in Figure 5.2 (a) is

sta tic  V / n a n d / S nor  T  / S i n v  (5.31)

where Snor = 0.96 and Stnv =  1.

For dynamic logic in Figure 5.2 (b) with nMOS n w, during the evaluation phase, 

when the inputs (a ,b )= ( ll ) ,  the leakage flows through pMOS p i0 and p20 in parallel, 

when the inputs (a,b)=(00), the leakage flows through nMOS n 3 and n 4 in parallel; 

when the inputs (a,b)=(01) or (10), the leakage flows through pMOS pio and p 20
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in parallel. In the pre-charge period, when the inputs (a ,b )= ( ll) ,  the leakage flows 

only through nMOS n i0; when the inputs (a,b)=(00), the leakage flows through all 

nMOS transistors, n 3, n^, and n w -, when the inputs (a,b)=(01) or (10), the leakage 

flows through nMOS n w . By applying the similar method used for the static case, 

the to ta l am ount of leakage current can be calculated, and the resulting stacking 

factor for this gate is 0.72. W hen speed is critical in a dynamic gate, transistor n w in 

Figure 5.2 (b) is often removed. The values in the parentheses in Table 5.3 represent 

the leakage current for different input combinations without riio- In this case, the 

stacking factor is reduced to 0.5. The effective stacking-area of the dynamic gate in 

Figure 5.2 (b) can be found by similar way as in static case.

Table 5.4: The leakage current flow of a PTL cell in Figure 5.2 (c) w ith different 
input and output combinations.

Inputs and O utput Current Flow Leakage
a b c z

Vdd Gnd Vdd Gnd c —>■ z 1.56 Jo
Vdd Gnd Gnd Gnd No leakage 0

Gnd Gnd Vdd Vdd z - > b 1.56 J0

Gnd Gnd Gnd Gnd No leakage 0

Vdd Vdd Vdd Vdd No leakage 0

Vdd Vdd Gnd Vdd z  —> c 1.56J0
Gnd Vdd Vdd Vdd No leakage 0

Gnd Vdd Gnd Gnd b - > z 1.56 J0

Average - 0.79/q

For the PTL gate as shown in Figure 5.2 (c), there is no leakage path  through 

the PTL gate for a certain inpu t/ output combinations because the potentials a t both 

input and output are the same. Table 5.4 shows the possible input and output 

combinations and corresponding leakage current flow. Since there are some input 

combinations th a t do not result in any leakage current, the stacking factor of a PTL
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Figure 5.3: G ate capacitance, junction capacitance, and area projection results.

gate is higher than  th a t of static as well as dynamic gates. By applying the same 

method used for the static  and dynamic gates, the stacking factor is 1.27.

5.5 Projection R esults

To understand the trend of delay, dynamic power and leakage power consumption 

on future technologies, we scaled the benchmark circuits to future CMOS technologies 

using the param eters in the ITRS roadm ap shown in Table 5.1. The benchmark 

circuits used for the projection were implemented in two different groups of four 

different circuits, which are pure static CMOS, dynamic CMOS, and single-rail and 

dual-rail mixed PTL circuits. The two different groups are implementing two logic 

functions, / i  =  a'b +  cd and / 2 =  y(a(bc + b'd') +  a'e), respectively. The sizes of 

transistors for each different logic style are determined so th a t the rising and falling 

time a t the each node of each gate was in the range of 50ps to  lOOps in 0.1 /xm process 

with a fanout of five a t the ou tpu t node.

Figures 5.3 (a) and (b) show the projection results of gate and junction capacitance[28] 

of a transistor per micron and the areas of different circuit styles, respectively. In
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Figure 5.4: Delay projection results.

these figures, PTL and DTL represent single-rail and dual-rail mixed P T L /S ta tic  

circuits, respectively. The general trend is th a t the gate capacitance per micron is de­

creasing as technology scales because the decreasing rate of effective channel length is 

larger than  th a t of gate oxide. On the other hand, the  junction capacitance is increas­

ing as technology scales because of increasing substrate doping density. As shown in 

Figure 5.3 (a), the ratio  of gate capacitance to  junction capacitance, Cg/ C j , is also 

decreasing because both  two capacitance values are moving in opposite directions. 

The junction capacitance is greater than  the gate capacitance below 37nm technol­

ogy nodes. For the areas of different circuit styles shown in Figure 5.3 (b), single-rail 

and dual-rail mixed PT L  are smaller than  those of static an dynamic circuit styles. 

The area of static circuit is larger than  th a t of dynamic because p-tree of dynamic 

circuit consists of only pre-charge and keeper transistors.

The projection results on the delay are shown in Figures 5.4 (a) and (b). Fig­

ure 5.4 (b) magnifies Figure 5.4 (a) from 70nm to  25nm technology nodes. The delay 

were averaged the critical path  delays for each benchm ark circuit. As shown in Fig­

ure 5.4, the dynamic circuit is the fastest circuit style, and single-rail and dual-rail 

mixed PTL circuits are faster than  static circuits and are slower than  dynamic circuit
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Figure 5.5: Dynamic power projection results.

style. As technology scales down, the delay of mixed PTL circuits become worse than 

static circuit because mixed PTL circuit sees increasing load capacitance as technol­

ogy scales down. According to  the delay projection, single-rail and dual-rail mixed 

PTL become worse than  static from 65nm and 25nm technology nodes, respectively.

Projections for the dynamic power consumption are shown in Figure 5.5. Dy­

namic circuits consume more power than  other circuit styles. This is because dynamic 

logic use continuously running clock signal(s), and this continuously running clock sig­

n a ls )  is one of the m ajor sources of dynamic power consumption in dynam ic circuits. 

The dynamic power consumption of dual-rail mixed PTL are lower than  th a t of static 

CMOS when the gate length is longer than  50nm. The power consumption of single­

rail mixed PTL becomes more than  th a t of static CMOS below 25nm technology 

node.

Figures 5.6 (a) and (b) show the sub-threshold and the tunneling leakage power 

projection results using the benchm ark circuits. The results indicate th a t the sub­

threshold leakage power consumption increases dramatically beyond the 65nm gen­

eration for all circuit styles. However, the mixed PTL style keeps a 2-5X advantage
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Figure 5.6: Sub-threshold leakage and tunneling leakage power projection results.

over the conventional static CMOS style and the dynamic circuit style throughout 

different generations of CMOS technology.

The tunneling leakage power is orders of m agnitude lower than  the sub-threshold 

leakage power. For generations beyond the 65nm generation, the tunneling leakage 

power is projected to  be decreasing due to  the projected introduction of high-k gate 

dielectric material.

Since the tunneling leakage power plays a lesser im portant role relative to the 

sub-threshold leakage power, the overall to ta l leakage power follows the trend of th a t 

of the sub-threshold leakage power as shown in Figure 5.7 (a). The results in Figure 

5.7 (a) illustrate the overall advantage of the mixed PTL circuit style over other 

circuit styles in term s of overall leakage power consumption.

The trend for to ta l power consumption, including dynamic, sub-threshold, and 

tunneling power, is shown in Figure 5.7 (b). Mixed PTL also keeps 2-5x advantage 

over the conventional static CMOS style and dynamic CMOS style throughout dif­

ferent generations of technologies. As shown in Figure 5.7 (b), the leakage power 

consumption as the percentage of to tal power consumption exceeds th a t of the dy­

namic power consumption in the technology generations below 50nm gate length.
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Figure 5.7: Overall power projection results, (a) Total leakage power, (b) Total 
power including dynamic, sub-threshold leakage, and tunneling power.

Therefore, leakage power reduction is more im portant than  dynamic power reduction 

for future technology generations.

The power-delay-product and the energy-delay-product projection results are 

shown in Figures 5.8 and 5.9, respectively. These figures show th a t the mixed 

P T L /S ta tic  circuits have advantage over the conventional static and dynamic CMOS 

styles in term s of power-delay-product and energy-delay-product by a large margin.

5.6 Conclusions

In this Chapter, the scalability of mixed P T L /S ta tic  circuits was examined by 

projecting the trends of performance and power consumption on the future technology 

generations. The projection results show th a t the mixed PTL circuits scales well 

down to  25nm technology node. Due to  increased junction capacitance, the delay of 

single-rail and dual-mixed PTL are getting worse below 65nm and 25nm technology 

generations, respectively, and dual-rail mixed PTL consumes more dynamic power 

than  static CMOS circuit styles. However, mixed PT L  circuit keeps advantage over 

static and dynamic circuit styles throughout the technology generations in the to tal
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power and leakage power consumption. The projection results give more evidence th a t 

the mixed P T L /S ta tic  circuit style is a promising alternative to static  and domino 

circuits styles for high performance and low-power applications in the future.

The experimental results of technology scaling effect of the mixed P T L /S ta tic  

circuit styles and comparisons to  th a t of the domino and the conventional static 

CMOS will be presented in C hapter 6  in three different state-of-the-art modern CMOS 

technologies.
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Chapter 6 

Experim ental R esults

The Boolean matching and the covering m ethod using genetic algorithms (GAs) 

presented in this dissertation were implemented in C + +  on a Pentium III Linux p la t­

form. The implemented program consists of three major parts. The first part of the 

program performs logic and graph decomposition. The second part performs Boolean 

matching between cluster functions and pattern  functions after building binary de­

cision diagrams (BDDs). We used Colorado University Decision Diagram (CUDD) 

package[97] to  build the BBDs. The last part of the program performs the covering 

using genetic algorithms (GAs) to generate mapped mixed P T L /S ta tic  circuits.

This chapter, first, presents the experimental results of single-rail and dual-rail 

mixed P T L /S ta tic  circuits using the proposed synthesis m ethod and compares these 

circuits to their static  counterparts using SIS[19, 30, 31] and a commercial logic 

synthesis tool from Synopsys[76] in term s of delay, size, and power consumption. 

Although comparing our results with th a t of other mapping algorithms[13, 14] using 

mixed PTL circuits would be desirable, the difficulty lies in the fact th a t the results 

presented in [13, 14] were from mappings to  a technology th a t was not mentioned in 

their papers. Second, the experimental results of technology scaling im pact on the 

mixed PTL circuits using three different bulk CMOS technologies will be presented. 

We also present the experimental results of leakage power consumption on ISCAS85
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benchmark circuits as well as the benchm ark circuits from a 64-bit microprocessor 

design.

This chapter is organized as follows: Section 6.1 presents the experimental results 

on the mixed P T L /S ta tic  and static  CMOS circuits in a 0.25pm  CMOS, a 0.1 pm  

CMOS, and a 0.13pm  SOI technologies. In Section 6.2, the im pact of technology 

scaling on mixed PTL circuits will be presented by comparing with the results of 

static and dynamic CMOS circuit styles. The experimental results on leakage power 

consumption are also presented in Section 6.2. Concluding remarks are given in 

Section 6.3.

6.1 Experim ental R esults on M ixed PTL and Static  
CMOS

6.1.1 E xperim ental Setup

We synthesized mixed P T L /S ta tic  circuits for all the ISCAS85 circuits[98] (10 

circuits), some of the MCNC91 circuits (18 circuits)[98], and ten  benchm ark circuits 

from a 64-bit microprocessor design using the proposed approach. The characteristics 

of the ten benchmark circuits from the microprocessor used in this experiment were 

shown in Table 4.1. Dual-rail mixed P T L /S ta tic  circuits were also synthesized using 

the proposed method. The main difference between single-rail and dual-rail mixed 

PTL is tha t, in dual-rail mixed PTL, all single-rail PTL and static  cells were replaced 

with those of dual-rail cells. In addition, the proposed redundant buffer removal 

m ethod was applied to  all dual-rail mixed P T L /S ta tic  circuits.

All the PTL cells were locally created using a 0.25pm CMOS process form TSMC 

(Taiwan Semiconductor M anufacturing Company), a 0.1pm, a 0.13pm CMOS pro­

cess, and a 0.13pm PDSOI process. The supply voltages for 0.25pm, 0.1pm, 0.13pm
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CMOS, and 0.13/im  PDSOI technologies were set to  2.5V, 1.1V, 1.3V, and 1.1V, 

respectively. All static cells used in the experiments using the 0.25pm CMOS process 

were from a commercial TSMC 0.25pm standard cell library. For other technologies, 

all the static cells were from a company referred to  as company A.

6.1.2 Experim ent R esu lts in a 0 . 2 5 p m  Bulk  CM OS Process

We compared the results to  the SIS1.2 technology m apper [31] in term s of de­

lay, size, and power consumption in a 0.25pm CMOS technology. The results are 

shown in Table 6.1. The delay and power measures were obtained using P ow rM ill  

and P a th M ill  [73], respectively. To get the estim ated power consumption results for 

circuits from the proposed m ethod and SIS, we used randomly generated test vec­

tors. It is known th a t the estim ated power results depend on the number of applied 

test vectors and th a t a large number of random vectors are required. Statistically, 

however, we can get a good estim ate of power with a reasonable number of input 

vectors[99, 100]. In this experiment, 1000 vectors were used to  estim ate power con­

sumption.

Table 6.1 shows th a t our proposed method outperforms the SIS mapping m ethod 

in both area and power consumption. O ut of 28 benchm ark circuits, 17 circuits 

outperform the delay of SIS mapping results. On average, our proposed m ethod 

outperforms the SIS results by up to 7%, 25%, and 40% in delay, area, and power, 

respectively.

The am ount of PTL cells used in the final solution as a  percentage is also shown 

in Table 6.1. More than  half of the gates in the final solution were m apped to  PTL 

cells. It is widely perceived th a t PTL cells are not good candidates for implementing 

random logic with few MUX-type functions. However, our results show th a t the 

m ajority of a given logic function can be m apped to  PTL to  achieve lower power.
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Table 6.1: Synthesis results using TSMC 0.25pm CMOS process, V d d  =  2.5V.
Circuit SIS Single-rail Mixed PTL/CMOS

Area Power Delay Area Power Delay PTL CPU
(pm2) (W) (ns) (pm2) (W) (ns) (%) (sec)

C17 34.56 2.71248E-06 0.371 17.68 1.87606E-06 0.333 62 0 .2

z4ml 266.88 2.71843E-05 0.982 187.75 1.13619E-05 0.913 75 9.1
cm85a 163.20 8.81638E-06 0.754 122.03 4.97350E-06 0.792 46 5.8
pml 240.00 1.62004E-05 0.742 166.09 9.79278E-06 0.729 49 7.0
cmb 222.72 1.22988E-05 0.614 147.03 4.81478E-06 0.592 63 7.0
tcon 90.24 1.12456E-05 0.354 46.56 3.49415E-06 0.321 8 8 2.9

cml62a 193.92 1.69276E-05 1 .2 0 2 101.61 8.52815E-06 0.790 54 8 .0

cc 266.88 1.98248E-05 0.765 169.98 1.02557E-05 0.885 59 11.5
cu 311.04 2.34724E-05 0.795 178.57 6.58060E-06 0.521 75 9.1

pcle 274.56 2.00098E-05 1.070 168.45 1.39336E-05 0.695 59 8 .0

cml50a 236.16 1.52917E-05 0.800 1 0 2 .0 1 3.14843E-06 0.762 6 6 3.3
mux 193.92 1.79837E-05 0.612 97.18 3.58940E-06 0.588 73 6 .2

set 420.48 3.56385E-05 0.777 289.53 1.71265E-05 0.865 61 6.7
comp 650.88 4.72740E-05 1.469 418.78 3.15643E-05 1.314 43 23.2
C432 1038.72 1.00732E-04 2.498 739.64 4.27678E-05 0.825 55 154.1

c8 614.40 5.46348E-05 0.791 447.60 2.36047E-05 0.851 60 21.7
t t t 2 1061.76 7.24873E-05 0.924 696.05 3.64845E-05 1 .1 0 1 58 61.1

C499 2002.56 1.89635E-04 1.770 1397.40 1.25112E-04 1.776 49 192.9
cht 583.68 6.57218E-05 0.899 410.51 2.90478E-05 0.535 58 35.1
x2 289.92 2.37871E-05 0.736 180.08 1.23180E-05 0.635 57 8.9

C880 1619.04 1.28600E-04 1.841 1192.13 8.80903E-05 1.877 43 248.4
C1355 3050.88 2.46173E-04 2.257 1897.24 1.33281E-04 2.087 41 206.9
C1908 2776.32 2.70395E-04 2.464 2186.09 2.16138E-04 2.790 52 338.2
C2670 3663.60 2.73823E-04 2.397 2921.78 1.83649E-04 2.161 55 1654.9
C3540 5197.44 4.60475E-04 3.376 3758.62 2.48132E-04 3.507 53 4737.0
C5315 8443.20 7.74245E-04 2.777 6649.81 6.23143E-04 3.234 61 151320.0
C6288 12842.88 8.03638E-03 10.757 9804.80 4.58620E-03 9.826 28 7617.0
C7552 11695.20 1.31515E-03 2.627 9314.35 1.01056E-03 2.892 55 63254.0
Avg. 2087.32 4.38825E-04 1.694 1564.62 2.67484E-04 1.578 57 -
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Table 6.2: The number of iterations to reach convergence and cost improvement.
Circuit Initial

Cost
No. of 

Iteration
Final
Cost

% Cost 
Improv.

C17 31.29 51 28.92 7.57
z4ml 299.26 400 199.44 33.36
cm85a 183.22 264 154.5 15.68
pml 244.20 302 205.38 15.90
cmb 223.32 400 160.52 28.12
tcon 110.84 308 77.28 30.28
cml62a 177.38 314 144.98 18.27
cc 255.96 370 220.43 13.88
cu 277.18 167 227.38 17.97
pcle 254.34 300 213.88 15.91
cml50a 180.30 193 86.98 51.76
mux 173.94 422 80.88 53.50
set 397.48 147 327.86 17.52
comp 515.66 217 476.06 7.68
C432 980.92 418 847.40 13.61
c8 599.22 314 463.74 22.61
t t t 2 973.82 399 811.94 16.62
C499 1860.70 444 1656.08 1 1 .0 0

cht 696.44 414 484.42 30.44
x2 265.90 299 218.70 17.75
C880 1621.52 381 1398.52 13.75
C1355 2397.90 418 2 2 0 2 .0 0 8.17
C1908 2776.90 437 2488.26 10.39
C2670 3808.40 503 3104.58 18.48
C3540 5002.82 551 4523.98 9.57
C5315 8965.40 107 7777.96 13.24
C6288 14016.10 390 13826.90 1.35
C7552 11894.50 170 11083.50 6.82
Average 2113.75 325 1910.45 18.37
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The CPU tim e in Table 6.1 was measured on a 733MHz Pentium  III PC running 

Linux with 256MB memory. The CPU time grows dramatically when the circuit size 

approaches several thousand gates. This is mainly due to the overwhelming number of 

sub-chromosomes the genetic algorithm has to  deal with, for example, the number of 

sub-chromosomes in C5315 is around one thousand, and the increasing probability of 

getting invalid global chromosomes during generating global population. One way to 

improve the run tim e in the future may involve better choice of crossover and m utation 

points in the GA based on the type of neighboring cells to improve its efficiency, 

rather than  randomly choose the crossover and m utation points. Furtherm ore, recent 

advances in computing technology can also potentially cut the runtim e significantly.

Table 6.2 lists the number of iterations to reach convergence for all the circuits, 

and the corresponding am ount of improvement on cost. Most circuits obtained a 

significant am ount of improvement on cost with fewer than 500 iterations.

6.1.3 E xperim ent R esu lts in a 0.1 j i m  Bulk CM OS P rocess

The results of the conventional static  CMOS, single-rail and dual-rail mixed PTL 

circuit styles of the ISCSA85 benchm ark circuits and the circuits from a microproces­

sor in the 0 .1 /im  CMOS process are shown in Tables 6.3 and 6.4, respectively. The 

delay and power measures were obtained using P ow rM ill  and PathMill[73\, respec­

tively. To get the estim ated power consumption results for circuits from the proposed 

m ethod and th a t from Synopsys, we used randomly generated test vectors. It is 

known th a t the estim ated power results are depends on the number of applied test 

vectors and a large number of random vectors are required. Statistically, however, we
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Table 6.3: Experim ental results on ISCAS85 benchm ark circuits in 0.1 /im CMOS process.
Circuit Static using Synopsis synthesis tool Single-Rail Dual-Rail

Area Delay Power PDP Area Delay Power PDP Area Delay Power PDP
(/*m) (ps) (W) (J) ( H (ps) (W ) (J) (H m) (ps) (W) P )

C432 4136.2 321.0 2.38E-03 7.63E-13 1976.2 392.0 1.57E-03 6.14E-13 3204.5 419.0 1.64E-03 6.87E-13
C499 8953.6 260.0 4.10E-03 1.07E-12 2367.0 285.0 1.40E-03 3.98E-13 3493.5 256.0 1.99E-03 5.09E-13
C880 6943.0 329.0 3.92E-03 1.29E-12 2052.4 350.0 9.17E-04 3.21E-13 3292.4 319.0 1.24E-03 3.95E-13
C1355 9544.1 258.0 5.04E-03 1.30E-12 2398.1 296.0 1.54E-03 4.55E-13 3417.0 255.0 1.99E-03 5.07E-13
Cl 908 8861.5 404.0 6.67E-03 2.69E-12 2350.7 432.0 1.72E-03 7.43E-13 3966.6 406.0 2.91E-03 1.18E-12
C2670 9857.9 341.0 7.41E-03 2.53E-12 3005.4 319.0 1.97E-03 6.29E-13 4768.3 292.0 2.68E-03 7.83E-13
C3540 22593.7 542.0 1.51E-02 8.17E-12 8022.7 630.0 4.85E-03 3.05E-12 15585.9 626.0 8.51E-03 5.32E-12
C5315 30042.9 495.0 2.46E-02 1.22E-11 8884.0 561.0 6.59E-03 3.70E-12 13787.9 525.0 9.00E-03 4.72E-12
C6288 84501.2 1634.0 8.40E-02 1.37E-10 13000.6 1554.0 2.05E-02 3.19E-11 29520.6 1551.0 4.78E-02 7.41E-11
C7552 25245.4 1033.0 1.76E-02 1.82E-11 8428.3 513.0 5.42E-03 2.78E-12 14424.5 424.0 7.78E-03 3.-30E-12
Avg. 21068.0 561.7 1.71E-02 1.85E-11 5248.5 533.2 4.65E-03 4.46E-12 9546.1 507.3 8.55E-03 9.15E-12
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Figure 6.1: Normalized area, delay, and power on ISCAS85 benchm ark circuits in
0.1 /m i CMOS process. PTL and DTL represents single-rail and dual-rail mixed PTL, 
respectively.

can get a good estim ate of power with a  reasonable number of input vectors[99, 100]. 

In this experiment 1000 vectors were used to estim ate power consumption.

Tables 6.3 and Figure 6.1 show th a t the single-rail and dual-rail mixed PTL 

styles of the  ISCAS85 benchmark circuits using the proposed m ethod are 73% and 

50% better than  their static counterparts in power consumption with performance 

gain of 5% and 10%, respectively. The area and power overhead of dual-rail circuits 

over single-rail circuits were 82% and 84%, respectively. However, the area of single­

rail and dual-rail circuits using proposed m ethod were 75% and 55% bette r than  th a t 

of static counterparts, respectively.

This subsection presents the experimental results of the benchm ark circuits from 

a commercial microprocessor in single-rail, dual-rail mixed P T L /S ta tic  circuits us­

ing the proposed method, and their sta tic  counterparts. The static circuits were 

synthesized using a commercial synthesis tool from Synopsys.

Table 6.4 and Figure 6.2 show th a t the delay of the single-rail and the  dual-rail 

mixed PTL styles of the benchmark circuits from the microprocessor are 11% and 

35% better than  th a t their static counterparts, respectively. Power savings of the 

single-rail and dual-rail mixed PTL circuits over their static  counterparts were up to
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Table 6.4: Experim ental results on the benchm ark circuits from a microprocessor in 0.1/im  CMOS process.
Circuit Static using Synopsis synthesis tool Single-Rail Dual-Rail

Area Delay Power PDP Area Delay Power PDP Area Delay Power PDP
(Mm) (ps) (W) (J) ( H (ps) (W) (J) (/an) (ps) (W) (J)

Cktl 310.6 150.0 1.02E-04 1.52E-14 36.4 1 2 2 .0 1.73E-05 2.11E-15 40.5 87.0 1.53E-05 1.33E-15
Ckt2 1543.4 170.0 3.15E-04 5.35E-14 284.7 185.0 7.05E-05 1.30E-14 415.5 140.0 7.74E-05 1.08E-14
Ckt3 1624.6 165.0 3.32E-04 5.48E-14 862.0 145.0 1.43E-04 2.07E-14 1734.6 1 1 1 .0 1.91E-04 2.12E-14
Ckt4 1082.9 135.0 3.60E-04 4.86E-14 498.7 153.0 2.04E-04 3.13E-14 809.1 118.0 2.45E-04 2.89E-14
Ckt5 1727.5 73.0 2.97E-04 2.17E-14 209.8 116.0 6.74E-05 7.81E-15 126.9 73.0 6.60E-05 4.82E-15
Ckt6 637.6 116.0 1.65E-04 1.92E-14 133.6 72.0 4.86E-05 3.50E-15 194.2 48.0 6.17E-05 2.96E-15
Ckt7 123.7 137.0 7.58E-06 1.04E-15 45.8 78.0 1.84E-05 1.43E-15 52.9 51.0 2.11E-05 1.08E-15
Ckt8 116.6 1 2 0 .0 1.42E-05 1.71E-15 37.4 8 6 .0 1.07E-05 9.23E-16 59.5 63.0 1.15E-05 7.27E-16
Ckt9 678.2 236.0 1.99E-04 4.69E-14 148.9 160.0 5.00E-05 8.00E-15 263.1 90.0 5.35E-05 4.81E-15
CktlO 2890.7 179.0 8.82E-04 1.58E-13 471.4 196.0 1.84E-04 3.61E-14 675.3 178.0 2.22E-04 3.94E-14
Avg. 1073.6 148.1 2.67E-04 4.20E-14 272.9 131.3 8.14E-05 1.25E-14 437.14 95.9 9.64E-05 1.16E-14
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Figure 6.2: Normalized area, delay, and power on the circuits from a microprocessor 
in 0.1 jum CMOS process.PTL and DTL represents single-rail and dual-rail mixed 
PTL, respectively.

70% and 64%, respectively. The power-delay-product (PDP) of single-rail and dual­

rail mixed PTL circuits using the proposed synthesis method are also significantly 

better than  th a t of their static counterparts.

6.1.4 E xperim ent R esu lts in a 0.13f i m  SOI P rocess

This section presents the experimental results of static, single-rail mixed PTL, 

and dual-rail mixed PTL circuits on ISCAS85 benchm ark circuits and the benchm ark 

circuits form a microprocessor design (see Table 4.1) in an 0.13fxm SOI CMOS process. 

In this experiment, the body of SOI devices was floated. The static circuits were also 

synthesized using a commercial logic synthesis tool from Synopsys. Single-rail and 

dual-rail mixed P T L /S ta tic  circuits were synthesized using the proposed synthesis 

method.

The results of conventional static CMOS, single-rail and dual-rail mixed PTL in 

both a 0.13 fxm bulk CMOS process and a 0.13fim  PDSOI process using the  ISCAS85 

and the microprocessor benchm ark circuits are shown in Tables 6.5, 6 .6 , and 6.7, 

respectively. Figures 6.3 and 6.4 show the normalized area, delay, and power con­

sumption of the benchm ark circuits from the microprocessor in the bulk CMOS and
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Table 6.5: Experim ental results on the benchm ark circuits from a microprocessor in 0.13/xm bulk CMOS process.
Circuit Static Single-Rail Dual-Rail

Area Delay Power PDP Area Delay Power PDP Area Delay Power PDP
(/an) (ps) (mW) (PJ) (hm) (Ps) (mW) (pJ) (nm) (ps) (mW) (PJ)

Cktl 403.8 179.3 7.55E-04 1.35E-01 38.2 168.9 7.39E-05 1.25E-02 42.5 112.3 7.95E-05 8.92E-03
Ckt2 2006.4 260.0 1.18E-03 3.07E-01 298.9 257.1 2.11E-04 5.42E-02 436.2 202.7 2.57E-04 5.21E-02
Ckt3 2 1 1 2 .0 105.4 1.32E-03 1.40E-01 905.1 2 1 1 .6 4.08E-04 8.63E-02 1821.3 162.6 3.51E-04 5.71E-02
Ckt4 1407.8 190.9 1.32E-03 2.52E-01 523.6 2 0 2 .8 6.77E-04 1.37E-01 849.5 127.4 7.02E-04 8.94E-02
Ckt5 2245.8 187.6 1.19E-03 2.24E-01 220.3 206.6 1.82E-04 3.77E-02 133.3 144.4 1.93E-04 2.79E-02
Ckt6 828.9 124.7 4.48E-04 5.58E-02 140.2 105.6 1.13E-04 1.19E-02 203.9 63.6 1.16E-04 7.37E-03
Ckt7 160.8 155.1 4.59E-05 7.12E-03 48.0 108.2 4.54E-05 4.92E-03 55.5 81.2 2.02E-05 1.64E-03
Ckt8 151.6 182.4 8.66E-05 1.58E-02 39.3 131.5 4.52E-05 5.95E-03 62.5 103.5 4.94E-05 5.11E-03
Ckt9 881.7 172.7 8.76E-04 1.51E-01 156.3 148.2 1.87E-04 2.76E-02 276.2 125.9 1.90E-04 2.39E-02
CktlO 3757.9 215.8 3.33E-03 7.20E-01 494.9 243.6 5.29E-04 1.29E-01 709.0 181.4 5.85E-04 1.06E-01
Avg. 1395.7 177.4 1.06E-03 2.01E-01 286.5 178.4 2.47E-04 5.07E-02 459.0 130.5 2.54E-04 3.80E-02
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Table 6 .6 : Experimental results on the benchm ark circuits from a microprocessor in 0.13/im  partially  depleted SOI 
process.

Circuit Static Single-Rail Dual-Rail
Area Delay Power PDP Area Delay Power PDP Area Delay Power PDP
(/xm) (ps) (mW) (PJ) H (ps) (mW) (pJ) (/mi) (ps) (mW) (PJ)

Cktl 1217.4 114.3 3.50E-04 4.00E-02 38.2 133.4 4.58E-05 6.11E-03 42.5 8 6 .0 5.13E-05 4.41E-03
Ckt2 6272.8 171.4 1.53E-03 2.62E-01 298.9 231.0 1.34E-04 3.09E-02 436.2 153.2 1.55E-04 2.38E-02
Ckt3 4698.2 89.9 1.98E-03 1.78E-0 905.1 124.8 4.08E-04 5.09E-02 1821.3 119.0 2.71E-04 3.23E-02
Ckt4 3495.1 116.2 1.11E-03 1.29E-01 523.6 148.6 4.64E-04 6.90E-02 849.5 89.8 5.03E-04 4.52E-02
Ckt5 2136.8 134.3 5.62E-04 7.55E-02 220.3 170.0 1.49E-04 2.53E-02 133.3 120.2 1.55E-04 1.87E-02
Ckt6 1458.6 108.6 3.61E-04 3.92E-02 140.2 74.0 8.52E-05 6.31E-03 203.9 50.5 9.61E-05 4.86E-03
Ckt7 257.0 8 6 .0 4.16E-05 3.58E-03 48.0 83.2 3.05E-05 2.54E-03 55.5 67.2 1.76E-05 1.18E-03
Ckt8 207.2 97.6 4.30E-05 4.20E-03 39.3 112.9 2.73E-05 3.09E-03 62.5 87.7 3.45E-05 3.03E-03
Ckt9 1401.6 151.9 5.19E-04 7.89E-02 156.3 133.1 1.09E-04 1.45E-02 276.2 98.6 1.47E-04 1.45E-02

CktlO 7721.3 149.4 2.65E-03 3.97E-01 494.9 234.8 3.59E-04 8.43E-02 709.0 141.9 4.38E-04 6.21E-02
Avg. 2886.6 122.0 9.16E-04 1.21E-01 286.5 144.6 1.81E-04 2.93E-02 459.0 101.4 1.87E-04 2.10E-02
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Table 6.7: Experim ental results on ISCAS85 benchm ark circuits in 0.13f im  partially depleted SOI process.
Circuit Static using Synopsis synthesis tool Single-Rail Dual-Rail

Area Delay Power PDP Area Delay Power PDP Area Delay Power PDP
w (Ps) (W) (J) (^m) (ps) (W) (J) w (ps) (W) (J)

C432 40118.7 426.0 2.52E-03 1.07E-12 11672.6 524.0 1.16E-03 6.10E-13 23875.6 460.0 2.28E-03 1.05E-12
C499 62759.9 369.0 8.18E-03 3.02E-12 17029.2 356.0 2.08E-03 7.40E-13 33050.2 256.0 2.98E-03 7.62E-13
C880 70480.3 344.0 4.05E-03 1.39E-12 16564.2 455.0 1.41E-03 6.40E-13 35047.1 403.0 2.51E-03 1.01E-12

C1355 62862.3 364.0 7.45E-03 2.71E-12 26709.9 349.0 3.46E-03 1.21E-12 31238.3 310.0 6.55E-03 2.03E-12
C1908 57974.1 555.0 7.13E-03 3.96E-12 30607.3 548.0 4.23E-03 2.32E-12 35263.2 527.0 4.71E-03 2.48E-12
C2670 122830.6 329.0 9.33E-03 3.07E-12 27645.0 360.0 3.66E-03 1.32E-12 47296.4 342.0 4.86E-03 1.66E-12
C3540 154295.0 673.0 1.28E-02 8.60E-12 50749.4 794.0 5.88E-03 4.67E-12 96127.5 794.0 9.40E-03 7.46E-12
C5315 255406.8 633.0 2.64E-02 1.67E-11 55172.9 720.0 8.01E-03 5.76E-12 89886.6 659.0 1.13E-02 7.44E-12
C6288 541259.4 2310.0 7.03E-02 1.62E-10 95371.2 2 2 0 1 .0 2.87E-02 6.31E-11 244380.4 2078.0 6.67E-02 1.39E-10
C7552 253881.7 856.0 2.05E-02 1.75E-11 57041.0 713.0 6.68E-03 4.76E-12 120313.6 517.0 1.30E-02 6.73E-12
Avg. 162186.9 685.9 1.69E-02 2.21E-11 38856.3 702.0 6.52E-03 8.51E-12 75647.9 634.6 1.24E-02 1.69E-11



Figure 6.3: Normalized area, delay, and power of the benchm ark circuits from a 
microprocessor in 0.13fim  bulk CMOS process. PTL and DTL represents single-rail 
and dual-rail mixed PTL, respectively.
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Figure 6.4: Normalized area, delay, and power of the benchm ark circuits from a 
microprocessor in 0.13jxm SOI process. PTL and DTL represents single-rail and 
dual-rail mixed PTL, respectively.

SOI processes. Figure 6.5 shows the normalized area, delay, and power consumption 

of ISCAS85 circuits in the 0.13/j,m PDSOI process. The delay and power measures of 

the benchmark circuits from the microprocessor were obtained using SPICE circuit 

simulators th a t use BSIM3 and BSIM3SOI model for the bulk CMOS and PDSOI 

processes, respectively. The delay and power measures of ISCAS85 circuits were 

obtained using PathMill and PowrMill, respectively.

Figure 6.3 and Table 6.5 show th a t the average delay of single-rail mixed P T L /S ta tic  

circuits on the benchm ark circuits using the proposed m ethod in bulk CMOS is 

slightly higher (1%) than  th a t of their static counterparts. Figure 6.4 and Table 6 .6
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Figure 6.5: Normalized area, delay, and power of ISCAS85 benchmark circuits in 
0.13fim  SOI process. PTL and DTL represents single-rail and dual-rail mixed PTL, 
respectively.

show th a t the average delay of single-rail mixed P T L /S ta tic  circuits on the bench­

mark circuits using the proposed m ethod in partially depleted SOI is 19% higher than  

tha t of their static  counterparts. However, the average delay of dual-rail in both  bulk 

CMOS and partially depleted SOI technologies are 26% and 17% better than  their 

static counterparts, respectively. As shown in Figure 6.5 and Table 6.7, the average 

delay of single-rail mixed PTL on ISCAS85 circuits is also higher (2%) than  th a t of 

static circuits while the delay of dual-rail mixed PTL circuits is 7% better than  its 

static counterpart. These results indicate th a t the performance gain of mixed PTL 

circuits over their static  counterparts in SOI is less than  th a t of the bulk CMOS 

process. This decreased performance gain in SOI is mainly due to  the fact th a t the 

delay of static  circuits in SOI improved more dram atically compared to  their bulk 

CMOS counterparts.

The average power of single-rail and dual-mixed mixed PTL style of the bench­

mark circuits from the microprocessor in bulk CMOS process are approxim ately four 

times smaller than  th a t of their static counterparts. In the SOI process, the average 

power consumptions of single-rail and dual-rail circuits using the benchm ark circuits 

from the microprocessor are 80% and 79% better than  their static counterparts, re­

spectively. For ISCAS85 benchmark circuits, the average power consumptions of
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single-rail and dual-rail circuits are 61% and 26% better than  their static  counter­

parts, respectively. In bulk CMOS, the average areas of single-rail and dual-rail mixed 

PTL style of the benchm ark circuits from the microprocessor using proposed m ethod 

were 79% and 67% better than  th a t of static counterparts, respectively. In SOI, the 

average areas of single-rail and dual-rail mixed PTL style of ISCAS85 circuits are 

76% and 53% better than  their static counterparts, respectively. The average areas 

of single-rail and dual-rail mixed PTL style of the benchmark circuits from the mi­

croprocessor were nine and five times smaller than  th a t of their static  counterparts, 

respectively. One obvious question to  these results is th a t why the area and power 

consumption of the dual-rail mixed PTL circuits are not doubled, especially for the 

benchmark circuits from the microprocessor, compared to those of single-rail mixed 

PTL circuits. This is because we applied the redundant buffer removal technique[101] 

to the dual-rail mixed PTL circuits. Removing redundant buffers in dual-rail mixed 

PTL circuits has a significant im pact on the delay and power.

1  Bulk CMOS BSOI

PTL Delay PTL Power DTL Delay DTL Power

Figure 6 .6 : Normalized delay and power in 0.13fim  SOI and bulk CMOS processes. 
PTL and DTL represents single-rail and dual-rail mixed PTL, respectively.

Figure 6 .6  compares the average delay and power consumption of mixed PTL 

style of the benchm ark circuits from the microprocessor in the 0.13/xm bulk CMOS 

with those in the 0.13/xm SOI process. The average delay of single-rail and dual-rail 

mixed PTL circuits in SOI process are 19% and 22% better than  their counterparts
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in the bulk CMOS process, respectively. Power consumption of single-rail and dual­

rail mixed PTL circuits using the proposed methods in the SOI process are 27% 

and 26% better compared to  those circuits in the bulk CMOS process. This further 

confirms th a t increased driving capability and decreased capacitance in SOI improve 

the performance and power consumption of CMOS circuits compared to  those in 

the bulk CMOS process. In addition, these results also indicate th a t mixed PTL 

circuits using the proposed m ethod are good candidates for future high-performance 

and low-power digital system designs in both  bulk CMOS and partially depleted SOI 

process.

6.2 Experim ental R esults on Technology Scaling 
and Leakage

6.2.1 E xperim ental Setup

Ten circuits with varying complexities were chosen from a 64-bit microprocessor 

design as a set of benchmark circuits. These circuits can be categorized into three 

different groups: NAND/NOR gate intensive da tapath  logic, X O R /X N O R  intensive 

datapath  logic, and random logic. Each circuit was implemented in domino, conven­

tional sta tic  CMOS, single-rail, and dual-rail mixed PTL circuits. These circuits were 

m apped to  0.18/i'm, 0.13/im, and 0.1 /rm CMOS technologies, and the supply voltages 

for the CMOS technology were 1.5V, 1.3V, and 1.0V, respectively. The characteristics 

of the benchm ark circuits, which are taken from a microprocessor, for this experiment 

are shown in Table 4.1.

All circuits were optimized under various power/delay tradeoff conditions using 

a commercial circuit optimization tool. Figure 6.7 shows the power-delay curve of a 

circuit in three different implementations using the 0.18fim  CMOS technology. Every
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Figure 6.7: Power-Delay curve of four different implementations of a circuit in 0.18/jm.

single point in the power-delay curve represents different power vs. delay tradeoff of 

the circuit. Activity factors for power simulation were set to  30% for all circuits and 

technologies.

As we can see from Figure 6.7, the power-delay curves are in a well-defined 

convex shape. Because normal design points of a circuit in a practical situation 

should be located somewhere around the kneeling points of the power-delay curve, it 

is reasonable th a t the delay and the power of three different im plem entations need to 

be chosen a t the kneeling points for proper comparison.

The leakage current for all circuits were obtained by averaging leakage current 

measurement from SPICE using a set of input patterns in a 0.1 fxm CMOS technol­

ogy. The measured leakage current for each benchmark circuit is compared to  th a t 

estim ated by the models in the previous sections. The stacking factor for a cell, Si, 

were calculated by averaging the leakage currents of all possible input combinations 

as described in Section 5.4.2.

6.2.2 D elay and D ynam ic Power
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Figure 6 .8 : Group 1 normalized average (a)delay and (b)power.

The normalized average power and delay curves for Group 1 in each technology 

are shown in Figure 6 .8 , where DY, ST, PTL, and DTL represent domino, static, 

single-rail, and dual-rail mixed P T L /S ta tic  circuits, respectively. The delay of each 

circuit shows almost the same trend as the technology scales down. The delay of 

domino circuits is fastest in this group. Because domino use only n-tree to  implement 

certain logic functions, this circuit style can realize NOR/NAND functions very effi­

ciently. Dual-rail PTL showed better delay performance than  th a t of the single-rail 

PTL. This is because single-rail PTL circuits contain inverters to  generate opposite 

polarity of control-inputs. These inverters can cause more delay than  DTL circuits. 

The static  logic shows the worst delay performance among all the technologies. This 

indicates th a t mixed P T L /S ta tic  circuits can implement NOR/NAND intensive logic 

in a more efficient way than  the conventional static CMOS logic.

In the case of power dissipation, the domino logic showed the highest power as 

expected. The rest of the circuit styles, static  CMOS logic, single-rail, and dual-rail 

PTL circuits, show almost the same power dissipation.
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Figure 6.9: Group 2 normalized average (a)delay and (b)power.

Figure 6.9 shows the normalized average delay and power trend of Group 2 in 

each of three technologies. In this group, the domino circuit style also shows the best 

delay, bu t the gap between the mixed PTL circuits and the domino circuits is less 

than  th a t of the circuits in Group 1 due to  the fact th a t mixed P T L /S ta tic  logic can 

implement X OR/X N O R functions more efficiently. The power results for this group 

of circuits show significant advantage of mixed PTL logic. Not only is the gap between 

the mixed PTL logic and domino logic maintained, bu t the gap between the mixed 

PTL logic and the conventional static  CMOS logic has widened significantly. This can 

be a ttribu ted  to  structural efficiency of using PTL logic to  implement X O R/X N O R 

intensive logic.

The trends of normalized average delay and power in Group 3 are shown in 

Figure 6.10. It is interesting to  note th a t mixed PTL circuits show the best delay 

in Group 3. This result is due to  the way the circuits were synthesized using the 

mixed PTL synthesis tool [80]. The mixed PTL synthesis tool performs global searches 

using genetic algorithms to  maximize the coverage of logic cones for all PTL gates 

in the circuit. It also strategically determines the best spots for using static gates
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Figure 6.10: Group 3 normalized average (a)delay and (b)power.

to  perform buffering functions. Consequently, using the mixed PTL logic can result 

in simpler im plem entations in term s of the number of gates used, leading to  better 

performance and power consumption. The results also reaffirm the well-known fact 

th a t the dynamic logic styles are not suitable for implementing random logic.

Figure 6.11 shows overall normalized average delay and power trends for all 

circuits in each of the three technologies. On average, the domino circuits showed 

the best delay characteristics, with the dual-rail mixed PTL logic coming in a close 

second. We can also see th a t the delay gap between mixed PTL logic and domino 

logic is small relative to  th a t between the static  logic and the domino logic. The 

experimental results of the relative advantages of different logic design styles in term s 

of delay and power shown in Figure 6.11 matches those projected shown in Figures 5.4 

and 5.7.

The gap between dynamic logic and mixed PTL logic in term s of delay shrinks 

with technology scaling. This shrinkage results from the fact th a t dynamic logic 

becomes less and less effective in improving speed when leakage current become more 

pronounced with technology scaling. This illustrates the potential viability of the
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Figure 6.11: Overall normalized average (a)delay and (b)power.

mixed PTL logic family for future high performance and low power applications. As 

for power, the mixed PTL logic maintains an advantage over the conventional static 

logic and a much larger advantage over the dynamic logic.

The normalized average power-delay-product and energy-delay-product of ten 

benchmark circuits are shown in Figures 6.12 (a) and (b), respectively. The single­

rail and the dual-rail mixed P T L /S ta tic  logic are the lowest energy consumers in all 

technologies. Power-delay-product and energy-delay-product projection results shown 

in Figures 5.8 and 5.9 show the similar power-delay-product and energy-delay-product 

trends shown Figures 6.12 (a) and (b).

6.2.3 E xperim ental R esu lts on Leakage Power C onsum ption

In order to  compare the amount of leakage current of different logic styles, three 

different logic styles were implemented using pure static, single-rail and dual-rail 

mixed P T L /S ta tic  logic styles for ISCAS85 circuits. And ten circuits w ith varying 

complexities were chosen from a 64-bit microprocessor design as another set of bench­

mark circuits. The benchm ark circuits from a microprocessor, shown in Table 4.1,
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were implemented in four different circuits, pure static, single-rail and dual-rail mixed 

PT L /S ta tic , and dynamic logic styles, respectively. The size of each circuit styles for 

both benchm ark circuits were determined so th a t the delay of each circuit style for 

the same benchmark circuits in the range of 10% difference. The technology used in 

this experiments was a O.l/im  CMOS process. The leakage current for all different 

circuits was obtained by averaging leakage current measurement from SPICE using 

a set of input patterns. The measured leakage current for each benchm ark circuit 

is compared to  th a t estim ated by the models in the previous sections. The stacking 

factor for a cell, Si, were calculated by averaging the leakage currents of all possible 

input combinations as described in Section 5.4.2.

The measured and estim ated leakage current of different circuits for ISCAS85 and 

the benchm ark circuits from a microprocessor are shown in Figures 6.13 and 6.14, re­

spectively. In Figures 6.13 and 6.14, PTL and DTL represent single-rail and dual-rail 

mixed P T L /S ta tic  circuits, respectively. Both the measured and estim ated leakage 

currents include both  the sub-threshold current and the gate tunneling current.
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Figure 6.13: Normalized measured and estim ated leakage current of ISCAS85 bench­
mark circuits.

For the ISCAS85 benchmark circuits, the mixed PTL circuits, on average, con­

sume about a th ird  of the leakage power compared to th a t of the conventional static 

CMOS circuits. This can be a ttribu ted  mainly to  two reasons:

1. the mixed PT L  circuits has, on average, higher stacking factors than  th a t of the 

conventional static  CMOS circuits,

2. the overall gate area of the mixed PTL circuits are much smaller than  th a t of 

the conventional static CMOS circuits in term s of relative relationships.

The estim ated leakage power consumption using the results from Section 5.4.2 matches 

the experimental results very well. The dual-rail mixed PTL circuits consume slightly 

higher leakage power compared to their single-rail counterpart purely due to  the fact 

tha t they are bigger. In term s of stacking factor, the dual-rail mixed PT L  circuits, on 

average, are actually slightly higher than  th a t of the single-rail PTL circuits because 

of the elimination of inverters in the dual-rail PT L  circuits.

The benchm ark circuits from the 64-bit microprocessor design consist of mainly 

datapath  circuits. The results shown in Figure 6.14 follow the same trend as th a t
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shown in Figure 6.13 for the ISCAS85 circuits for the same reason mentioned above. 

One interesting and yet predictable fact is the highly elevated leakage currents asso­

ciated w ith the dynamic circuits. Although the gate area of the dynamic circuits is 

smaller than  th a t of conventional static CMOS circuits, the highly elevated leakage 

current comes from the much reduced stacking factor due to

1 . pull-up keeper circuits,

2 . pre-charging circuits to  reduce charge sharing, and

3. elimination of p-tree in the logic.

The estim ated leakage power consumption using the results from Section 5.4.2 matches 

the trends of the experimental results except for the dynamic circuits. The difference 

between estim ated leakage and measured leakage for the dynamic circuits may come 

from the inaccuracy of calculating the stacking factors due to  complex structures 

related to  keeper circuits and pre-charging circuits to  reduce charge sharing.
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6.3 Conclusions

In this chapter, the experimental results of static circuits were presented in terms 

of delay, power, and power-delay-product. The results are compared with single-rail 

and dual-rail mixed P T L /S ta tic  circuits th a t were synthesized using the proposed 

method.

The experimental results of technology scaling effect of the mixed P T L /S tatic  

circuit styles are also presented and compared to  th a t of the domino and the con­

ventional static CMOS in three different state-of-the-art modern CMOS technologies. 

All the circuits used in this section were optimized under various power/delay tradeoff 

conditions to take the full advantage of each circuit style. The experimental results 

show th a t the mixed PTL circuits scale well down to the level of 0.1 fim  technology.

The experimental results show th a t the mixed P T L /S ta tic  circuits generated by 

the proposed method have advantage over the conventional static  CMOS and dynamic 

circuit styles in term s of performance and power consumption including leakage power.
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Chapter 7 

Conclusions and Future Work

7.1 Conclusions

In this dissertation, a new mixed P T L /S ta tic  logic synthesis method using genetic 

algorithms (GAs) was presented.

Pass-transistor cell structure used in mixed P T L /sta tic  logic significantly im­

pacts mixed P T L /S ta tic  circuits in term s of performance and power consumption. A 

new pass-transistor cell structure for mixed P T L /S ta tic  circuits based on the com­

parison of performance/power consumption and analysis of different pass-transistor 

logic structures was presented in C hapter 2. There is a slight area overhead in the 

proposed cell. The proposed pass-transistor cell structure, however, showed the best 

power and performance results compared to the other three cell structures because the 

proposed cell structure exhibits full rail-to-rail ou tput voltage swing and reduces the 

amount of short circuit current a t static stage. These benefits significantly outweigh 

the slightly bigger area in term s of performance and power consumption.

In Chapter 3, existing matching techniques were described. Since Boolean m atch­

ing m ethod is more efficient than  graph matching method, we have chosen Boolean 

matching and implemented to create static  and PTL match lists.
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A new covering m ethod for mixed P T L /S ta tic  logic was proposed in C hapter 4. 

The proposed GA-based mapping and covering m ethod allows global optim ization to 

explore the best combinations of PTL cells and static  CMOS cells for a given circuit 

in term s of area, delay, and power consumption. The crossover and m utation for GA 

were performed on graph structure chromosomes th a t are the m apped solutions of a 

given circuit. The param eters used for the GAs were evaluated, and the proposed 

covering algorithm converged well. Also, a performance enhancing method through 

redundant buffer removal for dual-rail mixed P T L /S ta tic  logic was developed. It was 

shown th a t the use of the redundant buffer removal m ethod with a fanout optim ization 

method significantly improves power and performance. We also presented a sequential 

circuit handling m ethod to  the proposed mixed P T L /sta tic  logic synthesis flow th a t 

can incorporate the mix PTL synthesis into a commercial logic synthesis flow.

In C hapter 5, the scalability of PTL was examined by projecting the delay and 

power consumption trends for the future technology generations. The projection 

results show th a t the leakage power exceeds technology scales down because of de­

creasing transistor threshold voltage. The projection results, however, show th a t the 

mixed PTL circuits scales well down to 25nm technology node.

In C hapter 6 , various experimental results of the mixed P T L /S ta tic  circuits 

and their static  counterparts were presented. The single-rail and dual-rail mixed 

P T L /S tatic  circuits synthesized using the proposed m ethod were compared to  their 

static counterparts which are synthesized using SIS and a commercial logic synthesis 

tool from Synopsys as well. The experiments were performed in 0.1 jum CMOS and 

0.13/im PDSOI CMOS technologies. The experimental results on technology scaling 

show th a t the mixed P T L /S ta tic  circuits scale well down to  the 0.1 \im  technology 

node level compared to their static and dynamic counterparts. For the leakage power, 

the mixed PTL circuits consume less am ount of leakage power than  th a t of their static
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and dynamic counterparts because of high stacking factor as well as small area of the 

mixed PTL circuits. This scalability gives more evidence th a t the mixed P T L /S ta tic  

circuit style is a promising alternative to  static  and domino circuits styles for high 

performance and low-power applications in the future. The overall experimental 

results also confirm th a t the mixed P T L /S ta tic  logic using the proposed synthesis 

method is a promising alternative to  conventional static CMOS circuits for future 

high-performance and low-power VLSI designs.

7.2 Future Work

Our research has been focused on the mixed P T L /S ta tic  logic synthesis method 

using genetic algorithms, and the generated circuits were optimized on a global level. 

The mixed PTL circuits using the proposed mixed PTL synthesis m ethod have ad­

vantages in term s of power and /o r performance over their static  and dynamic coun­

terparts. The scalability of the mixed P T L /S ta tic  circuits has also been presented by 

means of experiment and projection for future CMOS technologies, and it has been 

shown th a t the mixed PTL circuits well scales for both modern and future technol­

ogy generations. However, the CPU time of the proposed synthesis method, as shown 

in Chapter 6 , grows dramatically when the circuit size approaches several thousand 

gates. This is mainly due to  the the increasing probability of getting invalid global 

chromosomes during global population generation. The run tim e in the future may 

involve a better choice of crossover and m utation points in the GA based on the 

type of neighboring cells to  improve its efficiency, rather than  randomly choosing the 

crossover and m utation points.
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A ppendix A  

A bbreviations and Acronym s

ASIC Application-Specific Integrated Circuits
A D TPT Asymmetrical Dynamic Threshold Pass-Transistor
BDD Binary Decision Diagram
CMOS Complementary M etal Oxide Semiconductor
CPU Central Processing Unit
CUDD Colorado University Decision Diagram
DAG Directed Acyclic Graph
DSM Deep-Submicron
DTMOS Dynamic Threshold M OSFET
GA Genetic Algorithm
FA Full Adder
FDSOI Fully Depleted SOI
HDL Hardware Description Language
ITRS International Technology Roadm ap for Semiconductors
M FP M ultiple Fanout Point
MOS M etal Oxide Semiconductor
M OSFET M etal Oxide Semiconductor Field Effect Transistor
OBBD Ordered Binary Decision Diagram
PDSOI Partially Depleted SOI
PTL Pass-Transistor Logic
RTL Register Transfer Level
SOI Silicon-On-Insulator
TSMC Taiwan Semiconductor M anufacturing Company
VHDL Very High Speed Integrated Circuits (VHSIC) 

Hardware Description Language
XOR Exclusive-OR
XNOR Exclusive-NOR

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A ppendix B 

N otation

Q A set of m apped subject graph
M Match List
f sy m Symmetry set of a Boolean function /
N1'gpop Number of Global-Populations
A subpop Number of Sub-Populations
9 M utation rate
5 Threshold value th a t triggers m utation

Zi A global chromosome
Uli A sub-population
n A set sub-populations
cp Cross-over point
m p M utation point
N i t r Number of iterations

A set of global chromosomes
Vdd or Vdd Power supply voltage
vth Threshold voltage of a MOS transsitor
S f Stacking factor
1ps Surface potential
Leff Effecting channel length of a MOS device
tox or Tox G ate Oxide Thickness
^ox Dielectric constant of a gate oxide
su p ( f) Support set of a Boolean function /
A f ) Ordered support set of a Boolean function /
9m Transconductance of a MOS transistor
I  ox Tunneling current through gate oxide
I  leak Sub-threshold leakage current of a MOS device
I d s Drain-Source current of a MOS device
tp or td Propagation delay tim e of a gate

High-to-low /  Low-to-high delay time
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A ppendix C 

Source Codes

Table C .l: Summary of source codes for mixed P T L /S ta tic  logic synthesis.

Code Name Lines Descriptions
L in k e d L is t .h 549 Class definition of double linked list and its methods
lsE lem .h 117 Class definition of the elements of linked-list
Node.h 364 Class definition of Node (a gate in un-m apped circuit)
Graph.h 6 8 8 Class definition of Graph and its m ethod
eqn_opr. h 196 Class definition of equation operators
eq n _ sta ck .h 123 Class definition of the fixed-length array stack
Queue. h 1 1 1 Class definition of Queue using linked list
S ta ck .h 83 Class definition of Stack using linked list
L ibC ell_new .h 182 Class definition of a cell in the cell library
P inInfo_new .h 177 Class definition of input and output pins of a cell
Read_eqn. cc 1693 Reads SLIF equations which is equivalent to  netnist
R e a d _ l ib .c c 601 Reads mixed PT L  and Static Cell library
Subgraph_Bdd_new.cc 1225 Graph partitioning and BDD generation
Permute. cc 94 Subroutines for BDD variable re-ordering
M atch_depth. cc 3019 Check and build m atch between cluster and cell and
MapGraph. h 573 Class definition of m apped circuit and methods
MapNode.h 241 Class definition of m apped circuit and m ethods
D elay_ca l_n ew .cc 1733 Delay and Cost calculation
Gacover_sub_dPTL. cc 2974 Subroutines for GA covering
S p ic e _ n e t . cc 1180 Generates ELDO circuit netlist
m ain .cc 327 Top level program for mixed PTL synthesis
Total 16250 -
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**************
LinkedList.h

* Class definition of double linked l i s t  and i ts  methods 
*******************************************************************/ 

#ifndef LINKEDLIST CLASS 
#define LINKEDLIST.CLASS

#include <fstream.h>
#include <string.h>
#include Cstdlib.h>

Sifndef NULL 
const in t NULL * 0;
#endif

#include "lsElem.h"

template cclass T> 
class LinkedList•C

protected:
/ /  Dummy nodes for the ends of the Llinked List 

lsElemCT> headdummy, taildummy;

/ /  pointers maintain access to front and rear of l i s t  
lsElem<T> *front, *rear;

/ /  used for data re triev a l, insertion and deletion 
lsElem<T> *prevPtr, *currPtr;

/ /  number of elements in the l i s t  
in t size;

/ /  position in l i s t ,  used by Reset method 
in t position;

/ /  private methods to allocate and deallocate nodes 
//lsElem<T> *GetlsElem(const Tft item,lsElem<T> *ptrNext«NULL);

lsElem<T> *GetlsElem(const Tft item); 
void FreelsElem(lsElem<T> *p);

/ /  copies l i s t  L to current l i s t  
void CopyListCconst LinkedListCT>& L);

public:
/ /  constructors 
LinkedList(void);
LinkedList(const LinkedListcT>& L); / /  Not yet 

/ /  destructor
'LinkedList(void); / /  Not yet 

/ /  assignment operator
LinkedListCT>& operator* (const LinkedList<T>& L); / /  Not yet

/ /  methods to  check l i s t  status 
in t ListSize(void) const; 
in t isEmpty(void) const;

f t  Traversal methods 
void Reset(int pos * 0); 
void Next(void);

in t CurrentPosition(void) const; 
in t isEndOfList(void) const; 
in t EndOfList(void) const;

/ /  Insertion methods
void InsertFront(const Tft item);
void InsertRear(const Tft item);
//void InsertAt(const Tft item): 
void InsertRight(const Tft item);

/ /  Deletion methods 
T DeleteFront(void);
T DeleteRear(void);
T DeleteCurrent(void);

//void DeleteAt(int pos); 
lsElem<T> *DeleteCurrentElem(void); 
lsElemCT> *DeleteFrontElem(void); 
lsElem<T> *DeleteRearElem(void);

/ /  Data retrieval/m odification
Tft Data(void); / /  To get currPtr->data.
Tft Data(int pos); / /  To get currPtr->data.

/ /  method to  clear the l i s t  
void ClearList(void);

friend class Graph; 
friend class MapGraph; 
friend class LibCell;>;

template <class T>
lsElem<T> *LinkedListCT>::GetlsElem(const Tft item)

lsElem<T> *p;

p * new lsElem<T>(item); 
i f  (p - -  NULL)

cout
«  "Memory allocation fa ilu re  LinkedList: :GetlsElem(T& item)!\n"; 
e x i t ( l ) ;>

return p;

template cclass T>
void LinkedList<T>::FreelsElem(lsElem<T> : 

delete p;>

/ /  copy L to the current l i s t ,  which is  assumed to be empty 
template cclass T>
void LinkedListcT>::CopyList(const LinkedListCT>ft L)

/ /  use p to chain through L 
lsElemCT> *p ■ L.front; 
in t pos;

/ /  insert each element in  L at the rear of current object 
while (p != NULL)

InsertRear(p->data);
p->Next * p->NextlsElemRight();
p->Prev = p->NextlsElemLeft();>

/ /  i f  l i s t  is  empty return 
i f  (position ■■ -1) 

return;

/ /  reset prevPtr and currPtr in the new l i s t  
currPtr * front;
for (pos * 0; pos !■ position; pos++){

currPtr->Next * currPtr->NextlsElemRight(); 
currPtr->Prev * currPtr->NextlsElemLeft();

>
/ /  create empty l i s t  by setting  pointers to NULL, size to 0 
/ /  and l i s t  position to -1 
template cclass T>
LinkedListCT>: :LinkedList(void)<

front = ftheaddummy; 
rear * fctaildummy; 
front->Next = rear; 
front->Prev * NULL; 
rear->Next * NULL; 
rear->Prev * front; 
prevPtr * NULL; 
currPtr * front; 
size * 0; 
position * -1;

template Cclass T>
LinkedListcT>: :LinkedList(const LinkedListCT>& L)

front * rear = NULL; 
prevPtr * currPtr * NULL; 
size * 0; 
position * -1;
CopyList(L);

template cclass T>
void LinkedListcT>::ClearList(void)

lsElemCT> *currPosition, *nextPosition;

currPosition * front->Next: 
while(currPosition !* rear;

/ /  get address of next node and delete current node 
nextPosition * currPosition->Next; 
FreelsElem(currPosition);

 ̂ currPosition ■ nextPosition; / /  Move to next node

currPtr * front->Next; 
size * 0; 
position * -1;>

template cclass T>
LinkedListCT>::"LinkedList(void)

if(size!*0){
ClearListO ;

>
template cclass T>
LinkedListcT>ft LinkedListCT>::operator*(const LlnkedListcT>ft L)

if  (th is ** ftL) / /  Can’t  assign l i s t  to i ts e lf
return *this;

ClearListO;
‘ - 'L);CopyList(L). 
return *this;>

template cclass T>
in t LinkedListCT>::ListSize(void) const 

return size;>
template Cclass T>
in t LinkedList<T>: :iBEmpty(void) const 

return size »* 0;>
/ /  move prevPtr and currPtr forward one node
template Cclass T>
void LinkedListcT>::Next(void)

/ /  i f  traversal has reached the end of the l i s t  or 
/ /  the l i s t  is  empty, ju st return 
i f  (currPtr !* NULL)

/ /  advance the two pointers one node forward
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currPtr * currPtr->Next; 
position++;

/ /  True i f  the client has traversed the l i s t  (for while loop) 
template Cclass T>
in t LinkedList<T>: : isEndOfList(void) const 
{

return currPtr->Next rear;
>

/ /  To use in for loop 
template cclass T>
in t LinkedListCT>: :EndOfList(void) const {

return currPtr == rear;
>

/ /  return the position of the current node 
template Cclass T>
in t LinkedListCT>: :CurrentPosition(void) const {

return position;
>

/ /  reset the l i s t  position to pos
template cclass T>
void LinkedListcT>: :Reset(int pos)
{

in t startPos;

/ /  i f  the l i s t  is  empty, return 
i f  (front «= NULL) 

return;

/ /  i f  the position is  invalid, terminate the program 
i f  (pos c o l !  pos > size-1)

cerr cc "Reset: Invalid l i s t  position: " cc pos cc"\n"; 
cout cc "Reset: Invalid l i s t  position: " cc pos cc"\n"; 
re tu rn ;

>

/ /  move l i s t  traversal mechanism to node pos 
if(pos - -  0)

/ /  reset to front of the l is t  
currPtr = front->Next; 
position = 0;

>
else
/ /  reset currPtr, prevPtr, and position

currPtr * front->Next->Next; 
startPos • 1;

/ /  move right u n til position ■■ pos 
for(position-startPos; position ! = pos; position++) { 

currPtr = currPtr->Next;

/ I  return a reference to  the data value in the current node 
template cclass T> Tft LinkedListCT>::Data(void)

/ /  error i f  l i s t  is  empty or traversal completed
i f  (size »  0)

cerr cc "Data: invalid reference!" cc endl;
>
return currPtr->data;

>

template cclass T> Tft LinkedListcT>::Data(int pos)

/ /  error i f  l i s t  is  empty or traversal completed 
i f  (size »  0)

cerr cc "Data: invalid reference!" cc endl;
^ / /e x i t( l ) ;

Reset(pos);
return currPtr->data;

>

/ /  Insert item at front of l i s t
template cclass T> void LinkedListcT>::InsertFront(const Tft item) 

lsElemCT> *newlsElem;

newlsElem * GetlsElem(item); / /  create the new node

newlsElem->Next » front->Next; 
newlsElem->Prev » front; 
front->Next ■ newlsElem; 
newlsElem->Next->Prev * newlsElem;

currPtr » newlsElem; 
position ■ 0; 
size++;

>

/ /  Insert item at rear of l i s t
template Cclass T> void LinkedListCT>::InsertRear(const Tft item) 

lsElemCT> *newlsElem;

newlsElem * GetlsElem(item); / /  create the new node

newlsElem->Next -  rear; 
newlsElem->Prev -  rear->Prev; 
rear->Prev ■ newlsElem; 
newlsElem->Prev->Next * newlsElem;

prevPtr = rear->Prev->Prev; 
currPtr * newlsElem; 
position * size; 
size++;

/ /  Insert item afte r the current l i s t  position 
template cclass T>
void LinkedListCT>: : InsertRight(const Tft item)
{

lsElemCT> *p;

i f  (currPtr ■■ NULL) {
/ /  F irst time insertion afer object i it ia liz e d
cout cc "Trying to  insert an object without CURRENT Object" ccendl; 
cout cc "Forced to  InsertRear()" cc endl;

^ InsertRear(item);

else {
p * GetlsElem(item);

p->Prev = currPtr; 
p->Next = currPtr->Next; 
currPtr->Next->Prev -  p; 
currPtr->Next ■ p;

currPtr ■ p; / /  Move Curent Object Pointer;
position++;
size++;

>
}
/ /  Delete the node at the front of l i s t
template cclass T> T LinkedListcT>::DeleteFront(void)

lsElemCT> *templsElem;
T rdata;

i f  (size) { 
size—;
templsElem * front->Next; 
front->Next ■ templsElem->Next; 
templsElem->Next->Prev » front; 
templsElem->Next = NULL; 
templsElem->Prev ■ NULL;

currPtr » front->Next; / /  Move the current object poisition
position ■ 0;
rdata * templsElem->data;
delete templsElem;
return rda ta ;

else {
cout CC "Invalid deletion!" CC endl; 
return NULL;

>
>

/ /  Delete the node at the rear of l i s t
template cclass T> T LinkedListcT>::DeleteRear(void)

lsElemCT> *templsElem;
T rdata;

i f  (size) { 
size—;
templsElem * rear->Prev; 
rear->Prev * templsElem->Prev; 
templsElem**>Prev->Next * rear; 
templsElem->Prev ■ NULL; 
templsElem->Next ■ NULL;

currPtr -  rear->Prev; / /  Move the current object poisition 
position ■ L istS ize()-l;

rdata » templsElem->data; 
delete templsElem; 
return rda ta ;

else { 
cout
cc "In DeleteRearO, Invalid deletion (List Size ■ 0 ) ! "  cc endl; 

return NULL;>
>

/ /  Delete the node at the current l i s t  position 
template cclass T> T LinkedListcT>::DeleteCurrent(void)
<

lsElemCT> *p;
T item;

/ /  deletion must occur a t front->Next node 
/ /  or rear->Prev node or inside the l i s t
i f  (currPtr->Prev *■ front ftft size) { / /  delete "front-Next" 

item -  DeleteFrontO; 
return item;

else i f  (currPtr->Next *» rear ftft size) { 
item •  DeleteRearO; 
return item;

>
else { 

size—; 
p “ currPtr;
p->Prev->Next ■ p->Next; 
p->Next->Prev * p->Prev; 
p->Next -  NULL; 
p->Prev ■ NULL;

currPtr ■ p->Prev;

item * p->data;
delete p; //deleting  current lsElem 
position—;

return item;>
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/ /  Delete the node at the front of l i s t
template <class T> lsElem<T> *LinkedListCT>::DeleteFrontElem(void)

//T  item;

lsElem<T> *templsElem;

i f  (size) { 
size—;
templsElem = front->Next; 
front->Next = templsElem->Next; 
templsElem->Next->Prev * front; 
templsElem->Next * NULL; 
templsElem->Prev = NULL;

currPtr * front->Next; / /  Hove the current object poisition 
position * 0;
//re tu rn  templsElem->data; 
return templsElem;

>
else {

cout «  "Invalid deletion!" «  endl; 
return NULL;

>
>

/ /  Delete the node at the rear of l i s t  
template <class T>
lsElem<T> *LinkedListcT>::DeleteRearElem(void){

lsElem<T> ^templsElem;

if  (size) { 
size—;
templsElem “ rear->Prev; 
rear->Prev * templsElem->Prev; 
templsElem->Prev->Next = rear; 
templsElem->Prev ■ NULL; 
templsElem->Next = NULL;

currPtr ■ rear->Prev; / /  Move the current object poisition 
position = L istS ize()-l;

//re tu rn  templsElem->data; 
return templsElem;

>
else {

cout << "In DeleteRearO, Invalid deletion (List Size “ 0)!" << endl; 
return NULL;>

>

template cclass T>
lsElem<T> *LinkedListcT>::DeleteCurrentElem(void) 

lsElem<T> *p;

i f  (currPtr->Prev == front ftft s i2e) ■( / /  delete "front-Next" 
p ** DeleteFrontElemO; 
return p;

else i f  (currPtr->Next ■■ rear ftft size) { 
p ■ DeleteRearElemO; 
return p;

> else {
if(size>0){

size—; 
p * currPtr;
p->Prev->Next * p->Next; 
p->Next->Prev * p->Prev; 
p->Next -  NULL; 
p->Prev -  NULL;

currPtr * p->Prev; 
position—; 
return p;

> else {
return NULL;

Jendif / /  LINKEDLIST.CLASS

/*******************************************************************
* lsElem.h
* Class definition of the elements of linked-lis t *******************************************************************,

#ifndef DLL.LSELEM.CLASS 
#define DLL.LSELEM.CLASS

template cclass T> 
class lsElem

//private :
public:

/ /  circular links to the le f t  and right 
lsElemCT> *Prev; 
lsElemCT> *Next; 

public:
/ /  data is  public 
T data;

/ /  constructors
lsElem(void);
lsElem (const Tft item);

/ /  defult destructor 
"lsElemO;

/ /  l i s t  modification methods 
void InsertRight(lsElemCT> *p); 
void InsertLeft(lsElemCT> *p); 
lsElemCT> *DeletelsElem(void);
T* Data(void);
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/ /  obtain address of the next node to the le f t  or right 
lsElemCT> *NextlsElemRight(void) const; 
lsElemCT> *NextlsElemLeft(void) const;>;

/ /  constructor that creates an empty l i s t  and 
/ /  leaves the data uninitialized , use for header 
template Cclass T> 
lsElemCT>::lsElem(void)

/ /  in itia liz e  the node so i t  points to i ts e lf  
Prev “ Next * NULL;

>

/ /  defult destructor 
template cclass T> 
lsElemCT>:: “lsElemO

/ /  constructor that creates an empty l i s t  and in itia liz e s  data
template Cclass T>
lsElemCT>: : lsElem(const Tft item)•C

/ /  set node to point to i ts e l f  and in itia liz e  data 
Prev ■ Next * NULL; 
data ■ item;

>

/ /  insert a node p to the right of current node 
template Cclass T>
void lsElemCT>::InsertRight(lsElemCT> *p)

/ /  link p to i t s  successor on the right 
p->Next ■ Next;

Next->Prev ■ p;

/ /  link p to the current node on i ts  le f t  
p->Prev = th is ;
Next -  p;

>

/ /  insert a node p to the le f t  of current node 
template cclass T>
void lsElemCT>:: InsertLeft(lsElemcT> *p)

/ /  link p to i ts  successor on the le f t  
p->Prev = Prev;
Prev->Next = p;

/ /  link p to the current node on i t s  right 
p->Next ■ th is ;
Prev * p;

>
/ /  unlink the current node from the l i s t  and return i ts  address 
template Cclass T>
lsElemCT> *lsElemCT>::DeletelsElem(void)

/ /  node to the le f t  must be linked to  current node’s right 
Prev->Next = Next;

/ /  node to  the right must be linked to  current node's le f t  
Next->Prev -  Prev;

/ /  return the address of the current node 
return th is ;

>

/ /  return pointer to the next node on the right 
template Cclass T>
lsElemCT> *lsElemCT>::NextlsElemRight(void) const 

return Next;
>

/ /  return pointer to  the next node on the le f t  
template Cclass T>
lsElemCT> *lsElem<T>::NextlsElemLeft(void) const 

return Prev;
>

ffendif / /  DLL.LSELEM.CLASS

/*******************************************************************
* Node.h
* Class defin ition  of Node, which is  a gate in un-mapped circu it 
*******************************************************************/

#ifndef NODE.CLASS 
#define NODE.CLASS

#include "LinkedList.h"

//typedef enum node.type.enum NodeType; 
enum NodeType -(

UNASSIGNED, PRIMARY INPUT, PRIMARY.OUTPUT, INTERNAL, DUMMY
>;
//typedef enum node.function.enum NodeFunc; 
enum NodeFunc {

NODE UNDEFINED, NODE PI, NODE P0, N0DE.0, N0DE.1, NODE.BUF,
NODE INV, NODE AND, NODE OR, NODE.NAND, N0DE.N0R, NODE.COMPLEX,
NODE PTL1, N0DE.PTL2, N0DE.PTL3

>;
enum CellType { STATIC, PTL, UNKNOWN}; / /  also used in LibCell.h 

class pinMap

public:
char *cell_pin;
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char ♦net node; 
pinMapO t

cell_pin = new char[3]; / /  since name_len = 1; 
net.node = new char[63];

>;  }
class Match

public:
char *cell_name;
LinkedList<pinMap *> *pinmap;
MatchO:
"MatchO;

>;

/ /  constructor 
Match::Match()

pinmap = new LinkedList<pinMap *>;
>;

/ /  destructor 
Match: : “MatchO

free(cell.name); 
delete pinmap;

>

class Node 

private:
char *name; / /  node name
NodeType type; / /  node type
NodeFunc func; / /  node function
CellType mattype; /* matched cell type (ST, PTL) during 

* covering * /
in t id; 11 node id

in t numfanin; / /  Number of Inputs
LinkedList<Node *> *fanin; / /  List of fanin nodes

in t numfanout; / /  Number of fanout nodes
LinkedListCNode *> *fanout; / /  List of fanin nodes

LinkedList<Match : 
LinkedList<Match :

double areaP; 
double powerP; 
double fDelayP; 
double rDelayP;

double areaS; 
double powerS; 
double fDelayS; 
double rDelayS;

in t visited; 
in t level; 
in t glevel;

*smap;
♦pmap;

/ /  Static  mapped ce ll l i s t  
/ /  PTL mapped cell l i s t

/ /  Area
/ /  Power for a cell 
/ /  Falling delay 
11 Rising delay

11 Area
/ /  Power for a cell 
11 Falling delay 
11 Rising delay

/ /  flag for v isiting

11 for covering 
/ /  for covering

public:
Node(void); 11 Default constructor
Node(char *& name, NodeType type, NodeFunc func, in t id);
"Node(void); / /  Destructor

void SetName(char * nname); 
char * GetName(void);

void SetNodeType(NodeType gtype);
NodeType GetNodeType(void);

void SetNodeFunc(NodeFunc gfunc);
NodeFunc GetNodeFunc(void);

void SetMatchType(CellType match.type);
CellType GetMatchType(void);

void SetNodeId(int g id); 
in t GetNodeld(void);

void MarkVisit(int mark=l); 
in t GetVisit(void);

/ /  local level 
void SetLeveKint level); 
in t GetLevel(void);

/ /  Global level 
void SetGLevel(int glevel); 
in t GetGLevel(void);

/ /  P tl
void SetAreaP(double narea); 
void SetPowerP(double npower); 
void SetFallDelayP(double nfDelay); 
void SetRiseDelayP(double nrDelay);
d o u b le  G e tA re a P ( v o ld ) ; 
double GetFallDelayP(void); 
double GetRiseDelayP(void); 
double GetPowerP(void);

/ /  Static
void SetAreaS(double narea); 
void SetPowerS(double npower); 
void SetFallDelayS(double nfDelay); 
void SetRiseDelayS(double nrDelay);

double GetAreaS(void); 
double GetFallDelayS(void);

double GetRiseDelayS(void); 
double GetPowerS(void);

in t GetNumFanin(void): 
in t GetNumFanout(void); 
void SetNumFanin(int nfanin); 
void SetNumFanout(int nfanout);

void InsertFanin(Node *& N): 
void InsertFanout(Node *& N);
LinkedList<Node *> * GetFaninList(void): 
LinkedList<Node *> * GetFanoutList(void);

LinkedList<Match *> * GetSMatchList(void); 
LinkedList<Match *> * GetPMatchList(void);

friend class Graph;
>;

/ /  Default Constructor 
Node::Node()

name ■ (char *)calloc(2, sizeof(char)); 
fanin ■ new LinkedList<Node *>; 
fanout * new LinkedList<Node *>;

smap * new LinkedList<Match *>; 
pmap » new LinkedList<Match *>;

numfanin ” 0; 
numfanout = 0; 
v isited  * -1; 
level ” -1; 
glevel >* - i ;

/ /  Constructor
Node::Node(char *&gname, NodeType gtype, NodeFunc gfunc, in t gid) 
{

int name_len=0; 
if(name_len>0){

name ■ (char *)calloc(name_len+l, sizeof(char)); 
name ” gname;

>
type = gtype; 
func * gfunc; 
id * gid;

fanin
fanout

: new LinkedList<Node *>; 
: new LinkedList<Node *>;

smap ■ new LinkedList<Match *>; 
pmap ■ new LinkedList<Match *>;

numfanin » 0; 
numfanout * 0;

areaP -  powerP = 0.0; 
fDelayP = rDelayP = 0.0;

areaS = powerS = 0.0; 
fDelayS = rDelayS * 0.0;

v isited  ■ -1; 
level ■ -1; 
glevel » -1;

>;

/ /  Default destructor 
Node: : "Node(void)

free(name); 
delete fanin; 
delete fanout; 
delete smap; 
delete pmap;

>;

/ /  Set node name
void Node::SetName(char *nname)

in t name.len, old.len;

old.len ■ strlen(name); 
name.len * strlen(nname); 
if(o ld .len  !■ name len){

name = (char *)realloc(name, name_len+2); 
strcpy(name, nname); 
strcat(name, " \0");

> else {
strcpy(name, nname);

/ /  Get node name
char * Node::GetName(void) { return name; >

/ /  Set node type and Get node type
void Node::SetNodeType(NodeType gtype) { type ■ gtype; } 
NodeType Node::GetNodeType(void) { return type; >

/ /  Set node func and Get node func
void Node::SetNodeFunc(NodeFunc gfunc) { func = gfunc; > 
NodeFunc Node::GetNodeFunc(void) { return func; >

void Node::SetMatchType(CellType match type) //fo r  covering {
mattype * match.type;

>

CellType Node: :GetMatchType(void) 

return mattype;
>

/ /  for covering
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/ /  set node id (number)
void Node::SetNodeId(int gid) { i d  * gid; >
/ /  get node id
in t Node::GetNodeId(void) { return id; >

/ /  set local level
void Node: :SetLeveKint nlevel) { level * nlevel; >
/ /  get local level
in t Node::GetLevel(void) { return level; }

/ /  set global level
void Node::SetGLevel(int nlevel) { glevel ■ nlevel; > 
/ /  get global level
in t Node::GetGLevel(void) { return glevel; >

void Node::MarkVisit(int mark) {visited = mark;} 
in t Node::GetVisit(void) {return visited;}

void Node::SetAreaP(double narea)
{

i f  (narea >= 0) areaP = narea;
}
void Node: :SetPowerP(double npower){

i f  (npower >= 0) powerP * npower;
}
void Node::SetFallDelayP(double nfdelay)
{

if(nfdelay >■ 0) fDelayP * nfdelay;
}
void Node::SetRiseDelayP(double nrdelay)
{

if(nrdelay >■ 0) rDelayP -  nrdelay;
}
double Node: 
double Node: 
double Node: 
double Node:

GetAreaP(void) { return areaP; } 
GetFallDelayP(void) { return fDelayP; } 
GetRiseDelayP(void) { return rDelayP; } 
GetPowerP(void) { return powerP; }

void Node::SetAreaS(double narea)
{

i f  (narea >« 0) areaS ■ narea;

void Node: :SetPowerS(double npower)
{

i f  (npower >* 0) powerS -  npower;
}
void Node::SetFallDelayS(double nfdelay)
{

if(nfdelay >■ 0) fDelayS ■ nfdelay;
}
void Node::SetRiseDelayS(double nrdelay)
{

if(nrdelay >* 0) rDelayS * nrdelay;
}
double Node::GetAreaS(void) { return areaS; } 
double Node::GetFallDelayS(void) { return fDelayS; } 
double Node::GetRiseDelayS(void) { return rDelayS; } 
double Node::GetPowerS(void) { return powerS; }

in t Node::GetNumFanin(void) { return numfanin; } 
in t Node::GetNumFanout(void) { return numfanout; }

void Node::SetNumFanin(int nfanin) { numfanin -  nfanin; } 
void Node::SetNumFanout(int nfanout) { numfanout ■ nfanout; }

void Node::InsertFanin(Node *& gate)
{

fanin->InsertRear (gate); 
numfanin++;

}
void Node::InsertFanout(Node *& gate)
{

fanout->InsertRear(gate); 
numfanout++;

}
/ /  Get fanin l i s t  of a node
LinkedList<Node *> * Node::GetFaninList(void) 

return fan in ;;}
/ /  Get fanout l i s t  of a node
LinkedList<Node *> * Node::GetFanoutList(void)

return fanout;}
/ /  Get S tatic  Cell map List
LinkedList<Match *> * Node::GetSMatchList(void) 

return smap;>
/ /  Get PTL Cell map List
LinkedList<Match *> * Node::GetPMatchList(void) 

return pmap;}
#endif / /  NODE.CLASS

/it***************************************************************
* Graph.h
* Class definition of Graph and i t s  methods 
*****************************************************************/

#ifndef GRAPH CLASS 
#define GRAPH.CLASS

#include <iostream.h>
#include <fstream.h>
#include "Node.h"
#include "lsElem.h"
#include "LinkedList.h"

/ /  Definitoin of Graph class 
class Graph 
{

private:
char * network.name;

LinkedList<Node *> * p ilis t; / /  L ists of a l l  primary inputs
LinkedList<Node *> *polist; / /  L ists of a l l  primary outputs
LinkedList<Node *> *allnodes; / /  L ists of a ll  pi/po/gates

LinkedList<Edge *> *edgelist; / /  L ists of a ll  nets

in t numgate, numpi, numpo, numedge; 
in t size, unique.id;

float area_given; 
float area; 
float delay.given; 
float delay; 
float power.given; 
float power;

public:
Graph(); 
“Graph(void);

/ /  Required area 

/ /  Required delay 

/ /  Required power

/ /  Destructor

void SetName(char *& name); 
char *GetName(); 
in t GetSizeO; 
void SetSize(int new.size);

in t GetNumGateO;
void SetNumGate(int ngate);

void InsertPiNode(Node *k node.name); 
void InsertPoNode(Node *&. node .name); 
void InsertGate(Node *& gate.name);

LinkedList<Node *> * GetPiList(void);
LinkedList<Node *> * GetPoList(void);
LinkedList<Node *> * GetGateList(void);
Node * GetGate(char *& gate.name, NodeType fentype, NodeFunc &nfunc); 
in t DeleteGate(char *ft gate.name);

in t FindNode(LinkedList<Node *> *L, char *& item.name);
Node * FindOrCreateNode(char *ft node.name, int ^position,

NodeType ntype=UNASSIGNED,
NodeFunc nfunc-NQDE.UNDEFINED);

in t FaninOutRearrange(void);

/ /  DeleteEdge, returns positoin of deleted edge in the edgelist 
in t DeleteEdge(Node *k fromnode, Node tonode);

void PrintPiNodes(void); 
void PrintPoNodes(void): 
void PrintAllNodes(void); 
void Print_Node_Type(int type); 
void Print_Node_Func(int type);

^ void PrintNodesOfList(LinkedList<Node *> *nodeList);

/ /  Constructor 
Graph::Graph(){

network.name » (char *)calloc(2, sizeof(char)); 
allnodes * new LinkedList<Node *>; 
p i l i s t  -  new LinkedList<Node *>; 
po lis t » new LinkedList<Node +>;

area_given “ area » 0.0; 
delay.given ■ delay * 0.0; 
power.given « power -  0.0;

size =* numgate 
unique.id ■ 1; 
numedge-O;

numpi •  numpo

};
/ /  Destructor 
Graph:: “GraphO {

free(network.name);
if(allnodes->ListSize()!«0){ 

allnodes->ClearList(); 
delete allnodes;}

if(pilist->L istS ize()!*0){ 
p ilist->C learL ist(); 
delete p i l is t ;}

if(po list->L istS ize()!»0){ 
polist->C learList(); 
delete po list;

}; }
void Graph::SetName(char name){

in t name.len, net.name.len;

name.len * strlen(name);
net.name.len -  strlen(network.name);

if(name.len !* net.name.len){
network.name -  (char *)realloc(network.name, name_len+i); 
strcpy(network.name, name);
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> else {
strcpy(network name, name);

>>
char * Graph::GetName() { return network.name; }

in t Graph::GetSize() { return size; }
void Graph::SetSize(int new.size) { size = new.size; >

in t Graph::GetNumGate()
{

return numgate;
>
void Graph::SetNumGate(in t ngate)
{

numgate = ngate;
>
LinkedList<Node *> * Graph::GetGateList(void) {return allnodes;} 
LinkedList<Node *> * Graph::GetPiList(void) {return p ilis t ;}  
LinkedList<Node *> * Graph::GetPoList(void) {return po lis t;}

void Graph::InsertPiNode(Node *& item)

item->SetNodeId(size); 
pilist->InsertRear(item ); 
allnodes->InsertRear(item); 
numpi++; numgate++; 
size++;}

void Graph::InsertPoNode(Node *& item)

item->SetNodeXd(size); 
polist->InsertRear(item); 
allnodes->InsertRear(item); 
numpo++; numgate++; 
size++;}

void Graph::InsertGate(Node *& gate.name)

gate_name->SetNodeId(size); 
allnodes->InsertRear(gate.name); 
numgate++; 
size++;}

/ /  Retrive Node class by searching the node.name
Node * Graph::GetGate(char *& gate name,NodeType tovtype.NodeFunc fenfunc) 
{

in t position;
Node *tempNode;

i f  ((position * FindNode(allnodes, gate.name)) !■ -1) { 
allnodes->Reset(position); 
tempNode * allnodes->Data(); 
ntype = tempNode->GetNodeType(); 
nfunc » tempNode->GetNodeFunc();

return tempNode;}
else  { 

return tempNode * NULL;

> }
/ /  Delete a Node (pi, po, gates) searching the node name 
/ /  Returns 0 i f  i t  ex ist and deleted, -1 otherwose 
in t Graph::DeleteGate(char *& gate.name)
{

in t position; 
char *temp_name;
Node *tempNode;
NodeType type;

i f  ((position •  FindNode(allnodes, gate.name)) -1) { 
allnodes->Reset(position); 
tempNode ■ allnodes~>Data(); 
temp.name “ tempNode->GetName(); 
type * tempNode->GetNodeType();

/ /  Delete a l l  edges that are connected to  th is  Node 
/ /  1. find a l l  nodes (fanins and fanouts)
11 2. find a l l  edges (returns position in  the edgelist)
/ /  3. delete those edges from the l i s t

tempNode -  allnodes->DeleteCurrent();
numgate—; 

delete tempNode;

i f  (type — PRIMARY.INPUT) {
position ■ FindNode(pllist, temp.name); 
i f  (position ** -1) {
cout «  " Graph: :DeleteGate("« gate.name «  ")" «endl; 
cout «  " Node is  in GateLists but not in PiList !!"; 
cout «  endl; 
e x i t ( l ) ;

p ilist->R eset(position); 
tempNode ■ pilist->D eleteCurrent(); 
numpi—;
delete tempNode; 
return 0;

else i f  (type - -  PRIMARY.OUTPUT) {
position ~ FindNode(polist, temp.name); 
i f  (position ■■ -1) {

cout «  " Graph::DeleteNode("<< gate.name << ")" «endl; 
cout «  " Node is  in GateLists but not in PoList !!"; 
cout «  endl; 
e x i t ( l ) ;

polist->Reset(position); 
tempNode * polist->DeleteCurrent(); 
numpo—;
delete tempNode; 
return 0;

return 0;}
return -1;

in t Graph::FindNode(LinkedList<Node *> *L, char item.name) 
{

in t item.position -  -1; 
lsElem<Node *> *temp_node*NULL;

if  (item.name == NULL) return -1; 
i f  (L->front->Next !* L->rear) { 

//lsElem<Node *> *temp_node a 
temp.node ” L->front->Next;

L->front->Next;

//while(temp_node->Next != L->rear) { 
while(temp_node->Next !- NULL) { 

item_position++;
(strcmp(temp_node->data->name, item.name)==0) { 
turn ixem.position;return }

temp node ■ temp_node->Next; 
}

/ /  Find a node, i f  not exist create a noden and return i t ’s pointer and 
/ /  position in allnides. If  i t  is  ceated, p o s itio n a l is  returned.
Node * Graph::FindOrCreateNode(char *k node.name, in t ^position, 

NodeType ntype, NodeFunc nfunc)
{

position -  -1;
if  ((position * FindNode(allnodes, node.name)) != -1) {

Node *tempNode; 
allnodes->Reset(position); 
tempNode * allnodes->Data(); 
return tempNode;

else {
Node *tempNode * new Node; 
tempNode->SetName(node.name);

i f  (ntype »» PRIMARY.INPUT) { 
tempNode->SetNodeType(ntype); 
tempNode~>SetNodeFunc(nfunc);

InsertPiNode(tempNode);

else i f  (ntype — PRIMARY.OUTPUT) { 
tempNode->SetNodeType(ntype); 
tempNode~>SetNodeFunc(nfunc);

InsertPoNode(tempNode);

else {
tempNode->SetNodeType(ntype); 
tempNode->SetNodeFunc(nfunc);

InsertGate(tempNode);}
return tempNode;

The purpose of th is  reoutine is  to  rearrange fanin and fanouts realted 
to  FuncType-NODE.UNDEFINED afte r reading the given logic network.
This happens a fter a fte r processing of assignment operation 

like  n -  $12;.
Example)

iefore using th is  routine
* 10 : $10 INTERNAL(3) NODE AND 10 fanin :: $9 a fanout :: $12
* 11 : b ’ INTERNALS) NODE INV 11 fanin :: b fanout :; $12 $16 $22
* 12 $12 INTERNALS) N0DE.AND 12 fanin :: b» $10 fanout :: n
* 13 : n INTERNAL(3) NODE.UNDEFINED 13 fanin : $12 fanout :: n ’ $18
* 14 : n ’ INTERNALC3) N0DE.INV 14 fanin :: n fanout :: eO $24

* i s ' $18 INTERNAL(3) N0DE.0R 18 fanin :: n $17 fanout :: nl
* 19 nl INTERNALS) NODE.UNDEFINED 19 fanin : $18

* 24' $24 INTERNAL(3) N0DE.0R 24 fanin :: n» $23 fanout :: P
* 25 p INTERNALC3) NODE.UNDEFINED 25 fanin : $24 fanout :: p ’
* ■After using th is routine
* 10 $10 INTERNALS) NODE AND 10 fanin :: $9 a fanout ;: n
* 11 b ’ INTERNALS) N0DE.INV 11 fanin :: b fanout :: n $16 $22
* 12 n INTERNAL(3) N0DE.AND 12 fanin :: b ’ $10 fanout :: n ’ nl
* 13 n’ INTERNAL(3) N0DE.INV 14 fanin :: n fanout :: eO p
* a nl INTERNAL(3) N0DE.0R 18 fanin :: n $17

I 22 : p INTERNAL(3) N0DE.0R 24 fanin :: n ’ $23 fanout ;: p»

in t Graph: :FaninOutRearrange(void){
Node * undefNode, *fNode, *tNode;
LinkedList<Node *> *undefInList, *undefOutList, *undefInOutList; 
char *undef.name, *tNode_name;
in t index ■ -1, num.deleted ■ 0, position ■ - i ,  num.fanout; 

in t un.pos;
LinkedLlst<Node *>> *fNodeInList;
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LinkedList<char *> *delList * new LinkedList<char *>;
NodeFunc node_func;

for(allnodes->Reset( ) ; ! allnodes->EndOfList( ) ;allnodes->Next0 )  { 
undefNode = allnodes->Data(); 
if(undefNode->GetNodeFunc()==NODE_UNDEFINED) { 

undef.name * undefNode->GetName(); 
delList->InsertRear(undef_name);

undeflnList * undefNode->GetFaninList();
/ /  Undef.Node always has only one input node, 
if(!undefInList->isEmpty() &ft undefInList->ListSize()==l){ 

undefInList->Reset();
tNode = undefInList->Data(); //Target Node 
tNode->SetName(undef.name); //replace node with undef node. 
tNode.name = tNode->GetName();>

undefInOutList ■ tNode->GetFanoutList();
if(!undefInOutList->isEmpty() && undefInOutList->ListSize()==l){ 

undefInOutList->Reset();
(void )undefInOutList->DeleteCurrent();
tNode->SetNumFanout(tNode->GetNumFanout()-l); / /  numfanout—

/* The #fanout(s) of the undefined.node can be more 
* than one nodes */

position * -I ;
undefOutList * undefNode->GetFanoutList(); 
if((num fanout = undefOutList->ListSize())!=0){

for(undefOutList->Reset(); ?undefOutList->EndOfList();
undefOutList->Next()){ 

fNode * undefOutList->Data(); / /  undefNode’s fanouts 
/ /  change fNode(fanout of undef.node)’s fanin 
fNodelnList * fNode->GetFaninList();
/ /  find undef.node position and replace i t  with new in 
un.pos = FindNode(fNodeInList, tNode.name); 
fNodeInList->Reset(un_pos); 
fNodeInList->DeleteCurrent();
fNode->SetNumFanin(fNode->GetNumFanin()-1 ) ; / /  numfain— 
fNode->InsertFanin(tNode);

tNode->InsertFanout(fNode);>>>
num_deleted++:>>

/ /  Deleting node in delList from allnodes in Graph 
position = -1;
for(index * 0; index <num_deleted; index++){ 

for(allnodes->Reset(); !allnodes->EndOfList();alInodes->Next()){ 
undefNode ■ allnodes->Data(); 
undeflnList ■ undefNode->GetFaninList(); 
node func * undefNode->GetNodeFunc();
if((node.func — NODE.UNDEFINED) && (undefInList->ListSize()—l)){  

(void) allnodes->DeleteCurrent(); 
numgate—; 
break;>

}>
delete delList; 
return num.deleted;

>
i f  (!pilist->Data()->fanout->isEmpty()) { //is.polist.em pty

lsElem<Node *> *tempFQ ■ pilist->Data()->fanout->front->Next; 
fanout_pos = -1; 
cout «  "fanout : 

while(tempFO->Next !■ NULL) { 
fanout_pos++;
pilist->Data()->fanout->Reset(fanout_pos); 
cout<<pilist->Data()->fanout->Data()->name <<" "; 
tempFO ■ tempFO->Next;>>

tempPI = tempPI->Next; 
cout«endl;

/ /  P tin t a ll  Primary Output Nodes and i t ’s fanin/fanout nodes 
void Graph::PrintPoNodes(void)
{

in t position * -1; 
in t tanin.pos * -1; 
in t fanout_pos = -1;

char *node_name;
NodeType node.type;
NodeFunc node.func;

cout «  "Printing Output Lists of Graph !M !"«endl; 
cout << "Number of outputs -  "<< numpo << endl;

i f  ( }polist->isEmpty()) {
lsElem<Node *> *tempP0 * polist->front->Next; 
while (tempPO->Next !* NULL) { 

position++;
polist->Reset(position); 
node.name = polist->Data()->name; 
node.type = polist->Data()->GetNodeType(); 
node.func = polist->Data()->GetNodeFunc(); 
printf("'/.s ’/.d ’/.d ", node.name, node.type, node.func);

i f  Opolist->Data()->fanin->isEmptyO) {
lsElem<Node *> *tempFI * polist->Data()->fanin->front->Next; 
fanin.pos = -1; 
cout «  "fanin : "; 

while(tempFI->Next != NULL) { 
fanin_pos++;
polist->Data()->f anin->Reset(fanin.pos); 
cout«polist->Data()->fanin->Data()->name « "  "; 
tempFI ■ tempFI->Next;>

if  (!polist->Data()->fanout->isEmpty()) ■( //is.polist.em pty
lsElem<Node *> *tempF0 * polist->Data()->fanout->front->Next; 
fanout_pos = -1; 
cout «  "fanout : "; 

while(tempFO->Next !* NULL) { 
fanout_pos++;
polist->Data()->fanout->Reset(fanout_pos); 
cout«polist->Data()->fanout->Data() ->name « "  
tempFO * tempFO->Next;

>
/ /  Get from/to node name of an edge
char *Graph::GetFromNodeName(Edge *& edgePtr)
{

return edgePtr->from->name;
>
char *Graph::GetToNodeName(Edge *& edgePtr)
{

return edgePtr->from->nsune;
>
/ /  Ptin t a l l  Primary Input Nodes and i t ’s fanin/fanout nodes 
void Graph::PrintPiNodes(void){

in t position ■ -1; 
in t fanin.pos » -1; 
in t fanout_pos * -1;

char *node_name;
NodeType node.type;
NodeFunc node.func;

cout «  "Printing Input L ists of Graph !M !"«endl; 
cout << "Number of inputs * " «  numpi «  endl;

i f  (!pilist->isBnpty()) {
lsElem<Node *> *tempPI -  pilist->front->Next; 
while (tempPI->Next !- NULL) { 

position++;
p ilist->R eset(position);
node.name » pilist->Data()->name;
n o d e . ty p e  — p i l is t - > D a ta ( ) - > G e tN o d e T y p e ( ) ;
node.func » pilist->Data()->GetNodeFunc();
printf("7,s '/,d */0d ", node.name, node.type, node.func);

i f  (!pilist->Data()->fanin->isEmpty()) {
lsElem<Node *> *tempFI * pilist->Data()->fanin->front->Next; 
fanin.pos ■ -1; 
cout «  "fanin : "; 

while(tempFI->Next !» NULL) { 
fanin_pos++;
pilist->Data()->fanin->Reset(fanin.pos); 
cout«pilist->Data()->fanin->Data()->name « "  "; 
tempFI ■ tempFI->Next;

impPO ■ tempPO-: 
iut«endl;

>
/ /  Ptin t a ll  Nodes and i t ’s fanin/fanout nodes 
void Graph::PrintAllNodes(void){

Node *aNode, *inNode, *outNode;
LinkedList<Node *> *inList, *outList;

cout «  "Printing All Lists of Graph !H !"«endl; 
cout «  "Number of allnodes ■ " «  numgate «  endl;

i f  (!allnodes->isEknpty()) <
for(allnodes->Reset(); !allnodes->EndOfList();allnodes->Next()){ 

aNode -  allnodes->Data();
printf("7,3d[7,2d,7,2d3 : /,6s ", allnodes->position,

aNode->GetGLevel(), aNode->GetLevel(), \  
aNode->GetName());

Print.Node.Type(allnodes->Data()->type);
Print.Node.Func(allnodes->Data()->func); 

cout «  allnodes->Data()->id «  " ";

inList -  aNode->GetFaninList(); 
i f  (!inList->isBnpty()) { 

cout «  "fanin : "; 
for(inList->Reset(); !inList->EndOfList(); inList~>Next()H 

inNode ■ inList->Data(): 
cou t«  inNode->GetNameO « "  ";

cout «  " \ t " ;>
outList * aNode->GetFanoutList(); 
i f  (!outList->isEmpty()) { //is.polist.em pty  

cout «  "fanout : 
for(outList->Reset(); !outList->EndOfList() ;outList->Next())-( 

outNode -  outList->Data(); 
cou t«  outNode->GetName()«"

}>
cout«endl;

> / /  for loop

void Graph::Print_Node_Type(int type)
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switch (type) { 
case 0: cout «  "UNASSIGNED(O)

case 1: cout << "RY_INPUT(1) 
break;

case 2: cout «  "Y_0UTPUT(2) 
break;

case 3: cout «  "INTERNAL(3) 
break;

default: cout << "Invalid Node Type ("«type<<")
>

>

void Graph::Print_Node_Func(int type)

switch (type) { 
case 0: cout «  "N0DE_UNDEFINED "; 

break;
case 1: cout «  "NODE.PI

case 2: cout «  "NQDE.PO

case 3: cout «  "N0DE_0 
break; 

case 4: cout «  "NODE.l 
break;

case 5: cout «  "N0DE_BUF

case 6: cout «  "NODE.INV

case 7: cout << "NODE.AND 
break;

case 8: cout << "N0DE_0R

case 9: cout << "N0DE_NAND 
break;

case 10: cout «  "N0DE_N0R 
break;

case 11: cout «  "NODE.CPLX

case 12: c o u t«  "N0DE.PTL1 
break;

case 13: cout << "N0DE_PTL2 
break;

case 14: cout «  "N0DE_PTL3 
break;

default: cout «  "Invalid Node Function("«type«")"; 
>

> } 
#endif

* eqn_ior.h
* Class definition of equation operators, such as +. *, (, ) . . .
*******************************************************************/

#ifndef EQN.OPR.H 
#define EQN_0PR_H

#include "Graph.h"

/ /  l i s t  of constants specifying specific error messages 
const in t OperatorExpected * 0,

OperandExpected * 1,
MissingLeftParenthesis * 2,
MissingRightParenthesis * 3,
Invalidlnput ■ 4;

/ /  labels designating the parentheses characters 
const char leftparenthesis ■ ’ ( ’ , 

rightparenthesis » ’) ’ ;

/ /  a class that handles operators on the operator stack 
class EqnOperator {

private :
/ /  operator and i t s  two precedence values 
char op;
in t inputprecedence; 
in t stackprecedence;

public:
/ I  constructors; includes default constructor and a 
I !  constructor that in itia liz e s  the object 
EqnOperator(void);
EqnOperator(char ch);

/ /  member functions handling operator on the stack 
in t operator>= (EqnOperator a) const;
//void Evaluate (Stack<float> ftOperandStack);
void Evaluate (Graph &Ckt, Stack<char *> fcOperandStack);
char GetOp(void);

/ /  P tint a l l  Nodes and i t ’s fanin/fanout nodes
void Graph::PrintNodesOfList(LinkedList<Node *> *nodeList)

in t position » -1; 
in t fanin.pos » -1; 
in t fanout.pos ■ -1; 
in t p .d e ta il »1;

cout «  "Printing All Nodes In a L ists !M !"«endl; 
cout «  "Size of L ist m " «  nodeList->ListSize() << endl;

i f  OnodeList->isEmptyO) {
lsElem<Node *> *tempAll ■ nodeList->front->Next; 
while (tempAll->Next != NULL) { 

position++;
nodeList->Reset(position);
p rin tf ("7,3d : 7,6s ", position, nodeList->Data()->name); 
if(p_detail “  1){

cout « " ( ,f«nodeList->D ata()->visited«")("; 
cout «nodeList->Data()->glevel«") ";

Print.Node.Type(nodeList->Data()->type); 
Print.Node_Func(nodeList->Data()->func);

cout «  nodeList->Data()->id «  " ";

i f  (!nodeList->Data()->fanin->isBnpty()) {
lsElem<Node *> *tempFI ■ nodeList->Data()->fanin->front->Next; 
fanin.pos * -1; 
cout «  "fanin : 

while(tempFI->Next !* NULL) { 
fanin_pos++;
nodeList->Data()->fanin->Reset(fanin.pos); 
if(p_detail »* 1){

cout<<nodeList->Data() ->fanin->Data()->name « " (" •  
cout«nodeList->DataQ->fanin->DataO“>visited«") ("; 
cout«nodeList->DataO->fanin->Data()->glevel«")

> else {
cout«nodeList->Data()->fanin->Data()->name « "

>
tempFI ■ tempFI->Next;

>
cout «  " \t" ;

i f  (!nodeList->Data()->fanout->isEhipty()) { //is.polist.em pty
lsElem<Node *> *tempF0 * nodeList->Data()->fanout->front->Next; 
fanout.pos » -1; 
cout «  "fanout : "; 

while(tempFO->Next !■ NULL) { 
fanout_pos++;
nodeList->Data()->fanout->Reset(fanout.pos); 
if(p_detail «» 1){

cout«nodeList->Data() ->fanout->Data() ->name « "  (": 
cout«nodeList->Data()->fanout->Data()->visited « " ) (" ;  
cout«nodeList->Data()->fanout->Data()->glevel « " )  ";

> else {
cout«nodeList->Data()->fanout->Data()->name « "  ";>

tempFO -  tempFO->Next;
>

>
tempAll -  tempAll->Next; 
cout«endl;

/ /  ’ * 
case

/ /  default constructor 
EqnOperator::EqnOperator(void)
{>
/ /  constructor that assigns operator and precedences values 
EqnOperator::EqnQperator(char ch){

op ■ ch; / /  assign operator 
switch(op)

/ /  ’+’ have input/stack precedence 1 
case ’+’ : inputprecedence ■ 1;

stackprecedence -  1; 
break;

’ ’ have input/stack precedence 2

inputprecedence * 2; 
stackprecedence -  2; 
break;

/ /  ’( ’ has input precendence 3, stack precedence -1 
case ’ ( ’ : inputprecedence * 3;

stackprecedence “ - i ;  
break;

/ /  ’) ’ has input/stack precedence 0 
case ’) ’ : inputprecedence -  0;

stackprecedence * 0; 
break;

/ /  has input precedance 4 /  stack precedance -2 
case inputprecedence -  4;

stackprecedence * -2; 
break;

/ /  overload the >“ operator by comparing stackprecedence of 
11 the current object with inputprecedence of a. used when 
/ /  reading an operator to determine whether operators 
/ /  on the stack should be evaluated before pushing the new 
/ /  operator on the stack.
in t EqnOperator::operator>« (EqnOperator a) const 
<

return stackprecedence >■ a.inputprecedence;>
/ /  evaluate operator for the current object. F irst pop two 
/ /  operands from the operand stack, then execute operator and 
/ /  push the resu lt back onto the operand stack.
void EqnOperator: .’Evaluate (Graph ftCkt, Stack<char +> ftOperandStack) {

char * operandl ~ OperandStack.PopO; / /  get right operand 
char * operand2 -  OperandStack.PopO; / /  get le f t  operand

char *temp_str 
char *out.name; 
int positionl, position2

new char[65];
/ /  output node of oprl and opr2 

position3, size, temp.len;

Node *oprNodel, *oprNode2, *outputNode;

/ /  Create new node.name -> must be reconsidered.
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size = Ckt.GetSizeO; 
sprin tf (tem p.str, "$‘/,d", s iz e ) ; 
temp.len = strlen(tem p.str);

if(temp.len > 64){
cout«"Node "« tem p _ str« " \, s name is  too long.\n";
cout«"Program is  terminating .........\n";
exit(O);

out_name » (char *)calloc(temp_len + 1, sizeof(char)); 
strcpy(out_name, temp.str);

/ /  evaluate operator and push resu lt back on the stack 
switch (op) / /  select operation

case ’+’ :
//printf("O r opeator —> CreateEqnNode(or, oprl, opr2)\n"); 
oprNodel = Ckt.FindOrCreateNode(operandl, p o sitio n l); 
oprNode2 * Ckt.Find0rCreateNode(operand2, position2);

outputNode * Ckt.FindOrCreateNode(out_name, position3, INTERNAL, 
NODE.OR);

if  (position3 != -1)
cout «  "WARNING !! ("«out_name « "  ) is  already used . . . ”«endl

/ /  Fanins for OR.Gate 
outputNode->InsertFanin(oprNodel); 
outputNode->InsertFanin(oprNode2);

/ /  Fanout for each input of the 0R_Gate 
/ / i f  (position3 == -1) {

oprNodel->InsertFanout(outputNode); 
oprNode2->InsertFanout(outputNode);

//>
OperandStack.Push(out.name); 
break;

case * ’ : 
case :

//==printf("And opeator —>CreateEqnNode(and, oprl, opr2)\n");
//search  linked l i s t  to  find out operandl and operand2 nodes,
/ / i f  they are not ex ist, insert th e ir  name in the l i s t ,  and 
//assign node id [i] and return output node $ad[i].

oprNodel
oprNode2

Ckt.FindOrCreateNode(operandl, positionl); 
Ckt.Find0rCreateNode(operand2, position2);

outputNode » Ckt.FindOrCreateNode(out_name, position3, INTERNAL, 
NODE.AND);

i f  (position3 != -1)
cout «  "WARNING !! ("«out_name « "  ) is  already used ..."« en d l;

/ /  Fanins for OR.Gate 
outputNode->InsertFanin(oprNodel); 
outputNode->InsertFanin(oprNode2);

/ /  Fanout for each input of the OR.Gate 
oprNodel->InsertFanout(outputNode); 
oprNode2->InsertFanout(outputNode);

//OperandStack.Push(operandl);
OperandStack.Push(out.name);

break;

case
oprNodel * Ckt.FindOrCreateNode(operandl, positionl); 
i f  (oprNodel->GetNodeType() “  UNASSIGNED) { 

oprNodel->SetNodeType(INTERNAL);

oprNode2 » Ckt.Find0rCreateNode(operand2, position2); 
i f  (oprNode2->GetNodeType() “** UNASSIGNED) { 

oprNode2->SetNodeType(INTERNAL);

oprNode2->InsertFanin(oprNodel);

/ /  Insert oprNode2 into fanou t.lis t of oprNodel 
oprNodel->InsertFanout(oprNode2); 

break;

T stacklist[MaxStackSize]; 
in t top; 

public:
/ /  constructor
Stack (void); / /  in it ia l iz e  top

/ /  stack modification operations 
void Push (const T& item);
T Pop (void);
void ClearStack(void);

/ /  stack access 
T Peek (void) const;

/ /  stack te s t methods 
in t StackEmpty(void) const; 
in t StackFull(void) const; 
int GetTop(void) const;

>;

/ /  in itia liz e  stack top 
template <class T>
Stack<T>::Stack (void): top(-l)
O
/ /  push item on the the stack
template <class T>
void Stack<T>::Push (const T& item)

if  (top ■* MaxStackSize-1)

cerr «  "Eqn. Stack overflow!" «  endl; 
e x i t ( l ) ;

>

/ /  increment top and copy item to stack list 
top++;
stacklist[top] ■ item;

/ /  pop the stack and return the top element 
template cclass T>
T Stack<T>::Pop (void)

T temp;

/ /  i f  stack is  empty, terminate the program 
if  (top == -1) {

cerr «  "Attempt to pop an empty eqn. stack!" << endl; 
e x i t ( l ) ;

>

/ /  record the top element 
temp ■ s tack lis t[to p ];

/ /  Free the memory 
top—;
return temp;

>

/ /  return the value at the top of the stack 
template <class T>
T Stack<T>::Peek (void) const

/ /  i f  the stack is empty, terminate the program 
i f  (top **■ -1)

cerr «  "Attempt to peek a t an empty stack!" «  endl; 
e x it ( l ) ; 

return s tack lis t[to p ];

delete [] temp.str;
>

/ /  return operator associated with current object 
char EqnOperator::GetOp(void)
<

return op;

#endif //EQN.OPR.H

*** * ** * * ** * ** * ** * * ** * ** * *  **** ** * * ** * ** * ** * * ** * ** * ** * * ** * ** * ** * *
* eqn.stack.h
* C la s s  d e f i n i t i o n  o f  t h e  f i x e d - l e n g t h  a r r a y  s t a c k  
*******************************************************************/

#ifndef TEMPLATE.STACK.CLASS 
#define TEMPLATE.STACK.CLASS

#include <fstream.h>
#include <stdlib.h>

const in t MaxStackSize ■ 50;

template <class T> 
class Stack 
{

private:
/ /  private data members, stack array and top

> MaxStackSize-1

/ /  te s t for an empty stack
template <class T>
in t Stack<T>::StackEopty(void) const

/ /  return the logical value top »• -1 
return top ”  -1;

>

/ /  te s t for a fu ll  stack 
template <class T> 
in t Stack<T>: :StackFull(void) const 
{

/ /  return logical condition top > 
return top *■ MaxStackSize-1;

>
/ /  te s t for a fu ll stack 
template <class T> 
int Stack<T>::GetTop(void) const

return top;
>

/ /  clear stack 
template <class T> 
void Stack<T>::ClearStack(void){

/ /  reset top to  -1 
top » -1;>

tfendif //TEMPLATE.STACK.CLASS

/*******************************************************************
* Queu.h
* Class definition of Queue using linked l i s t
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*******************************************************************/ 
#ifndef QUEUE CLASS 
#define QUEUE.CLASS

#include "LinkedList.h"

template <class T> 
class Queue

private:
/ /  A linked l i s t  object to  hold the queue items 

LinkedList<T> qList;

public:
/ /  constructors 
Queue(void):
"Queue(void);

/ /  queue modifacation methods 
void QInsert(const T& e l t ) ;
T DeQueue(void);

/ /  Queue access 
T QFront(void);

/ /  queue List
LinkedList<T> *QList(void);

in t QLength(void) const; 
in t QEmpty(void) const; 
void QClear(void);

friend class Graph;
>;

/ /  Default constructor 
template cclass T>
Queue<T>::Queue(void) O

template <class T> 
ueue<T>: : "Queue(void)

in t n, listS ize;

lis tS ize  * qList. ListSizeO ; 
for(n=0; n<listSize; n++){

delete qList.DeleteCurrentElemO;
>

>;

/ /  LinkedList method InsertRearO inserts item at rear 
template <class T>
void Queue<T>::QInsert(const T& e lt) 

qL ist.InsertR ear(elt);
>
/ /  LinkedList method DeleteFrontO removes item from front 
template <class T>
T Queue<T>::DeQueue(void)

/ /  Test for an empty queue and terminate i f  true 
i f  (qList. isEmptyO ){

cerr «  "Calling DeQueueO for an empty queue!" «  endl; 
e x it ( l ) ;

return qList.DeleteFrontO;
>

/ /  returns the data value from the f i r s t  item in the queue 
template <class T>
T Queue<T>::QFront(void)

/ /  Test for an empty queue and terminate i f  true 
i f  (qL ist. isEmptyO H

cerr «  "Calling QFrontO for an empty queue!" «  endl; 
e x i t ( l ) ;

>

/ /  reset to  the front of the queue and return data 
qList.Reset(); 
return qList.DataO;

>

template <class T>
LinkedList<T> * Queue<T>::QList(void) 

return feqList;
>

template <class T>
in t Queue<T>::QLength(void) const

return qList.ListSizeO;
>

template cclass T>
in t Queue<T>: : Q E m pty(void) const

return qList.isEmptyO;
>

template cclass T>
void QueueCT>::QClear(void)

qList.C learList();
>
#endif

/***************************** ******* *******************************

* Stack.h
* Class definition of Stack using linked l i s t  
*******************************************************************/

#ifndef LStack.CLASS 
#define LStack.CLASS

#include "LinkedList.h"

template Cclass T> 
class LStack 
{

private:
/ /  A linked l i s t  object to hold the queue items 

LinkedListCT> stL ist;

public:
/ /  constructors 
LStack(void);
"LStack(void);

/ /  queue modifacation methods 
void Push(const Tfe e lt) ;
T Pop(void);

/ /  stack te s t  methods 
in t Size(void) const; 
in t Empty(void) const;

/ /  Stack Clear 
void Clear(void);

friend class Graph;>;
/ /  Default constructor 
template cclass T>
LStackcT>: :LStack(void) O

/ /  Default Destructor 
template cclass T>
LStackCT>: : "LStack(void)

Clear 0 ;

/ /  LinkedList method InsertFront() inserts item at rear
template Cclass T>
void LStackCT>::Push(const T& e lt){

stLi s t . InsertF ron t(e lt).
>

/ /  LinkedList method DeleteFrontO removes item from front 
template cclass T>
T LStackCT>::Pop(void)•C

/ /  Test for an empty queue and terminate i f  true 
i  f (s tL is t . i  sEmptyOH

cerr cc "Calling Pop() for an empty stack!" cc endl; 
/ /  e x i t ( l ) ;
>
return stL ist .DeleteFrontO;

template cclass T> 
in t LStackCT>::Size(void) const 

return stL ist.L istS ize();

template cclass T>
int LStackcT>::Empty(void) const

return s tL is t. isEmptyO ;

template cclass T>
void LStackcT>::Clear(void)

stLi s t .ClearLi s t O ;

#endif

/*******************************************************************
* LibCell.new.h
* Class defin ition  of a c e ll in the ce ll library 
*******************************************************************/

#ifndef LIBCELL.CLASS 
#define LIBCELL.CLASS

ttinclude Ciostream.h>
#include Cfstream.h> 
ftinclude "Node.h"
#include "lsElem.h" 
ftinclude "LinkedList,h" 
ftinclude "Graph.h" 
ftinclude "Pininfo.new.h"

/ /  Definitoin of Cell class 
class LibCell 
<

private:
char * cell.name;
CellType cell.type;
Graph *cGraph;
LinkedListcchar *> *rpn; / /  reverse polish notation of c e ll func 
LinkedListcPin *> *p in list; / /  L ists of a l l  input pins 
in t num.input; 
float cell.area;

public:
LibCellO;
LibCell(char *4 name);
"LibCell(void); / /  Destructor
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void SetName(char *& name); 
char *GetName(void);
in t GetNumlnput(void) { return num_lnput; > 
void SetCellType(CellType ctype);
CellType GetCellType(void);

void SetArea(float cell.area); 
float GetArea(void);

void InsertPin(Pin * pin); 
in t FindPin(Pin *& pin);
in t FindPin(LinkedList<Pin *> *L, char *& pin.name);
Pin *FindOrCreatePin(char *& pin.name, in t feposition, Strap stype*NQNE);

Graph *GetCellGraph(void);
LinkedList<char *> *GetFunc(void);
LinkedList<Pin *> *GetPinList(void);

return (-1);

Pin * LibCell::FindOrCreatePin(char *k pin name, in t ftposition, Strap 
{

position * -I ;

if((position  ■ FindPin(pinlist, pin.name)) 
pinlist->R eset(position); 
return pinlist->D ata();>

else {
Pin *tmpPin * new Pin; 
tmpPin->SetPinName(pin_name); 
tmpPin->SetStrap(stype); 
InsertPin(tmpPin); 
return tmpPin;}

- 1){

/ /  Constructor 
LibCell::LibCell()

cell name = (char *)calloc(2, sizeof(char));
cell.type = UNKNOWN;
cGraph = new Graph;
rpn = new LinkeaListCchar *>;
p in lis t  = new LinkedList<Pin *>;
num.input = 0;
cell.area  ■ 0.0;>;

/ /  Destructor 
LibCell::"LibCell()

free(cell_name); 
delete cGraph; 
delete rpn; 
delete p in lis t;

>;
void LibCell::SetName(char *k name){

in t cname_len, new len; 
cname_len = strlen(cell.nam e); 
new.len = strlen(name);

if(cname.len !» new.len II strcmp(cell_name, name)!=0){ 
cell.narae = (char *)realloc(cell_name, new_len+2); 
strcpy(cell_name, "");

strcpy(cell name, name);
>
char * LibCell::GetName(void) { return cell.name; >

void LibCell::SetCellType(CellType ctype)
{

cell_type ■ ctype;
>

CellType LibCell::GetCellType(void) {return cell.type;}

void LibCell::SetArea(float area) {cell.area * area;} 
float LibCell::GetArea(void) {return cell.area;}

/ /  Insert a Pin into p in ll is t  and set i t s  node id. 
void LibCell::InsertPin(Pin * pin)

pin->SetPinId(num_input); 
pinlist->InsertRear(pin); 
num_input++;

}
/ /  Find a Pin usung Pin pointer by searching p in lis t 
in t LibCell::FindPin(Pin *& pin)
{

in t item.position » -1;
char *target_pin * pin*>GetPinName();
char *search_pin;
Pin *tmpPin;

if(pinlist->front->Next !■ pin list->rear){
for(pinlist->R eset(); !pinlist->EndOfList();pinlist->Next()){ 

item.position++; 
tmpPin * p inlist->D ata(); 
search.pin » tmpPin->GetPinName(); 
i f  (strcmp(search_pin, target_pin)“ 0){ 

return item.position;
}

}
}
return (-1);

}
/ /  Find a Pin using "pin.name" by searching in rpn L ist, 
in t LibCell::FindPin(LinkedList<Pin *> *L, char *& pin.name)
{

in t item.position «* -1; 
char *target_pin -  pin.name; 
char ■•■search.pin;
Pin *tmpPin;

if(L->front->Next !» L->rear){
for(L->Reset(); !L->EndOfList();L->Next()){ 

item_position++; 
tmpPin ■ L->Data(); 
search.pin ” tmpPin->GetPinName(); 
i f  ( strcmp( sear ch.pin, target .pin) « 0 ) { 

return item position;
}

}
}

/ /  returns Graph class pointer for a cell 
Graph * LibCell::GetCellGraph(void)
{

return cGraph;}
/ /  returns rpn l i s t  pointer
LinkedList<char *> + LibCell::GetFunc(void)

return rpn;
}
/ /  returns Pin l i s t  pointer
LinkedList<Pin *> * LibCell: :GetPinList(void) {

return p in lis t;
}
#endif

/****************************«**************************************
* Read_eqn.cc
* Reads SLIF equations which is  equivalent to netn ist**************************** ♦♦♦if**#******'***'*****!********!*****!*****/

ftinclude <fstream.h> 
ftinclude <stdlib.h> 
ftinclude <ctype.h> 
ftinclude <stnng.h> 
ftinclude <stdio.h>
//STL
ftinclude <string> 
ftinclude "ecpi.stack.h" 
ftinclude "eon.opr.h" 
ftinclude "LinkedList.h" 
ftinclude "Stack.h" 
ftinclude "Node.h" 
ftinclude "Graph.h"

/ /  checks i f  character is  an operator or parentheses 
in t isoperator(char ch)

i f  (ch - -  '+ ’ | |  ch — ’ ' | |  ch »■ | |  ch - -  ’ ( ’ llch ■■ ’- ’){
return 1;

}else {
return 0;

> }
/ /  checks i f  character is  a whitespace character 
in t iswhitespace(char ch){

/ / i f  (ch »■ ' * | |  ch -» ’\ t ’ II ch -» ’Xn’) 
i f  (ch ■» ’Nn’) 

return 1; 
else

return 0;
}
/ /  th is  routine eat consecutive new line  characters 
in t new_line.eatup(ifstream ftfin){

char ch;
/ /  new line char eatupO 
while ((ch“fin .get()) -« ’\n ’){ 

continue;
}
fin.putback(ch); 
return 0;}

/ /  th is  routine eatup a line  u n til i t  sees a line  char, 
in t rdeqnLineEatup(ifstream fefin)
{

char ch;
/ /  new line char eatupO 
while ((ch-fin.getO ) !■ ’\n ’){ 

continue;

//fin.putback(ch); 
return 0;

}
/ /  error handling function 
void e rro r(in t n)

/ /  table gives the d ifferent error messages 
s ta tic  char *errormsgs[] •  {

"Operator expected",
"Operand expected",
"Missing le f t  parenthesis".
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>;
"Missing right parenthesis", 
"Invalid input"

Node *tmpNode; char *temp=NULL; 
int pos, token_len;

11 the parameter n is  an error message index 
/ /  prin t the message and terminate the program 
cerr «  errormsgs[n] «  endl; 
e x i t ( l ) ;>

/ /  Copy a character s tring  form source to destination
char *rdeqnCopyCharString(ifstream &f in, const char *src_str)
{

in t src.len; 
char ch, *dest_str;

src .len  = str len (s rc_ s tr); 
ch ■ fin.peekO; 
if(src_len  > 64 ){

d e st.s tr  = (char *)calloc(65, sizeof(char)); 
strncpy(dest_str,src_str, 64); 
i f  (src_str [src_len-l] ; ’){

char *tmp_str = new char[src_len-l]; 
strcpy(tmp_str, s r c .s t r ) ; 
tmp_str[src_len-l] * AO’ ;
cout«"String \ " ,,« tm p_str«"\"  has more than 64 charatersAn" 

« " I t  is  truncated to 64 characters.. . ,\n\n"; 
free(tmp_str);

} else {
cout«"String \" "« s rc _ s tr« " \"  has more than 64 charatersAn" 

« " I t  is  truncated to 64 characters. . .  An";

}else if(ch==At ’ I Ich==’ ’){
dest_str * (char *)calloc(src_len +1, sizeof(char)); 
strcpy(dest_str,src_str);

> else { / /  the la s t char is  ’ ; ’
dest_str * (char *)calloc(src_len+l , sizeof(char)); 
s trc p y (d es t.s tr .s rc .s tr) ; 
dest s tr[s rc  len-1] = AO’;>

return dest s tr ;>
void rdeqnSetGraphName(Graph *eGraph, ifstream &fin, const char *token)
{

char *temp_str, ch, last_char;

temp.str ■ rdeqnCopyCharString(fin, token); 
eGraph->SetName(temp.str); 
last.char = token[strlen(token)-l]; 
if(last_char !* ’ ; ’){

while((ch=fin.get())!■*;’){
i f  (! (ch” ' 511 ch“** A t ’ I lch== An’ I |ch*“ ’ ; ’)){

cout«"Module name is  not terminated with V ;V A n";
cout«"Program is  halted.................\n";
exit(O);>

continue;>
free(tem p.str);>

/ /  Reads words separated by * ’ , and create input nodes for a Graph 
//Node *rdeqnCreateInputNodes(Graph *eGraph, ifstream ftfin, char *token) 
void rdeqnCreatelnputNodes(Graph *eGraph, ifstream ftfin, char *token)
<

Node *tmpNode; char *temp; 
in t pos, token.len;

while(i){
fin  »  token;
token.len ■ strlen(token); 
temp ■ (char *)calloc(2, sizeof(char)); 
i f  (token.len !■ 1 fc& token.len > OH 

i f  (token[token_len-l] ■* ’ ; ’){
temp * (char *)realloc(temp, token_len+2); 
strcpy(temp, token); 
temp[token_len-l] ■ AO’;

> else {
temp » (char *)realloc(temp, token_len+3); 
strcpy(temp, token);

> else {
strcpy(temp, token); 
i f  (token[token_len-l] «* ’ ; ’){ 

break;>>
pos - i ;
tmpNode-eGraph->FindOrCreateNode(temp, pos, PRIMARY.INPUT, NODE.PI); 
if(pos !- -1){

cout«"Input node "«tem p«" has already been in the Graph An”; 
cout«temp«" is  a duplicated input node.\n"; 
cout«"Program is  halted. . . An";

 ̂ exit(O);

free(temp);
i f  (token[token.len-1) ’ ; ’){

break;

/ /  Reads words separated by ’ ’ , and create input nodes for a Graph 
//Node *rdeqnCreateOutputNodes(Graph *eGraph, ifstream &fin, char *token) 
void rdeqnCreateOutputNodes(Graph *eGraph, ifstream ftfin, char *token)
{

while(l){
fin  »  token;
token.len ■ strlen(token); 
temp • (char *)calloc(2, sizeof(char)); 
i f  (token.len !* 1 && token.len > 0){ 

i f  (token[token_len-l] ■* ’ ; ’){
temp * (char *)realloc(temp, token_len+2); 
strcpy(temp, token); 
temp[token_len-l] * AO’;

> else {
temp * (char *)realloc(temp, token_len+3); 
strcpy(temp, token);>

> else {
strcpy(temp, token); 
i f  (token[token_len-l] ** ’ ; ’){ 

break;>
pos ■ - 
tmpNode;

-l;
eGraph->FindOrCreateNode(temp, pos, PRIMARY.OUTPUT, NODE.PO); 

if(pos !■ -1H
cout«"Output node \ ’"«temp

« " \ ’ has already been in the Graph An"; 
cout«"Program is  h a lte d ... An"; 
exit(O);

free(temp);
if  (token[token_len-l] ■■ ’ ; ’){ 

break;>

void
rdeqnProcessOperand(Stack<char *> &OperandStack,■C

char ch, *temp.name; 
char *node_name; 
int name.len, i  ■ 0;

/ /  ’ ; ’ : the end of a statement (eqn, io def, comment)
temp.name = (char *)calloc(65, sizeof(char)); 
while ((ch=fin.peek())) { 

fin.get(temp.name[i++]); 
ch=fin.peek();
if  (isoperator(ch) II (ch ** * ;’) 11(ch * -’) ’) 11 (ch '

ifstream fcfin, in t ftrank)

> break;
A ” )H

if  (i>63){
cout«"Node name "«temp_name«'
cout«"Program is  terminating............
free(temp.name); 
ex it(0 );

> else {
name.len ~ strlen(temp.name); 
node.name * (char *)calloc(name.len 
strcpy(node.name, temp.name); 
free(temp name);>

#ifdef READ.EQN.DEBUG
cout «  "node name -  " «  node.name ; 
cout «  " rank * "«rank «end l;

#endif

is  too long (>64 chars)An"; 
 \n";

1, sizeof(char));

/ /  rank of operand is 
rank++;

1. accumulated rank must be 1

#ifdef READ.EQN.DEBUG
cout«"node name ” "«node.name«" rank “ "«rank«endl;

#endif
i f  (rank > 1) error(OperatorExpected);

/ /  push the operand on the operand stack 
OperandStack.Push(node name);>

/ /  Pop-up an operand from OperandStack one time and create a new node 
/ /  by concanating "V", and put the new node-name into OperandStack 
void rdeqnProcessInvOperator(Graph *eGraph, Stack<char *> ftOperandStack) {

Node *tmpNode, *tmpNodel;
char *node_name, *temp.name;
in t name.len, position, positionl;

node.name » OperandStack.PopO;

tmpNode -  eGraph->FindOrCreateNode(node.name, position); 
i f  (tmpNode->GetNodeType() — UNASSIGNED) { 

tmpNode->SetNodeType(INTERNAL);>

e is  too long An" 
• \n";

name.len -  strlen(node.name); 
if(name.len > 64){

cout«"Node "«temp.name«"\’s : 
cout«"Program is  terminating . 
ex it(0 );>

temp.name -  (char *)calloc(name.len + 2, sizeof(char)); 
strcpy(temp_name, node.name); 
strcat(temp.name, "\AO");
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tmpNodel = eGraph->FindOrCreateNode(temp.name, positionl); 
i f  (tmpNodel->GetNodeType() — UNASSIGNED) { 

tmpNodel->SetNodeType(INTERNAL);

i f  (tmpNodel->GetNodeFunc() != NODE.INV) { 
tmpNodel->SetNodeFunc(NODE INV);>

/ /  Insert tmpNode into the fa n in .lis t  of tmpNodel 
i f  (positionl — -1) {

tmpNodel->InsertFanin(tmpNode);>
/ /  Insert tmpNodel into the fanout_list of tmpNode 
i f  (positionl — -1) {

tmpNode->InsertFanout(tmpNodel);
>
free(temp.name);
free(node.name); //(I)when a node is  created 
node.name * tmpNodel->GetName();
OperandStack.Push(node.name);

SetName(char *) allocate mem

/ /  This routine is activated by looking ’ ’ .
void rdeqnProcessAOperator(Graph *eGraph, Stack<EqnOperator> feOperatorStack,

Stack<char *> ScOperandStack, 
ifstream ftfin, char &ch, in t ftrank)<

char tmp.ch;
EqnOperator oprl,opr2;

i f  (ch - = ’ ’) {  
tmp.ch * ch; 
while (fin.get(ch)) {

if  (ch — ’+’ II ch — ’ = ’ II ch == ’*’) { 
tmp.ch « ch;

i f  (lisoperator(ch) && ch != ’\n ’) {
fin.putback(ch); / /  to process la te r
ch « tmp.ch;
break;

else if  (ch — ’ ( ' II ch — ’V ’) { 
if(ch!=’ ’X

f in .putback(ch);>
ch -  tmp.ch; 
break;>

/nty

void rdeqnFaninFanoutNodeCheck(Graph *eGraph)
Node *curNode;
LinkedList<Node *> *gateList, *finList, *foutList; 
int error * 0;

gateList ■ eGraph->GetGateList();
for(gateList->Reset( ) ; !gateList->EndOfList();gateList->Next()){ 

curNode = gateList->Data(); 
finList -  curNode->GetFaninList(); 
foutList ■ curNode->GetFanoutList();
if(finList->isEmpty() &k (curNode->GetNodeType()—INTERNAL I I

curNode->GetNodeType()—PRIMARY.OUTPUT)){
error = 1;
cout «  "Error :: Node "<<curNode->GetName()

«  " is  not driven by any nodes.\n";
>
if(foutList->isEmpty()){

i f  (curNode->GetNodeType () —INTERNAL) { 
error * 1;
cout «  "Error :: Node "«curNode->GetName()

«  " does not drive any nodes.\n";
}else if(curNode->GetNodeType()—PRIMARY.INPUT){

cout «  "Warning :: Input node M«curNode->GetName()
<< " does not drive any nodes.\n";>

> }
if(e rro r) exit(O);>

/* The purpose of th is reoutine is  to rearrange fanin and fanouts related
* to FuncType-NODE.UNDEFINED afte r reading the given logic network.
* This happens a fte r a fte r processing of assignment operation 

like  n -  $12;

ch!=’ ; ’){
/  r ank of each operator other than *(’ is  -1.

/ /  accumulated rank should be 0 
i f  (ch !- ’ ( ’) / /  r ank of ’ ( ’ is  0

rank—; 
i f  (rank < OH

cout«"Operator Processing . . .\n " ; 
error(OperandExpected);>

i f ( c h ! - ’ ; ’ M
/ /  Build a MathOperator object holding current operator.
/ /  Pop the operator stack and evaluate as long as the operator on the
/ /  top of the stack has a precedence >- that of the current operator.
/ /  Push the current operator on the operator stack
oprl -  EqnOperator(ch);
while(!OperatorStack.StackEmpty() &ft

(opr2*0peratorStack.Peek())>» opr1){ 
opr2 ■ OperatorStack.PopO; 
opr2.Evaluate(*eGraph, OperandStack);>

OperatorStack.Push(oprl);

/ /  Check the c ircu it a fte r equation reading i f  there are any nodes whose 
/ /  function are NODE.UNDEFINED due to  intermediate node in  the equation. 
/ /  I f  any, p rin t the undefined nodes and stop running, 
void rdeqnCheckUndefinedNodes(Graph *eGraph)

LinkedList<Node *> *gateList;
LinkedList<Node *> *undefList ■ new LinkedList<Node *>;
Node *curNode;

gateList « eGraph->GetGateList();
for(gateList->Reset(); !gateList->EndOfList();gateList->Next()){ 

curNode * gateList->Data(); 
i f  (curNode->GetNodeFunc ()—NODE.UNDEFINED) < 

undefList->InsertRear(curNode);>>
if(undefList->ListSize()>0){
cout«"\n  This c ircu it has UNDEFINED nodes...................\n";
cout«" Please ckeck the input f i le ,  and remove the following " 

«"intermediate node(s). An";
(void)eGraph->PrintNodesOfList(undefList); 
delete undefList;

^ e x it( l) ;

delete undefList;

* Example)
* ------Before using th is routine
* 10 : $10 INTERNAL(3) NODE AND 10 fanin :: $9 a fanout : $12
* 11 : b ’ INTERNAL(3) NODE INV 11 fanin :: b fanout : $12 $16 $22
* 12 : $12 INTERNAL(3) NODE AND 12 fanin :: b ’ $10 fanout : n
* 13 : n INTERNAL(3) NODE.UNDEFINED 13 fanin : $12 fanout : n ’ $18
* 14 : n ’ INTERNAL(3) NODE.INV 14 fanin :: n fanout : eO $24
* 18' : $18 INTERNAL(3) N0DE.0R 18 fanin :: n $17 fanout ; nl* 19 : nl INTERNAL(3) NODE.UNDEFINED 19 fanin : $18

* 24’ : $24 INTERNAL(3) NODE.OR 24 fanin :: n ’ $23 fanout : P
* 25 : p INTERNAL(3) NODE.UNDEFINED 25 fanin : $24 fanout : p ’
* ------After using th is routine
* 10 : $10 INTERNAL(3) NODE AND 10 fanin :: $9 a fanout :: n
* 11 : b ’ INTERNAL(3) NODE INV l i  fanin :: b fanout :: n $16 $22* 12 : n INTERNAL(3) NODE AND 12 fanin :: b ’ $10 fanout :: n ’ nl* 13 : n ’ INTERNAL(3) NODE.INV 14 fanin ;: n fanout ;: eO p
* i f  : nl INTERNAL(3) NODE.OR 18 fanin :: n $17

* 22 : p INTERNAL(3) NODE.OR 24 fanin :: n ’ $23 fanout :: p ’
*/u Finds undefined nodes and rearrange the surrounding node’s fanin/fanouts

in t rdeqnFindUndefinedNodeAndRearrange(Graph *eGraph)

Node * undefNode, *fNode, *tNode, *undefFoNode;
Node *tInNode;
LinkedList<Node *> *undefInList, *undefOutList, *undefInOutList; 
LinkedList<Node *> *tNodeInList;

char *undef.name, *tNode_name, *tInNodeName;
in t index * -1, num.deleted “ 0, position “ -1, num.fanout;
in t undef.len;

in t un.pos, num.gate;
LinkedList<Node *> *fNodeInList gateList; 

new LinkedList<char *>;LinkedList<char *> *delList 
NodeFunc node.func;

gateList * eGraph->GetGateList();

(void)rdeqnFaninFanoutNodeCheck(eGraph);

//Fanin Fanout Rearrange for the node (NODE.UNDEFINED) 
for(gateList->Reset(); !gateList->EndOfList();gateList->Next()){

\mdefNode -  gateList->Data(); 
if(undefNode->GetNodeFunc()!-NODE.UNDEFINED) < 

continue;
Jelse {

undef.name -  undefNode->GetName(); 
delList->InsertRear(undef.name);

undeflnList -  undefNode->GetFaninList(); 
undefOutList -  undefNode->GetFanoutList();

/ /  Undef.Node always has only one input node, 
if(!undefInList->isEmpty() kk undefInList->ListSize()--l){ 

undefInList->Reset();
tNode • undefInList->Data(); //Target Node 
tNode->SetName(undef_name); //replace node with undef node. 
tNode.name -  tNode->GetName();

/ /  i f  undef.node’s fanout is  neither mfp nor NODE.INV 
/ /  041001
if  (undef GutList->ListSize() ** 1H

undefFoNode -  undef0utList->Data(0); 
node.func -  undefFoNode->GetNodeFunc();
if(node.func !- NODE.INV kk tNode->GetNodeFunc()—NODE.INV){ 

tNodelnList -  tNode->GetFaninList(); 
tlnNode -  tNodeInList->Data(0); 
tlnNodeName -  tInNode->GetName();

undef.len -  strlen(undef.name); 
if  (undef .namefundef _len-l] - -  ' \ ” H

tlnNodeName -  (char *)calloc(undef.len+l, sizeof(char)); 
strcpy(tInNodeName, undef.name);
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tlnNodeName[undef_len-l] = ’\0 ’ ; 
tInNode->SetName(tInNodeName); 
free(tlnNodeName);

> else {
tlnNodeName = (char ♦)calloc(undef_len+2, sizeof(char)); 
strcpy(tInNodeName, undef.name); 
strcat(tInNodeName, " \ ’\0"); 
tInNode->SetName(tInNodeName); 
free(tlnNodeName);

>
> //041001

/ /  Undef.node’s input’s output nodeList update 
undeflnOutList 58 tNode->GetFanoutList();
i f  0 undef InOutList->isEmpty()&&undef InOutList->ListSize()“ l)-[ 

undefIn0utLi5t->Reset();
(void )undefInOutList->DeleteCurrentElem(); 
tNode->SetNumFanout(tNode->GetNumFanout()-l); / /  numfanout—

/♦ The #fanout(s) of the undefined.node can be more 
* than one nodes ♦/

position ■ -1;
i f ( (numfanout -  undefOutList->ListSize())!=0){

for(undefOutList->Reset();!undefOutList->EndOfList();
undefOutList->Next()){ 

fNode ■ undefOutList->Data(); / /  undefNode’s fanouts 
/ /  change fNode(fanout of undef.node)’s fanin 
fNodelnList * fNode->GetFaninList();
/ /  find undef.node position and replace i t  with new in 
un.pos ■ eGraph->FindNode(fNode!nList, tNode.name); 
if(un_pos < 0) continue; 
fNodeInList->Reset(un.pos); 
fNodelnLi st->DeleteCurrentElem();
fNode->SetNumFanin(fNode->GetNumFanin()-l); / /  numfain— 
fNode->InsertFanin(tNode);

tNode->InsertFanout(fNode);

eGraph->SetNumGate(eGraph->GetNumGate()-1); 
num_deleted++;

/ /  Deleting node in delList from allnodes in Graph 
position = -1;
for(index = 0; index <num_deleted; index++){ 

for(gateList->ResetO; !gateList->EndOfList();gateList->Next()){ 
undefNode * gateList->Data(); 
undeflnList * undefNode->GetFaninList(); 
node func ■ undefNode->GetNodeFunc();
if((node.func — NODE.UNDEFINED) && (undefInList->ListSize()-»l)){ 

(void) gateList->DeleteCurrentElem(); 
num.gate = eGraph->GetNumGate(); 
eGraph->SetNumGate(num_gate—); 
break;

delete delList; 
return num deleted;>

/ /  Retrieve a node’s inverted node from gateList of eGraph
Node * rdeqnFindReversedPolarityNode(Graph ♦eGraph, Node ♦targetNode)•C

LinkedList<Node ♦> ♦gateList;
Node ♦invNode;
char ♦targetName, ♦tmpName;
in t tmp.name.len, num.gate, pos * -1;
NodeFunc targetFunc;

tmpName ■ targetNode->GetName(); 
tmp.name.len « strlen(tmpName); 
targetFunc ■ targetNode->GetNodeFunc();

i f  (tmpName [tmp _name_len-l] ’\ ” ){
targetName -  (char ♦)calloc(tmp_name_len+l, sizeof(char)); 
//strncpy(targetName, tmpName, strlen(tmpName)-l); 
strcpy(targetName, tmpName); 
targetName [tmp _name_len-l] * ’\0 ’ ;

> else {
targetName ■ (char *)calloc(tmp_name_len+2, sizeof(char)); 
strcpy(targetName, tmpName); 
strcat(targetName, "V \0");>

gateList -  eGraph->GetGateList();
num.gate -  gateList->ListSize();
pos ■ eGraph->FindNode(gateList, targetName);

if(pos !■ -1 ft& pos < num.gate){ 
gateList->Reset(pos); 
invNode -  gateList->Data();

if(targetFunc *■ N0DE.P0 && targetNode->GetNumFanout()>0){ 
invNode * NULL;

> else i f  (targetFunc **“ NODE.PO targetNode->GetNumFanout()“ 0){
invNode » targetNode;

> else ■(
invNode -  NULL;

> }
free(targetName); 
return invNode;

void rdeqnChangeNodeFunction(Node *curNode)
NodeFunc curFunc;

curFunc * curNode->GetNodeFunc(); 
i f  (curFunc—NODE.OR)

curNode->SetNodeFunc(NODE_NOR);
} else if(curFuncMNODE_AND){

curNode->SetNodeFunc(NODE.NAND);
> else {

cout«"Error : In rdeqnChangeNodeFunctionO, current node func is not" 
« "  OR or AND.\n Current node func is  M«(int)curNode->GetNodeFunc() 
« " \n " ; 

ex it(0 );>>
void rdeqnConvertList2Queue(Queue<Node *> ♦foQ, LinkedList<Node ♦> ♦inList)

Node ♦curNode;

for(inList->Reset(); ! inList->EndOfList( ) ;inList->Next()){ 
curNode = inList->Data();

 ̂ foQ->QInsert(curNode);

/ /  Create a INV node and rearrange curNode and newNode’s fanin/fanout 
Node ♦rdeqnCreatelNVNode(Graph ♦eGraph, Node ♦curNode, char ♦new.name, 

in t dummy * 0)

Node ♦newNode * new N ode, ♦foN ode;
LinkedList<Node *> ♦cur.foList, ♦new.foList;
//LinkedList<Node ♦> ♦cur.foList, ♦new.fiList, ♦new.foList;
/ / in t  node.id, cur.foList.Size, i; 
int i ;
Queue<Node ♦> ♦foQ * new Queue<Node ♦>; 
char ♦fo.name;
NodeFunc curNodeFunc;

/ /  1) Create a new INV node 
newNode->SetName(new.name); 
newNode->SetNodeId(eGraph->GetSize()); 
eGraph->SetSize(eGraph->GetSize()+l);

if  (dummyH
newNode->SetNodeType(DUMMY); //10-01-00

newNode->SetNodeType(INTERNAL);>
/ /  node.id, name, fanin/outnewNode->SetNodeFunc(NODE.INV); 

newNode->InsertFanin(curNode);

/ /  2) Rearrange curNode and newNode’s fanin/fanout 
curNodeFunc ■ curNode->GetNodeFunc(); 
if(curNodeFunc !■ NODE.PO && curNodeFunc !* N0DE_PI){ 

new.foList ® newNode->GetFanoutListQ; 
cur.foList ■ curNode->GetFanoutList();

(void)rdeqnConvertList2Queue(foQ, cur.foL ist); 
while( !foQ->QBnpty()){

foNode * foQ->DeQueue(); 
fo.name •  foNode->GetName(); 
newNode->InsertFanout(foNode):
i f  ( ( i“eGraph->FindNode(cur.foList, fo.name)) !—lH  

cur_foList->Reset(i); 
cur_foList->DeleteCurrent();
curNode->SetNumFanout(curNode->GetNumFanout()-l);//numfanout—

curNode->InsertFanout(newNode);

> else i f  (curNodeFunc ■* NODE.PO li curNodeFunc***NODE_PI) { 
curNode->InsertFanout(newNode);

delete foQ; 
return newNode;>

/ /  Change curNode Func (ex: OR -> NOR), create newNode, and add to gateList 
void rdeqnReverseNodeFuncAndInsertInverter(Graph ♦eGraph, Node ♦curNode)

//char ♦new.name, ♦cur.name, ♦cur.fo.name;
char ♦new.name, ♦cur.name;
char ♦tmp.char;
in t cur.name.len, pos * -1;
LinkedList<Node ♦> ♦gateList, ♦cur.foList, ♦fiL ist;
Queue<Node ♦> ♦foQ * new Queue<Node ♦>;
Node ♦newNode, ♦foNode;
NodeFunc curFunc;

cur.name -  curNode->GetName(); 
cur.name.len * strlen(cur.name);

curFunc ■ curNode->GetNodeFunc(); 
i f  (curFunc !- NODE.PO curFunc !- N0DE_PI){ 

cur.foList ■ curNode->GetFanoutList();
/ /  delete curNode from curNode fanout node's fanin node; 
for(cur_foList->Reset(); !cur_foList->EndOfList();cur_foList->Next()){ 

foNode ■ cur_foList->Data(); 
fiL ist " foNode->GetFaninLlat(); 
pos ■ eGraph->FindNode(fiList, cur.name); 
if(pos !■ -1){

fiList->Reset(pos);
fiList->DeleteCurrent(); / /  delete curNode from cur fo ’s fanin 
foNode->SetNumFanin(foNode->GetNumFanin()-l); / /  numfanin—

^ foQ->QInsert(foNode);

/ /  Deleting current node’s fanout l i s t  (in case of more than 1 fanout) 
/ /  Happens in "cml62a" , mod: 10-03-00 
//-if(cur_foList->ListSize()>0){
/ / -  for.each(cur.foList){
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11- cur_foList->DeleteCurrent();
/ / -  curNode->SetNumFanout(curNode->GetNumFanout()-l) ;11 numfanout-//- >//->
/ /  new name for INV node (new.name ■ cur.name) 
new.name = (char *)calloc(cur_name_len+2, sizeof(char)); 
strcpy(new.name, cur.name);

/ /  new name of curNode (cur.name = cur.name') 
if(cur.name[cur name_len-l]t8 ’V ’){

cur.name * (char *)realloc(cur_name,(cur_name_len+2)); 
strcat(cur.name, "V \0");

> else {
tmp.char » (char *)calloc(cur_name_len+l, sizeof(char));
strcpy(tmp_char, cur.name);
tmp.char[cur_name_len-l] = ’\0 ’ ;
strcpy(cur_name, tmp.char);
free(tmp.char);

curNode->SetName(cur_name);
(void)rdeqnChangeNodeFunction(curNode);

> else {
/ /  new name for INV node
new.name = (char *)calloc(cur_name_len+2, sizeof(char)); 
strcpy(new.name, cur.name); 
strcat(new name, "V\Q");>

/ /  NewNode : type -> Internal, func—>N0DE_INV 
if(curFunc==NODE_PO II curFunc==NODE.PI){ / /  10-01-00

newNode * rdeqnCreateINVNode(eGraph, curNode, new.name, 1); 
y else {

newNode -  rdeqnCreateINVNode(eGraph, curNode, new.name);
>
/ /  Insert new node into eGraph
gateList = eGraph->GetGateList();
pos = eGraph->FindNode(gateList, cur.name);
gateList->Reset(pos);
gateList->InsertRight(newNode);

eGraph->SetNumGate(eGraph->GetNumGate()+l); //(eGraph->numgate)++

/ /  Insert newNode as a curNode's fanout nodde's fanin 
while(!foQ->QEmpty()){

foNode * foQ->DeQueue(); 
foNode->InsertFanin(newNode);

free(new.name); 11(1, 0131) 
delete foQ;

11 Performs network transformation by adding inverters at the non-inverted 
/ I  nodes where their inverted signal doen not exist, 
void rdeqnAddlnverterNodes(Graph *eGraph)
{

LinkedList<Node *> *gateList;
Node *curNode, *invNode; 
char *curName; 
in t num.fo;
NodeType node.type;
NodeFunc node.func;
Queue<Node *> *Q * new Queue<Node *>; 

gateList » eGraph->GetGateList();
for(gateList->Reset( ) ; !gateList->EndOfList( ) ;gateList~>Next()){ 

curNode -  gateList->Data();
^ Q->QInsert(curNode);

while(!Q->QEmpty()){
curNode -  Q->DeQueue();
curName -  curNode->GetName();
node.type ■ curNode->GetNodeType();
node.func “ curNode->GetNodeFunc();
num.fo “ curNode->GetNumFanout();
if(num_fo--0 AA node.func~N0DE.PI) continue;

if(node.func !» NODE.INV){
invNode » rdeqnFindReversedPolarityNode(eGraph, curNode); 
if(invNode **• NULL AA (node.type ■■ INTERNAL II

node_func“ NQDE_PO AA num.fo >0 II node.func-*NODE_PI)) { 
ttifdef READ.EQN.DEBUG

cout«"Target Nodes : ,,«curNode->GetName()«H\n,,;
#endif

(void)rdeqnReverseNodeFuncAndlnsertlnverter(eGraph, curNode); 
Jelse {

#ifdef READ.EQN.DEBUG
cout«"curNode ■ ’'«curNode->GetName()«"\n,';

#endif

> delete Q;

/ /  Global Depth
I* 10-23-00 In itia liz e  global depth for match pin assignment based on 
* depth. Here, global.depth in node CLASS is  newly introduced 
*1

/ /  returns the number of fanins that are already visited .
in t rd depthAreAHFaninsVisitedGetMaxInDepth(Node * curNode, in t fan ax depth)

LinkedList<Node *> *finList;
Node *inNode;
in t count * 0, v isited , gLevel; 

max.depth » 0;
finList ■ curNode->GetFaninList();
for(finList->Reset(); !finList->End0fList() ;finList->Next()){

inNode 8 finList->Data(); v isited  ■ -1; 
v isited  * inNode->GetVisit(); 
gLevel ■ inNode->GetGLevel(); 
i f  (visited==»l) { 

count ++;
max.depth * Max(max.depth, gLevel);>>

return count;>
in t rd depthIsCurrentNodeInQueue(Queue<Node *> *Q, Node *foNode) {

LinkedList<Node *> *qList;
Node *trapNode;
char *tmp_name, *fo_name;
in t return.val * 0;

if(Q->QEmpty()) return (0); 
fo.name 8 foNode->GetName(); 
qList * Q->QList();
for(qList->Reset( ) ; !qList->EndOfList();qList->Next()){ 

tmpNode -  qLlst->Data(); 
tmp.name ■ tmpNode->GetName(); 
if(strcmp(tmp_name, fo_name)=*0){

> return return.val;

/ /  In itia liz e  Global delpth flag from PI(gdelth * 0) to PO. 
void rd depthInitGlobalDepth(Graph *origNet)

LinkedList<Node *> *piList, *foList;
Queue<Node *> *Q ■ new Queue<Node *>;
Node *curNode, *foNode;
in t num.visit, max.depth, v isited , num.fanin, num.fanout; 
in t glevel;
NodeFunc curFunc;
NodeType curType; 
in t i tr .c n t  ■ 0;

piList * origNet->GetPiList();
for(piList->Reset(); !piList->EndOfList();piList->Next()){ 

curNode 8 piList->Data(); 
curNode->MarkVisit(): 
curNode->SetGLevel(0);
i f ( (num.fanout = curNode->GetNumFanout())**0) continue; 
foList * curNode->GetFanoutList();
for(foList->Reset(); !foList->End0fList();foList->Next()M 

foNode * foList->Data();
i f (!rd.depthlsCurrentNodelnQueue(Q, foNode)){
^ Q->QInsert(foNode);

whi le (! Q->QEmpty () ) -C 
itr_cnt++;
curNode * Q->DeQueue();

num.fanin ■ curNode->GetFaninList()->ListSize(); 
v isited  = curNode->GetVisit();
num_visit8rd_depthAreAllFaninsVisitedGetMaxInDepth(curNode, max.depth); 
if(num_visit**num_fanin AA num.visit >0 AA v isited“»-l){ 

curNode->SetGLevel((glevel » max_depth+l)); 
curNode->MarkVisit();

curFunc -  curNode->GetNodeFunc(); 
curType * curNode->GetNodeTypeO; 
num.fanout 8 curNode->GetNumFanout();

i f  (curFunc—NODE.POft&num.fanout—01 I curType**DUMMY) continue; 
foList 8 curNode->GetFanoutList();
for(foList->Reset(); lfoList->End0fList();foList->Next()){ 

foNode -  foList->Data();
ifOrd.depthlsCurrentNodelnQueue(Q, foNode)){
^ Q->QInsert(foNode);

> else {
if  (! rd.depthlsCurrentNodelnQueue(Q, curNode)Jt&visited-—1) {
 ̂ Q->QInsert(curNode);

I *  / / i f  (glevel > 28 AA DEBUG —1) { 
cout«"Q.length 8 "«Q->QLength()«"\n";
LinkedList<Node *> *tmpList * new LinkedList<Node *>; 
while(!Q->QEmpty()){

tmpNode •  Q->DeQueue(); 
tmpList->InsertRear(tmpNode);

for(tmpList->Reset(); !tmpList->EndOfList();tmpList->Next())< 
tmpNode ■ tmpList->Data();
Q->QInsert(tmpNode);>

origNet->PrintNodesOfList(tmpList); 
delete tmpList;

i'l
delete Q;

-*/I *  ------------- Balanced Graph —

/ /  Reset (-1) v isited  falg for a l l  nodes in a sub-graph except the nodes in 
/ /  PiList of the graph. The v isited  flag of the nodes in  PiList is  set to 1. 
void rd_balResetVisitFlag(Graph ffGraph)

LinkedList<Node *> *piList, *allNodeList;
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Node *aNode; 
char *aNode_name;

piL ist •  fGraph->GetPiList(); 
allNodeList « fGraph->GetGateList();

for(allNodeList->Reset();!allNodeList->EndOfList( ) ;allNodeList->Next()){ 
aNode -  allNodeList->Data(); 
aNode.name =■ aNode->GetName(); 
if(fGraph->FindNode(piList, aNode.name) !- -1){ 

aNode->MarkVisit(1);

aNode->MarkVisit(-l);>

/ /  Returns global depth difference of fanin nodes
/ /  i f  left-heavy , +2, and if  right-heavy -2, else 0 returns.
/ / in t  rd.balGetFaninsGlobalDepthDifference(Node *curNode, Node *hvyNode)
Node *rd balGetFaninsGlobalDepthDifference(Node *curNode, in t ftgdiff)
{

LinkedList<Node *> *finList;
Node *lowNode, *highNode;
NodeFunc lowFunc, highFunc; 
in t low.depth, high.depth;

finList * curNode->GetFaninList(); 
if(finList->ListSize()!=2){

cout<<" Number of fanins are not 2, in " «  FILE__
« "  at line " «  LINE «endl;

exit(O);

lowNode -  finList->Data(0); / /  le f t  
highNode ■ finList->D ata(i); / /  right 
lowFunc = lowNode->GetNodeFunc(); 
highFunc -  highNode->GetNodeFunc(); 
i f ( ! (lowFunc - -  NODE.PI kk highFunc == NODE.PI)){ 

low.depth * lowNode->GetGLevel(); 
high.depth -  highNode->GetGLevel();
gdiff = low.depth - high.depth; 
if(abs(gdiff) < 2 II abs(gdiff) > 10H 

gdiff = 0; 
return NULL;

if(g d iff > 0 ft& lowFunc !- NODE.PO) {
return lowNode; / /  hvyNode = lowNode;

> else if(g d iff < 0 highFunc ! = NODE.POM
return highNode; / /  hvyNode * highNode;

> else {
return NULL;>

> else i
gdiff -  0; 
return NULL;

> >
return (NULL);>

void rd balDoSingleRotation(Graph *origNet, Node *curNode, Node *hvyNode)

LinkedList<Node *> *cfoList, *cfoInList, *cInList;
LinkedList<Node *> *hvfoList, *hvInList, *hvIn_foList;
Node *hvInNode, *cfoNode, *tmpNodeO, *tmpNodel;
char *cur_name, *hvy_name, *hvyln_name, *cfo_name;
in t cur.pos.in.cfoInL—1, hvy_pos_in.cInL=-l, hvIn_pos_in_hvInL*-i;
in t hvy_pos.in_hvInFoL—l; / /  for s c t .s l if
NodeFunc cfo.Func;

cur.name ■ curNode->GetNameO; 
hvy.name * hvyNode->GetName();

/ /  1) Deleting curNode’s fanout form cfoList 
cfoList * curNode->GetFanoutList();
cfoList->Reset(); / /  curNode must have only one fanout
cfoNode -  cfoList->Data();
(void)cfoList->DeleteCurrentElem();
(void)curNode->SetNumFanout(curNode->GetNumFanout()-l);

/ /  2) Deleting curNode from curNode‘s fanout node’s faninList (cfoInList) 
cfoInList * cfoNode->GetFaninList();
cur.pos.in.cfoInL “ origNet->FindNode(cfoInList, cur.name); 
if(cur.pos.in.cfoInL !■ -1){

cfoInList->Reset(cur.pos.in.cfoInL);
(void)cfoInList->DeleteCurrentElem(); 
(void)cfoNode->SetNumFanin(cfoNode->GetNumFanin()-l);>

/ /  3) Deleting curNode from hvyNode’s fanout List (hvfoUst) 
hvfoList » hvyNode->GetFanoutList();
hvfoList->Reset(); / /  hvyNode must have only one fanout
(void)hvfoList->DeleteCurrentElem(); / /  deleting curNode from hvfoL 
(void)hvyNode->SetNumFanout(hvyNode->GetNumFanout0 -1 );

/ /  4) Deleting hvyNode from curNode’s fanin List (clnList) 
clnList -  curNode->GetFaninList();
h v y .p o s .in .e ln L  — o rig N e t-> F in d N o d e (c ln L is t, hvy.nam e); 
i f (hvy.pos_in.cInL !• -1){

cInList->Reset(hvy.pos.in.elnL);
(void)clnList->DeleteCurrentElem();
//de le te  cInList->DeleteCurrentElem();
(void)curNode->SetNumFanin(curNode->GetNumFanin()-l);>

/ /  5) find a node (hvInNode) whose gdepth is  smaller from hvyNode's fanins 
hvInList * hvyNode->GetFaninList(); 
if(hvInList->ListSize()»»2){

tmpNodeO ■ hvInList->Data(0); 
tmpNodel -  hvInList->Data(l);

(tmpNodeO->GetGLevel()>tmpNodel->GetGLevel()) ? hvInNode ■ tmpNodel
: hvInNode ■ tmpNodeO;

hvyln.name * hvInNode->GetName();

cout«"Error :: in " «  FILE <<" at line  " «  LINE <<endl;
exit(O);>

/ /  6) Deleting hvInNode from hvyNode’s fanin List (hvInList) 
hvIn.pos.in.hvInL * origNet->FindNode(hvInList, hvyln.name); 
if(hvIn.pos.in.hvInL != -1){

hvInList->Reset(hvIn.pos.in.hvInL); 
(void)hvInList->DeleteCurrentElem();
//de lete  hvInList->DeleteCurrentElem(); 
(void)hvyNode->SetNumFanin(hvyNode->GetNumFanin()-l);>

/ /  7) Deleting hvyNode from hvInNode’s fanout l i s t  (hvIn.foList) 
hvIn.foList * hvInNode->GetFanoutList();
hvy.pos.in.hvInFoL = origNet->FindNode(hvIn_foList, hvy.name); 
if(hvy.pos.in.hvInFoL != -1){ / /  for s c t .s l if  

hvln.foList->Reset(hvy.pos.in.hvInFoL);
(void)hvln.foList->DeleteCurrentElem();
(void)hvInNode->SetNumFanout(hvInNode->GetNumFanout()-l);>

/ /  8) do rotation by inserting fanins/fanouts 
cfoNode->InsertFanin(hvyNode); 
cfo.Func * cfoNode->GetNodeFunc(); 
if(cfo.Func *= NODE.INV){
/ /  added on 11-11-00 to insure s and s ’ a fte r transform 

cfo.name ■ cfoNode->GetName();
cfo.name * (char *)realloc(cfo.name, strlen(hvy_name)+3); 
strcpy(cfo.name, hvy.name); 
strcat(cfo.name, " \ ’\0 " ) ;>

hvyNode->InsertFanout(cfoNode);

hvyNode->InsertFanin(curNode); 
curNode->InsertFanout(hvyNode);

curNode->InsertFanin(hvInNode): 
hvInNode->InsertFanout(curNode);

>
Node *rd balGetUnBalancedNode(Graph *origNet, in t ftgdiff)

LinkedList<Node *> *gateList;
Node *curNode, *hvyNode * NULL;
NodeFunc curFunc, nvyFunc;
/ / in t  num.fanin, num.fanout, gdiff; 
int num.fanin, num.fanout, hv.fanout;

gateList = origNet->GetGateList();
for(gateList->Reset(); !gateList->EndOfList();gateList->Next()){ 

curNode ■ gateList->Data(); 
curFunc ■ curNode->GetNodeFunc(); 
num.fanin * curNode->GetNumFanin(); 
num.fanout * curNode->GetNumFanout(); 
if(num fanout >■ 2) continue;
if(curFunc !« NODE.PI kk curFunc !- NODE.PO kk num_fanin--2){

hvyNode “ rd_balGetFaninsGlobalDepthDifference(curNode, gdiff); 
if(hvyNode ““ NULL) continue; 
hvyFunc ■ hvyNode->GetNodeFunc(); 
hv.fanout * hvyNode->GetNumFanout();
if(gd iff!-0  kk hvyNode!-NULL && curFunc»*hvyFunc ft&hv.fanout»*l){ 

#ifdef MAKE.BALANCED.GRAPH.DEBUG
cout«''found transformation targe t, node- " 

«curNode->GetName() « ”\n " ; 
cout«"heavy_node -  "«hvyNode->GetName()«endl; 
cout«"gdiff -  "« g d iff« en d l;

#endif
break;

} 0lhvyNode -  NULL;

* 0lhvyNode -  NULL;>>
return hvyNode;>

/ / l )  Calculate global depth (glevel) a t each node after resetting  v is it  flag
//2 ) Check fanin node’s global depth difference at each node (the fanin node
/ /  should be neither MFP nor PO),
/ /  If  the difference is  great than 2 and one of the fanin node type is
/ /  the same as current node, insert the current node into a Queue.
//3) If  the Q is  not empty do Transformation
/ /  else stop
//4) Update global depth (re-calculate global depth)
//5 ) Find un-balanced node (fanin’s gdepth d iff >2) -> Q
//5) Repeat step (3)
void rd balMakeBalancedGraph(Graph *origNet)

LinkedList<Node *> *hv_foList;
Node *curNode, *hvyNode; 
in t gdiff;
Queue<Node *> Q;

(void)rd.balResetVisitFlag(origNet);
(void)rd.depthlnitGlobalDepth(origNet);

(void)origNet->PrintAHNodes();

/ /  1) find a node which is  un balanced —> Q 
hvyNode -  rd_balGetUnBalancedNode(origNet, gdiff); 
if(hvyNode !- NULL){

hv.foList * hvyNode->GetFanoutList();
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if(hv_foList->ListSize() !« 1){ 
cout«"Error ;: in " «  FILE_.

curNode ■ hv.foList->Data(0);

Q.QInsert(curNode);
Q.QInsert(hvyNode);

« "  at line  " «  LINE «endl;
delete gateList->DeleteCurrentElem();

> else {
cout«"Node "<<del_name<<"V is  not found in gateList.
cou t«"in  " «  FILE « "  at line  "<< LINE <<’'\n";
exit(O);

/ /  2) while Q is  not empty 
while (! Q. QEmptyO ) {

/ /  2.1) dequeue 
curNode * Q.DeQueueO; 
hvyNode ■ Q.DeQueueO;

/ /  2.2) do_rotate
(void)rd_balDoSingleRotation(origNet, curNode, hvyNode); 
(void)rd.balResetVisitFlag(origNet); 
(void)rd_depthInitGlobalDepth(origNet);

#ifdef MAKE.BALANCED.GRAPH.DEBUG
(void)origNet->PrintAllNodes 0 ;

#endif

/ /  2.3) find a node which is  unbalanced —> Q 
hvyNode * rd_balGetUnBalancedNode(origNet, gdiff); 
if(hvyNode !* NULL){

hv.foList ■ hvyNode->GetFanoutList(); 
if(hv_foList->ListSize() !* 1){

cout«"Error :: in " «  FILE « "  a t line  ’’«  LINE «endl;
> else <
^ curNode ■ hv_foList->Data(0);

Q.QInsert(curNode);
Q.QInsert(hvyNode);

> }
(void)rd_balResetVisitFlag(origNet);>

void rdeqnRemove2InvsInSeries(Graph *origNet, Node *curNode, Node *foNode)■C
LinkedList<Node *> *gateList, *finList, *in_foList, *fo_foList;
LinkedList<Node *> *fo.folnList;
Node *inNode, *fo_foNode; 
char *del_name, *foName; 
in t in.foSize, n, pos;

gateList ■ origNet->GetGateList(); 
finList ■ curNode->GetFaninList(); 
foName ■ foNode->GetName();

i f  (finList->List Size 0**1) {
inNode * finList->Data(0); / /  curNode’s fanin

> else{
/ /  since a inverter’s fanin is  awways one.

cout«"Node ’1«curNode->GetNameO«"\> fanin is  not one \n";
cout«"in  " «  FILE « "  a t line  " «  LINE « " \n " ;
e x it(0);>

/ / l )  get curNode fanin node’s fanout l i s t  and delete curNode(clear)
del_name -  curNode->GetName();
in .foL ist * inNode->GetFanoutList();
pos -  origNet->FindNode(in.foList,del.name);
if(pos -1){

cout«"Node "«del_name«" cannot find in cur_InNode*s foL ist"«"\n";
cout«"in  " «  FILE « ’* at line  " «  LINE « " \n ";
exit(O);>

in_foList->Reset(pos);
delete in_foList->DeleteCurrentElem();
inNode->SetNumFanout(inNode->GetNumFanout()-l); / /  numfaout—

117.') insert foNode’s fanout into curNode’s fanout l i s t
//3 ) for a ll  fanout nodes of foNode, get faninList and find foNode, delete 
/ /  and insert inNode into fo.inL ist;

fo.foList * foNode->GetFanoutList();
for(fo.foList->Reset(); !fo_foList->End0fListO ;fo_foList->Next())< 

fo.foNode ■ fo_foList->Data(); 
inNode->InsertFanout(fo.foNode); 
fo.foInList * fo_foNode->GetFaninList(); 
pos * origNet->FindNode(fo_foInList, foName); 
if(pos !- -1){

fo_foInList->Reset(pos);
delete fo_foInList->DeleteCurrentElem();
fo_foNode->SetNumFanin(fo_foNode->GetNumFanin()-l); / /  numfain— 
fo_foNode->InsertFanin(inNode);

//4 ) delte curNode and foNode from gateList 
pos * -1;
del.name ■ curNode->GetName();
pos -  origNet->FindNode(gateList, del.name);
i f  (pos !■ -1H

gateList->Reset(pos);
delete gateList->DeleteCurrentElem();

> else {
cout«"Node "«del_name«"V is  not found in  gateList \n";
cout«"in  " «  FILE « "  a t line  " «  LINE « " \n ";
exit(O);

pos -  -1;
del.name ” foNode->GetName();
pos * origNet->FindNode(gateList, del.name);
if(pos !- -1){

gateList->Reset(pos);

void rdeqnCheckNRemove2ConsecutiveInvs(Graph *origNet)

LinkedList<Node *> *gateList, *foList;
Node *curNode, *foNoae;
Queue<Node *> Q;

gateList -  origNet->GetGateList();
for(gateList->Reset(); 1gateList->End0fList();gateList->Next()){ 

curNode * gateList->Data(); 
i f (curNode->GetNodeFunc()*=N0DE_INV){ 

foList * curNode->GetFanoutList(); 
if(foList->ListSize()**l){ 

foNode * foList->Data(0); 
i f  (foNode->GetNodeFunc()»«NODE_INVM

cout<<"2 consecutive node : cur.name ■ " 
«curNode->GetName () « e n d l;

Q.QInsert(curNode);
Q.QInsert(foNode);

while(!Q.QEmpty()){
curNode * Q.DeQueueO; 
foNode * Q.DeQueueO;
(void)rdeqnRemove2InvsInSeries(origNet, curNode, foNode);

> }
void rdeqnChangeNamesx(Graph *origNet, Node *curNode, Node *foNode)

LinkedList<Node *> *fo_foList, *fo_foInL, *curInList;
LinkedList<Node *> *cur_foL, *gateList;
Node *curInNode, *fo.foNode; 
char *foName, *curName; 
in t pos, n;

* curNode->GetName(); 
foNode->GetName();

curName 
foName >

/ / Deleye foNode from origNet’s gateList 
gateList -  origNet->GetGateList();
if((pos * origNet->FindNode(gateList, foName))!* -1H 

gateList->Reset(pos); 
delete gateList->DeleteCurrentElem();>

cur.foL * curNode->GetFanoutList(); 
pos » origNet->FindNode(cur_foL, foName); 
if(pos !■ -1){

cur.foL->Reset(pos);
delete cur_foL->DeleteCurrentElem();
curNode->SetNumFanout(curNode->GetNumFanout()-l); / /  numfain—

curlnList 
curInNode ;

curNode->GetFaninList(); 
curInList->Data(0);

curInNode->SetName(curName); 
curNode->SetName(foName);

fo.foL ist ■ foNode->GetFanoutList(); 
for_each(fo_foList){

fo.foNode ■ fo_foList->Data(); 
fo.foInL ■ fo_foNode->GetFaninList(); 
pos •  origNet->FindNode(fo_foInL, foName); 
if(pos !* -1){

fo_foInL->Reset(pos);
delete fo_foInL->DeleteCurrentElem();
fo_foNode->SetNumFanin(fo_foNode->GetNumFanin()-l); / /  numfain- 
fo.foNode->InsertFanin(curInNode);

curInNode->InsertFanout(fo.foNode);

fo_foList->Reset();
for(n * 0; n < fo_foList->ListSize(): n++){
^ delete fo_foList->DeleteCurrentElem();

void rdeqnChangeNames(Graph *origNet, Node *curNode, Node *foNode)

LinkedList<Node *> *fo.foList, *fo_foInL, *curInList; 
LinkedList<Node *> *cur_foL, *gateList;
Node *curInNode, *fo.foNode;
char *foName;
in t cur name.len, pos, n;

string  cur_name,tmp_str;

cur.name +■ curNode->GetName(); 
foName -  foNode->GetName();

/ /  l)Delete foNode from origNet’s gateList 
gateList * origNet->GetGateList();
if((pos ■ origNet->FindNode(gateList, foName))!* -1){ 

gateList->Reset(pos); 
delete gateLlst->DeleteCurrentElem();>

/ /  2) delete foNode from curNode’s fanoutList 
cur.foL ■ curNode->GetFanoutList();
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pos = origNet->FindNode(cur_foL, foName); 
if(pos != -1){

cur.foL->Reset(pos);
delete cur_foL->DeleteCurrentElem();
curNode->SetNumFanout(curNode->GetNumFanout()-l); / /  numfain—>

curlnList 
curInNode

* curNode->GetFaninList(); 
! curInList->Data(0);

/ /  3) modify curlnNode’s name 
cur_name_len * cur_name.sizeO; 
tmp_str.erase();
if(cur.name.substr(cur_name_len-l,l)“="X, "H //th e  la s t char 

tmp.str = cur.name.substr(0,cur_name_len-l); 
curInNode->SetName( (char *)tm p.str. c . s t r ());

> else {
tmp.str * cur.name + "V ";
curInNode->SetName( (char *)tm p.str. c . s t r ());

>
/ /  4) delete old.foNode from foNode’s fainList and insert new.fanin 
/ /  And insert fanout of foNode in tto  cur.in.node’s fanout l i s t  
fo.foList » foNode->GetFanoutList(); 
for_each(fo_foList){

fo.foNode * fo_foList->Data(); 
fo.foInL = fo_foNode->GetFaninList(); 
pos * origNet->FindNode(fo_foInL, foName); 
if(pos != -1){

fo.foInL->Reset(pos);
delete fo_foInL->DeleteCurrentElem();
fo_foNode->SetNumFanin(fo.foNode->GetNumFanin()-l); / /  numfain--

fo.foNode->InsertFanin(curInNode)• 
curInNode->InsertFanout(fo.foNode);

fo_foList->Reset();
for(n ■ 0; n < fo .foList->ListSize(); n++){ 

delete fo foList->DeleteCurrentElem();

> }
/ /  This routine rearranges node names for the following situations.
/ /  for C880.s l i f , C1908.slif, Cl.355.slif, C3450.slif
/ /  l ) I f  a node (name = a) is  a mfp point and i ts  fanin node name is  not a ’
/ /  a ’ exist after mfp point.
/ /  2)If a node (name * a) is  a mfp point and i t s  fanin node name is  not a ’
void rdeqnRearrangeNodeNames(Graph *origNet)

LinkedList<Node *> *gateList, *foList, *fiL ist;
Node *curNode, *foNode;
Queue<Node *> Q;

gateList * origNet->GetGateList();
for(gateList->Reset(); 1gateList->End0fList();gateList->Next()){ 

curNode * gateList->Data(); 
if(curNode->GetNodeFunc()**N0DE_INV){ 

foList ■ curNode->GetFanoutList(); 
fiL ist “ curNode->GetFaninList(); 
if(foList->ListSize() > 1){

for(foList->Reset(); !foList->EndOfList();foList->Next())< 
foNode ■ foList->Data(): 
i f  (f oNode->GetNodeFunc () —NODE.INV) {

cout«"Rearrange target : curNode » "
«curNode->GetName() «"curNode.b • "
« f  oNode->GetName () « e n d l;

Q.QInsert(curNode);
Q.QInsert(foNode);

while(!Q.QEmpty()){
curNode * Q.DeQueueO; 
foNode a Q.DeQueueO;
(void)rdeqnChangeNames(origNet, curNode, foNode);

>

/ /  Top routine of equation reading 
Graph * Re ad.e qn(char *file.name){

Graph *eGraph « new Graph;
//Node *tmpNode, *tmpNodel;;

/ /  declaration of operator stack with MathOperator objects 
Stack<EqnOperator> OperatorStack;

/ /  declaration of the operand stack.
Stack<char *> OperandStack;

EqnOperator oprl,opr2;

char *token * new char[80]; 
in t rank “ 0;

char ch;

ifstream fin(file.nam e); 
i f  (!fin) {

cerr «  "File " «  file.name «  " does not exist" «  endl; 
e x it ( l ) ;

> else {
cout«"\nReading File : " « f i le  name«"\n\n";}

i f  (ch “* ’\n ’) { / /  new line char eatupO 
(void)new.line.eatup(fin); 
continue;

> else if(ch  ’ . 0  {
/ /  Process "module", "endmodeule", "inputs", and "outputs" 
ch “ f in .g e t() ; 
fin  »  token;

i f  (strcmp(token, "module")—0){ 
fin  »  token;
(void)rdeqnSetGraphName(eGraph, fin , token); 
continue;

> else i f  (strcmp(token,"endmoduleH)—0){
fin  »  token;

#ifdef READ.EQN.DEBUG
cout «  "\nmodule "<< token << " has been read !!!" «  e:

#endif
break;

} else if  (strcmp(token,"inputs")““0){ / /  input pin nodes 
(void)rdeqnCreatelnputNodes(eGraph, fin , token); 
continue;

} else i f  (strcmp(token,"outputs")“*0){ / /  output pin nodes 
//tmpNode * rdeqnCreateOutputNodes(eGraph, f in , token); 
(void)rdeqnCreateOutputNodes(eGraph, f in , token); 
continue;

> else {
while((ch“f in .ge t()) !“ ’\n ’){ 

fin .get(ch);>
continue;>

} e l s e  {
/ /  process the expression u n til  is  read 
if(ch““ ’#’){

(void)rdeqnLineEatup(fin);>
while (f in .get(ch))

/ /  ******** process l i te r a l  operands ********
/ *  Ingnore new.line character */

i f  ( ! isoperator(ch) && (ch != ’Xn’) Ate (ch != ’ ; ’) kk
(ch !* ’) ’) kk (ch !■ ’X” )) {

fin.putback(ch); / /  to get node.name from sta rt

(void)rdeqnProcessOperand(OperandStack, f in , rank);

else if  (ch“= ’) {

while ((ch“fin.peek()) 1“ EOF) {

i
/ /  process an operator 
else if  (isoperator(ch)) / / ’ ’+’ ,

(void)rdeqnProcessAOperator(eGraph, OperatorStack,
OperandStack, fin , ch, rank);

> else i f  (ch — ’X” ) { / /  Inverter oprator process
(void)rdeqnProcessInvOperator(eGraph, OperandStack);>

/ /  ********* process a right parenthesis **********
else if  (ch — rightparenthesis)

/ /  build a MathOperator object holding ’) ’ , which 
/ /  has precedence lower than the stack precedence 
/ /  of any operator except ’ (*. pop the operator stack 
/ /  and evaluate the subexpression u n til ’ ( ’ surfaces 
/ /  or the stack is  empty, i f  the stack is  empty, a 
/ /  ’ ( ’ is  missing; otherwise, delete ’ ( ’ .

oprl » EqnOperator(ch);
while(!OperatorStack.StackEmptyO kk

(opr2 • OperatorStack.PeekO) >“ oprl)

opr2 “ OperatorStack.PopO;
//opr2 .Evaluate(OperandStack);
opr2.Evaluate(*eGraph, OperandStack);

if(OperatorStack.StackEmpty())
error(MissingLeftParenthesis); 

opr2 -  OperatorStack.PopO; / /  get r id  of ’ ( ’

/ /  ********* have some invalid input ********** 
else if  (liswhitespace(ch)) 

error(Invalidlnput);

> /* Inner WHILE loop End */
> / /  Endof If

/* the rank of the complete expression must be 1 */ 
i f  (rank !- 1){

cout«"Processing outside of whileO loop ...\n"; 
error(OperandExpected);>

/* flush operator stack and complete expression evaluation.
* i f  find le f t  parenthesis, a righ t parenthesis is  missing.*/

while ((OperatorStack.StackEmptyO){
oprl « OperatorStack.PopO; 
if  (oprl.GetOpO ■■ leftparenthesis) { 

error(MissingRightParenthesis);>
//oprl.Evaluate(OperandStack); 
oprl.Evaluate(*eGraph, OperandStack);
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«  num.deleted «  endl;

/♦ value of the expression is  on the top of the operand stack ♦/ 
//cout «  "The value is  " «  OperandStack.PopO «  endl;

> /♦ Outer WHILE.loop end ♦/

fin .c lo seO ;

#ifdef READ.EQN.DEBUG 
cout <<endl; 
eGraph->PrintPiNodes(); 
cout <<endl; 
eGraph->PrintPoNodes(); 
cout «end l;
eGraph->PrintAllNodes(); 
cout «end l; 

ftendif

in t num.deleted;
num.deleted = rdeqnFindUndefinedNodeAndRearrange(eGraph);

#ifdef READ.EQN.DEBUG 
cout «end l;
eGraph->PrintAllNodes(); 
cout «endl;
cou t«  "Number of Nodes rearranged is 

ftendif

(void)rdeqnCheckUndef inedNodes(eGraph);
(void)rdeqnCheckNRemove2ConsecutiveInvs(eGraph);

#ifdef MAKE.BALANCED.GRAPH
(void)rd.balMakeBalancedGraph(eGraph);

#endif

(void)rdeqnRearrangeNodeNames(eGraph);

cout«"After Rearrange and before Add Inverter\n" 
eGraph->PrintAHNodes();

#ifdef ADD.INVERTER
(void)rdeqnAddlnverterNodes(eGraph); 

ftendif

cout«" PRINT ALL NODES After adding INVs\n"; 
eGraph->PrintAHNodes();

#ifdef READ.EQN.DEBUG 
cout «endl;
cou t«  "New Graph .. \n"; 
eGraph->PrintAHNodes(); 
cout «endl; 

ftendif

return eGraph;

} /♦ EndOf.Read.eqnO ♦/

/***********♦**********♦******♦*♦♦♦*♦♦*♦♦♦♦♦♦♦*♦♦♦♦♦*♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦
* Read.lib.cc
* Reads mixed PTL and Static Cell library 
********************

#include <fstream.h>
#include <stdlib.h>
#include <ctype.h>
#include <string.h> 
ftinclude <stdio.h>

#include "eqn.stack.h"
#include "eqn.opr.h" 
ftinclude "Node.h" 
ftinclude "Graph.h"

ftinclude "LibCell.h"

/ /  whole line  eat-up
in t line_eatup(ifstream ftfin){

char ch;
while((ch*fin.get()) !* ’\n ’){ 

continue;

fin.putback(ch); 
return 1;>

/ /  tab eat-up
in t tab_eatup(ifstream ftfin) 

char ch;
/ /  tab char eatupO 
while ((ch«fin.get()) ** ’\ t ’H  

continue;>
fin.putback(ch); 
return (1);>

/ /  Create a Cell when "GATE" token is  encountered.
/ /  Sets cells.name, cGraph name, reads c e l l ’s area and power 
LibCell * libCreateCell(ifstream &fin, LinkedList<LibCell ♦> *Cells, \

char ♦token, in t index)

float cell.area , cell.power;
Graph ♦cellGraph;
//char *cell_name * new char[10]; 
char *cell_name*NULL; 
in t token.len;

token.len ■ strlen(token);
cell.name ■ (char *)calloc(token.len+l, sizeof(char)); 
if(cell_name ”  NULLH

cout«"Cell name allocation error!! !!\n"; 
exit (1);

strcpy(cell.name, token);

LibCell ♦newCell * new LibCell; 
i f  (newCell »*■ NULL){

cout«"Memory allocation error for New.Cell !!!!\n"; 
return (0);>

(♦newCell).SetNane(cell.name);

i f (!strncmp(cell_name, "p tl", 3) H 
newCell->SetCellType(PTL);

}1 <
newCell->SetCellType(STATIC);

>
fin  »  cell.area; fin  »  cell.power; 
newCell->SetArea(cell_area); 
newCell->SetPower(cell_power);

cellGraph • (♦newCell) .GetCellGraphO ; 
cellGraph->SetName(cell_name);

LibCell ♦tmpCell; 
char ♦tmp.name;

i f ( !Cells->isEmpty()){
for(Cells->Reset(); !Cells->EndOfList();Cells->Next()){ 

tmpCell ■ Cells->Data(); 
tmp.name = tmpCell->GetName(); 
if  (strcmp (cell.name, tmp.name) -«0) {

cout «  "Cell : "«cell_name«" is  already e x is t...\n "  
e x it ( l ) ;>

Cells->InsertRear(newCell); 
free(cell.name); / / ( I ,  0131) 
return newCell;

/ /  Allocate memory for signal(input/output) name and assemble char 
/ /  into char string which is  signal name
char *libGetSignalName(ifstream ftfin, LinkedList<LibCell *> *Cells,

in t index, char chr, in t *rank)

char *node_name; 

char *tmp_name , ch;
node.name • (char * )ca llo c (ll, sizeof(char));
/ /  for single le t te r  string
tmp.name ■ (char *)calloc(2,sizeof(char));

/ /  place the char back to get node.name from s ta r t 
fin.putback(chr);

while ((ch«fin.get())) {
♦tmp.name ■ ch;
strcat(node.name,tmp.name);

) | | ( c h  —’) ’)!! (ch - ’\”>H

"«*rank«endl;

ch”fin.peek();

i f  (isoperator(ch) 11 (ch «** ’ ; 
♦tmp.name * ’\0 ’ ; 
strcat(node.name,tmp.name); 
break;>

ftifdef LIB.DEBUG
cout «  "node name * " «  node.name ; 
cout «  " rank ■ "«+rank «end l; 

ftendif
/ /  rank of operand is  1. accumulated rank must be 1 
♦rank +» 1;

ftifdef LIB.DEBUG
cout«"node name ■ " «  node name «  " r  

ftendif
if  (♦rank > 1){

error(OperatorExpected);>
Node ♦tmpNode; Graph ♦clGraph;
LibCell ♦libCell; in t position;

Cells->Reset(index);
libCell ■ Cells->Data();
clGraph ■ libCell->GetCellGraph();

if  (strcmp (node.name, "0")«0) {
tmpNode * clGraph->FindOrCreateNode(node.name, position,

PRIMARY.OUTPUT, NODE.PO);
else {

tmpNode * clGraph->FindOrCreateNode(node.name, position,
PRIMARY.INPUT, NODE.PI);

free(tmp.name); 
return node.name;>

/ /  Once find an operator, check what the next character is . 
void libOperatorPreProcess(ifstream ftfin, char ♦ch, in t ♦rank)

char tmp.ch;
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i f  (*ch == ’ ’) { 
tmp.ch = *ch;
while ((*ch ■ fin .getO )) {

if  (*ch == ’ + ’ II *ch == *■’ II *ch *■ ’*’) { 
tmp.ch = *ch;

if  (!isoperator(*ch) && *ch != ’\n ’) {
fin.putback(*ch); / /  to process la te r
*ch -  tmp.ch;
break;

else i f  (*ch =** ’ ( ’ II *ch == ’\ ” ) { 
fin.putback(*ch);
*ch * tmp.ch; 
break;

/ /  rank of each operator other than ’ ( ’ is  -1. 
/ /  accumulated rank should be 0 
i f  (*ch != ’ ( ’){ / /  rank of ’ ( ’ is  0 

*rank-= 1;>
i f  (*rank < 0)

error(OperandExpected);

ftifdef LIB.DEBUG
cout «  "Operator * " «  *ch «  endl; 

ftendif

/ /  When ’V* operator, create a inverted node of the node which is  currently 
/ /  on the top of the OperandStack.
void libCreateInvertedNode(Stack<char *> ^OperandStack, \

LinkedList<LibCell *> *Cells, in t index){
Node *tmpNode, *tmpNodel; 
char * node.name ■ new char; 
in t position, positionl;

Graph *clGraph;
LibCell *libCell;

Cells->Reset(index); 
libCell « Cells->Data();

clGraph * libCell->GetCellGraph();

node.name ■ OperandStack->Pop();
//040501 : due to insure++’s reporting —> WIRTE.OVERFLOW 
node.name • (char *)realloc(node_name, strlen(node.name)+2); //040501

tmpNode = clGraph->FindOrCreateNode(node.name, position); 
i f  (tmpNode->GetNodeType() == UNASSIGNED) { 

tmpNode->SetNodeType(INTERNAL);
>
strcat(node.name, "V ");
tmpNodel * clGraph->Find0rCreateNode(node.name, positionl); 
i f  (tmpNodel->GetNodeType() — UNASSIGNED) {  

tmpNodel->SetNodeType(INTERNAL);

i f  (tmpNodel->GetNodeFunc() !- NODE.INV) { 
tmpNodel->SetNodeFunc(NODE.INV);>

/ /  Insert tmpNode into the fa n in .lis t  of tmpNodel 
i f  (positionl ** -1) {

tmpNodel->InsertFanin(tmpNode);
>
/ /  Insert tmpNodel into the fanou t.list of tmpNode 
i f  (positionl *» -1) {

tmpNode->InsertFanout(tmpNodel);>
ftifdef LIB.DEBUG

cou t«  "Created Node ■> "«node_name«endl; 
ftendif

OperandStack->Push(node_name);>
/ /  Read pin information for each cell
in t libReadPinInfo(lfstream ftfin, LibCell *curCell)

Graph *curCellGraph;
LinkedList<Node *> *grPiList;
LinkedList<Pin *> *cCpinList; 11 current c e ll p in lis t 
Pin *curPin ■ new Pin; / /  current c e ll p in lis t

in t position; 
flo a t value;
char *token ■ new char[10]; 

curCellGraph ■ curCell->GetCellGraph(); 
grPiList » curCellGraph->GetPiList(); 
cCpinList -  curCell->GetPinList(); 
cCpinList * curCell->GetPinList();

while(1){
f in  »  token;
i f  (strcmp (token,"; ")=»*0 11 token[strlen(token)-l]*“ ’ ; ’){ 

break;>
if(strcmp(token, "PIN") 0){ 

fin  >> token; 
i f  (strcmp(token, "*")«0){

cout «  "Cell Library syntax error!\n";

cout «  "Don’t  use wild card for pin names\n''; 
return (0);

if(curCell->FindPin(curCell->GetPinList(), token)!®-l){ 
cout «  "Pin name (" «  curPln->GetPinName() «  ")": 
cout «  " is  duplicated. Check cell library f i le  An"; 
return (0);>

/ /  Create a pin and insert i t  into p in lis t in curCell class 
if((*curCellGraph).FindNode(grPiList,token) !* -1){

curPin * curCell->FindOrCreatePin(token, position);>
fin  »  token;
if(strcmp(token,"INV")«®0){ 

curPin->SetPolarity(INV);
> else i f  (strcmp(token,"N0INV”) “®0){

curPin->SetPolarity(NOINV);
> else i f  (strcmp(token,"UNKN0WN")*®0){

curPin->SetPolarity(BINATE);>
fin  »  value;
curPin->SetInputCap(value);

fin  »  value; 
curPin->SetTdR(value); 
fin  »  value;
curPin->SetTdR_slop(value);

fin  »  value; 
curPin->SetTdF(value); 
fin  »  value;
curPin->SetTdF_slop(value); 
continue;

>>>
delete [] token; 
return (1);

11 Rpn l i s t  for each library cells
void libGetFunctionForBdd(Graph *fGraph, Node *bNode, in t ftn lit, \  

LinkedList<char *> *rpnList)

LStack<Node *> *S « new LStack<Node *>;

LinkedList<Node *> *finList;
Node *curNode, *aNode; 
char *aNode_name; 
int v isited , num.visit;

ResetVisitFlag(fGraph); 
n l i t  ■ 0;

if((v is ite d  * bNode->GetVisit()) < 0){
S->Push(bNode);

> else {
cout « "  In GetFunctionForBddO, sta rting  node has already been"

« "  v isited .\n"; 
e x it ( l ) ;>

while (! S->Einpty 0  ) {
curNode ■ S->Pop();
finList -  curNode->GetFaninList();
num v is i t  ■ 0;
for(finList->Reset(); !finList->End0fList( ) ; finList->Next()){ 

aNode ® finList->Data(); 
if((v is ited  -  aNode->GetVisit()) > 0 ) 

num visit++;>
if(num.visit curNode->GetNumFanin()){

/ /  inser node name into l i s t
for(finList->Reset(); !finList->End0fList();finList->Next()){ 

aNode ■ finList->D ata(); 
aNode.name ■ aNode->GetName();
if(fGraph->FindNode(fGraph->GetPiList().aNode.name) !® -1){ 

rpnList->InsertRear(aNode.name); 
nlit++;

switch(curNode->GetNodeFunc()){
case NODE.INV: rpnList->InsertRear("\’"); 

break;
case NODE.AND: rpnList->InsertRear("*"); 

break;
case NODE.OR: rpnList->InsertRear("+");

break; 
default : break;

>
/ /  set v is it  flag of curNode; 
curNode->MarkVisit(l);

S->Push(curNode);
for(finList->Reset0 ;  !finList->End0fList();finList->Next()){ 

aNode •  finList->D ata(); 
i f ((v is ite d  ■ aNode->GetVisit()) < 0 )

S->Push(aNode);

delete S;
> / /  EndOf libGetFunctionForBddO

/ /  Top routine of reading libeary
LinkedList<LibCell *> *libReadLibrary(char * f i le  name)

Graph *curCellGraph ■ NULL;
LibCell *curCell -  NULL;
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/ /  declaration of operator stack with MathOperator objects 
Stack<EqnOperator> OperatorStack;

/ /  declaration of the operand stack.
Stack<char *> OperandStack;

EqnOperator oprl,opr2;

in t rank ■ 0;
//char ♦temp = new char; 
char ♦token = new char[80];

char ♦node.name, ch;

LinkedList<LibCell ♦> ♦CellsList = new LinkedList<LibCell ♦>; 
in t num.cell = -1;

ifstream fin(file.nam e); 
i f  (!fin) {

cerr «  "File " «  file_name «  " does not exist" «  endl; 
e x it ( l ) ;>

while ((ch^fin.peekO) !* EOF) { 
i f  (ch =* ’\n ’) {

(void) new_line_eatup(fin); 
continue;

else if(ch *= ’\ t ’) {
(void) tab_eatup(fin); 
continue;

else if(ch M ’#’) {
(void) line_eatup(fin); 
continue;

else if(ch == ’ . ’) { 
ch * fin .g e tO ; 
fin  »  token;

i f  (strcmp(token,,,GATE")=*0){ 
num_cell++; 
fin  >> token;

if(!(curC ell = libCreateCell(fin, CellsList, token, num_cell))){ 
cout«"Cell creation error !!\n";>

curCellGraph « curCell->GetCellGraph(); 
continue;>

/♦ = reserved for Latch cell
* else i f  (strcmp(token,"LATCH")*=0)-(
* fin  >> token;
* strncpy(temp, token, strlen(token)-1);
* cout << "module "<< temp «  " has been read !!!" << endl;
* break;* >

> *l
else if(ch == ’P’) {

i f (!libReadPinlnfo(fin, curCell)){
cout«  "Cell[" «  curCell->GetName() «  "]"; 
cout «  " : Library read error ! ! ! ! ! ! ! ! !\n";

^ ex it( l) ;

continue;

else {
/ /  process the expression u n til is  read 
while (fin .get(ch))

/♦ Process l i te r a l  operands and Ingnore new.line character ♦/ 
if  (Sisoperator(ch) kk (ch != *Xn’) kk (ch !» ’ ; ’) kk

(ch ’) ’) kk (ch !» ’X” )) {

node_name»libGetSignalName(fin,CellsL ist,num.cell, ch,&rank);

/ /  push the operand on the operand stack 
OperandStack.Push(node.name);

else i f  (ch™’ ; ’) { 
breakj

/ /  ********* process an operator ********** 
else i f  (isoperator(ch))

(void)libOperatorPreProcess(fin, &ch, fcrank);
oprl ■ EqnOperator(ch);
while(! OperatorStack. StackEmptyO kk

(opr2 » OperatorStack.Peek()) >■ oprl)

opr2 * OperatorStack.PopO;
opr2.Evaluate( (♦curCellGraph), OperandStack);

OperatorStack.Push(oprl);>
/ /  ********* process a right parenthesis **********
else i f  (ch — rightparenthesis)

oprl ■ EqnOperator(ch);
while(!OperatorStack.StackEmpty() kk

(opr2 * OperatorStack.PeekO) >® oprl)

opr2 ■ OperatorStack.PopO;
opr2.Evaluate( (*curCellGraph), OperandStack);

if  (OperatorStack. StackEmptyO)
error(MissingLeftParenthesis); 

opr2 * OperatorStack.PopO; / /  get r id  of ’ ( ’

else i f  (ch ™ ’X” ) {

libCreateInvertedNode(&OperandStack, CellsList, num.cell);>
I f  ********* have some invalid input ********** 
else if  (iiswhitespace(ch)) 

error(Invalidlnput);

} /* Inner WHILE loop End * /
}  I I  Endof If

/* the rank of the complete expression must be 1 */ 
i f  (rank !■ 1)

error(OperandExpected);

I *  flush operator stack and complete expression evaluation.
* i f  find le f t  parenthesis, a right parenthesis is  missing.

while (!OperatorStack.StackEmptyO)
{ / /  At th is  stage,

oprl * OperatorStack.PopO; / /  normally opr ■ assignment opr
i f  (oprl.GetOpO *«* leftparenthesis) { 

error(MissingRightParenthesis);>
oprl. Evaluate( OcurCellGraph), OperandStack);>

rank •  0;

#ifdef LIB.DEBUG 
cout « e n d l;
cout «"-==* M«(*curCellGraph) .GetName()«endl;
(♦curCellGraph) .PrintPiNodesO ;
(♦curCellGraph).PrintAllNodesO; 

ftendif

> /♦ Outer WHILE.loop end ♦/ 

fin .c lo seO ;

/ /  Create RPN equation l i s t  for each cell 
Node +bNode = NULL, ♦outNode = NULL; 
char ♦out.name “ "0";
LinkedList<Node ♦> ♦nodeList, +finList;
LinkedList<char ♦> ♦rpnList; 
int out.pos, num.liter;

for(CellsList->Reset(); !CellsList->EndOfList() ;CellsList->Next ())■( 
curCell ■ CellsList->Data(); 
curCellGraph * curCell->GetCellGraph(); 
rpnList ■ curCell->GetFunc();

/ /  find begin node;
nodeList ■ curCellGraph->GetGateList0 ;
if((out_pos * curCellGraph->FindNode(nodeList, out.name)) !* -1){ 

nodeList->Reset(out_pos); 
outNode * nodeList->Data();

> else {
cout «  "EHROR !!M\n";
cout «  "In RPN creation routine, can’t  find node name \"0 \" .\n ";

finList * outNode->GetFaninList(); 
if(finList->ListS ize() !■ 1){ 

cout «  "ERROR !!!\n " ;
cout «  "In RPN creation routine for each ce ll , P0 node has"; 
cout «  " more than one fanin .nodes H !\n";

> else {
finList->Reset(0); 
bNode ■ finList->Data();>

(void) libGetFunctionForBdd(curCellGraph, bNode, num .liter, rpnList);>
ftifdef LIB.DEBUG.RPN

for(CellsList->Reset( ) ; 'CellsList->EndOfList( ) ;CellsList->Next()){ 
curCell •  CellsList->Data(); 
curCellGraph « curCell->GetCellGraph();
rpnList ■ curCell->GetFunc(); / /  at th is  moment, empty function

cout«  "Cell[" «  curCell->GetName() «  "1 : "; 
for(rpnList->Reset(); ! rpnList->EndOfList( ) ;rpnList->Next()){ 

cou t«  rpnList->Data() « "  ";>
cout « ,t\n\n";

ftendif
delete [] token; 
return CellsList;>

/*******************************************************************
♦ Subgraph_Bdd_new.cc
♦ Graph partitioning and BDD generation 
*******************************************************************/

ftinclude <fstream.h> 
ftinclude <stdlib.h>
ftinclude <ctype.h> / /  used for function ’is d ig it’
ftinclude <string.h>
ftinclude <stdio.h> / /  used for function ’is d ig it’
ftinclude <math.h>

ftinclude "eqn.stack.h" 
ftinclude "eqn.opr.h" 
ftinclude "Node.n" 
ftinclude "LinkedList,h" 
ftinclude "Graph.h"

ftinclude "Queue.h" 
ftinclude "Stack.h"

/ /  include template-based stack class 
/ /  defines the MathOperator class

/ /  used for sug-graph u t i l i ty  
/ /  used for sug-graph u t i l i ty
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ftinclude "cuddlnt.h" I f  include for bdd generation

/ /  Search Network.allnodes, when a PO or multiple-fanout node is  found,
/ /  insert i t  into a LinkedList<Node ♦> ♦MfpAndPo. Do th is  u n til a l l  the 
/ /  nodes in the l i s t  Network.allnodes.
/ /  Returns a LinkedList.
LinkedList<Node *> * GetMultiFanoutAndPoNode(Graph ♦origNet)

LinkedList<Node ♦> *gateList, ♦mfpPoList -  new LinkedList<Node ♦>(); 
Node * node; 
in t num.fanout;
NodeFunc nodeFunc;
char ♦node.name, *finName;

LinkedList<Node *> ♦mfpn.fiList;
Node *finNode;

gateList = origNet->GetGateList();

for(gateList->Reset () ;! gateList->EndOfList () ;gateList->Next()X 
node ■ gateList->Data(); 
node.name = node->GetName(); 
num.fanout “ (*node) . GetNumFanoutO ; 
nodeFunc = node->GetNodeFunc();
if(nodeFunc — NODE.PO II (num.fanout > 1 kk nodeFunc!=N0DE_PI kk 

nodeFunc != NODE.INV kk nodeFunc!“NODE.PO II 
node->GetNodeType()““DUMMY)){
if  (origNet->FindNode(mfpPoList,node.name)— IX  

(♦mfpPoList).InsertRear(node);

> else if(nodeFunc NODE.INVM
mfpn.fiList ■ node->GetFaninList(); 
i f  (num fanout > 1){

if(origNet->FindNode(mfpPoList,node.name)*=-1){ 
(♦mfpPoList). InsertRear(node);

if(mfpn_fiList->ListSize()==l){ 
mfpn.fiList->Reset(0); 
finNode ■ mfpn.fiList->Data(); 
finName = finNode->GetName(); 
if((finNode->GetNodeFunc()!=N0DE_PI) kk

(finNode->GetNumFanout()““1)){ 
if(origNet->FindNode(mfpPoList, f inName)==-1){ 

(♦mfpPoList).InsertRear(finNode);
>>

} else if(num.fanout ■■ 1){ / /  rv. code : 010901-01 
if(mfpn.fiList->ListSize()““l ) {

finNode ■ mfpn.fiList->Data(0); 
finName “ finNode->GetName(); 
if((finNode->GetNodeFunc()=“NODE_PI) I I

(finNode->GetNodeFunc()I-N0DE.PI kk
(finNode->GetNumFanout() > 1))H  

if(origNet->FindNode(mfpPoList.node.name)— IX  
(♦mfpPoList).InsertRear(node);

>

(*sGraph). InsertGate(aNode);
Q->QInsert(aNode); / /  Insert aNode to Q to v is i t  i t s  fanins

return mfpPoList;
>
/ /  Returns a graph (sub.graph of the given Network).
/ /  Outputs of the sub.graph are multiple fanout points or primary outputs,
/ /  and inputs are multiple fanout points or primary inputs.
/ /  Leveling is  also done during bfs traversal.
/ /  Graph * BFS(Graph ♦NetWork, Node ♦begin.node)
Graph * GenSubGraph(Node ♦begin.node)
{

Graph ♦sGraph “ new Graph;
Queue<Node *> *Q “ new queue<Node ♦>;
Node ♦sNode, *aNode;
LinkedList<Node *> ♦finList; 
char ♦anode.name; 
in t level “ 0;
NodeFunc sNodeFunc;

begin_node->MarkVisit(); 
begin_node->SetNodeType(PRIMARY_OUTPUT); 
begin_node->SetLevel(level);
(♦sGraph). InsertPoNode(begin.node);
Q->QInsert(begin_node);

while(!Q->QEmpty()){
sNode “ Q->DeQueue();
sNodeFunc ■ sNode->GetNodeFunc(); //10-07 
finList ■ sNode->GetFaninList();
if(finList->isEmpty() kk sNode->GetNodeFunc()!“NODE.PI){

cerr «  "Error: :#of fanin « 0 at node ("«sNode->GetName()«")\nH; 
e x it ( l ) ;

level “ sNode->GetLevel()+l; / /  get fanins level of current node 
for(finList->Reset(); ! finList->End0fList( ) ;finList->Next()){ 

aNode * finList->Data(); 
aNode->SetLevel(level):
//if(aNode->GetVisit()I“1 X

if(aNode->GetNodeFunc()““N0DE PI II aNode->GetNumFanout()>l \
II aNode->GetNodeFunc()«*N0DE P0|I 

(sNodeFunc““N0DE_INV kk sNode->GetNumFanout()>l)) { //10-07 
anode.name “ aNode->GetName();

//if(sGraph->FindNode(sGraph->GetGateList(), anode_name)““-l){  
if(sGraph->FindNode(sGraph->GetPiList(),anode.name)“•-!){  

aNode->SetNodeType(PRIMARY.INPUT);
(*sGraph).InsertPiNode(aNode);

>
> else {

//>
> / *  for.loop * /

> / *  whileO */

delete Q; 
return sGraph;>

/ /  Global Depth —> routines are moved to Read_eqn.cc (10-29-00)
/* 10-23-00 In itia liz e  global depth for match pin assignment based on 
* depth. Here, global.aepth in node CLASS is  newly introduced */

I I  Subject Graph generation routine (at Multiple fanout point)
/ /  Returns a LinkedList<Graph *> pointer of Graph Class.
LinkedList<Graph *> *GetSubjectGraphs(Graph *origNet)
•C

LinkedList<Graph *> *gList ■ new LinkedList<Graph *>;
Node *sNode;
Graph *sGraph;
char *subgraph_name ■ (char *)calloc(65, sizeof(char));
LinkedList<Node *> *mfpAndPo;

(void)rd.depthlnitGlobalDepth(origNet); 
mfpAndPo = GetMultiFanoutAndPoNode(origNet); 
int gid“l ;

/ /  Subject graph generation
for(mfpAndPo->Reset( ) ;!mfpAndPo->End0fList( ) ;mfpAndPo->Next()){ 

sNode “ (*mfpAndPo) .DataO ;

sGraph ■ GenSubGraph(sNode); 
strcpy(subgraph.name,""); 
sprin tf (subgraph.name, "Graph ft [’/.d] " ,gid) ; 
sGraph->SetName(subgraph.name);

(*gList). InsertRear(sGraph);

ftifdef SUBG.DEBUG 
cout«endl; 
cout«endl;
cout«"**** Graph ft ["« g id « " ] \n M;
(♦sGraph) .PrintPoNodesO;
(♦sGraph) .PrintPiNodesO ;
(♦sGraph) .PrintAllNodesO;

ftendif
gid++;

free(subgraph_name); 
return gList;

}  I I  End of subject graph generation

/ /  A calling function passes newGraph, n o d e .lis t( tL is t) , and root.node(bNode). 
/ /  1) foreach g a te .l is t( tL is t) ’s input, i f  i t s  fanin is  not in gate l is t  
/ /  insert i t  into newGraph’s primary input l i s t .
/ /  2) Insert the root.ndoe into newGraph’s primary output l i s t .
/ /  3) Insert the elements in g a te .lis t( tL is t)  into newGraph’s GateList. 
void List2Graph(Graph ♦♦newGraph, LinkedList<Node ♦> ♦tL ist, Node ♦bNode){

LinkedList<Node ♦> ♦piList ■ new LinkedList<Node ♦>;
LinkedList<Node ♦> ♦finList;
Node ♦cNode, ♦finNode;
char ♦node.name, ♦bNode.name, ♦node.nameB; 
in t name.len;

bNode.name “ bNode->GetName();
for(tList->Reset(); !tList->End0fList( ) ; tList->Next()){ 

cNode ■ tList->Data(); 
finList “ cNode->GetFaninList():
for(finList->Reset(); !finList->End0fList() ;finList->Next()M 

finNode » finList->Data(); 
node.name “ finNode->GetName();
i f ((♦newGraph)->FindNode(tList, node.name)-- -1 kk

- 1){

- I X

(♦newGraph)->FindNode(piList, node.name) 
piList->InsertRear(finNode);

}else if(finNode->GetNumFanout() > 1)< //02-20-01 
i f  ( (♦newGraph)->FindNode(piList, node.name) 

piList->InsertRear(finNode);

> else {
/ /  added for xor3 (ptl_y3) 02-20-01 
name.len -  strlen(node.name); 
i f  (node.name [name len-1] - -  ’ \ ” X

node.nameB -  (char ♦)calloc(name_len+l, sizeof(char)); 
strncpy(node.nameB, node.name, name_len-l); 
node.nameB[name.len] -  ’\0 ’ ;

> else {
node.nameB -  (char ♦)calloc(name_len+2, sizeof(char)); 
strcpy(node.nameB, node.name); 
strcat(node.nameB, " \ ’") ;

if((♦newGraph)->FlndNode(piList, node.name) - -  -1 kk
//finNode->GetNodeFunc()I-N0DE.P0 kk 

(♦newGraph)->FindNode(piList, node.nameB) !• -1){ 
piList->InsertRear(finNode);

free(node.nameB);>

for(piList->Reset(); !piList->End0fList();piList->Next()){ 
cNode -  piList->Data(); 
(♦newGraph)->InsertPiNode(cNode);

>
for(tList->Reset(); !tList->End0fList();tList->Next()){
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cNode * tList->D ata();
node.name = cNode->GetName();
if(strcmp(node.name, bNode.name)==0){

(♦newGraph)->InsertPoNode(cNode);
> else {

if((♦newGraph)->FindNode(piList, node.name) “  -1){
(♦newGraph)->InsertGate(cNode);

>>
piList->ClearList(); 
delete piList;>

/ /  Set level of each node using BFS
//void subglnitLevel(Graph ♦sGraph, Node ♦begin.node)
void subglnitLevel(Graph ♦sGraph)

Queue<Node ♦> Q;
Node ♦sNode, ♦aNode, ♦bNode;
LinkedList<Node ♦> ♦finList, ♦allNode, ♦poList;
//char ♦anode.name, ♦bNode.name;
char ♦bNode.name;
in t level = 0, count = 0;

/ /  find output Node
allNode = sGraph->GetGateList();
poList = sGraph->GetPoList();
for(allNode->Reset();!allNode->EndOfList( ) ;allNode->Next()){ 

bNode = allNode->Data(); 
bNode.name * bNode->GetName(); 
if(sGraph->FindNode(poList, bNode.name)!* -1 &&

(bNode->GetNumFanout()>l tI bNode->GetNodeFunc()==N0DE_P0)){ 
Q.QInsert(bNode); 
count++;

if(count > 1){
cout «  "In subglnitLevelO : ";
cout «  "# of output node (assumed P0 or MFP) is  more than 0NE!!!\n"; 
e x i t ( l ) ;>

while(!Q.QEmpty()){
sNode = Q.DeQueueO;
finList = sNode->GetFaninList();
if(finList->isEmpty() sNode->GetNodeFunc()!=N0DE_PI){

cerr «  "Error: :#of fanin = 0 at node ("«sNode->GetName()<<")"
«  "in " «  FILE « "  line M«(._LINE__)-2«"\n" ;

e x it ( l ) ;

level ■ sNode->GetLevel()+l; / /  get fanins level of current node 
for(finList->Reset(); !finList->EndOfList();finList->Next()){ 

aNode * finList->Data(); 
aNode->SetI,evel(level);
if  (! (aNode->GetNodeFunc()“ N0DE_PI II aNode->GetNumFanout()>l \

II aNode->GetNodeFunc()“ NODE.PO)) { 
Q.QInsert(aNode); / /  Insert aNode to  Q to v is i t  i t s  fanins

> /♦ for.loop ♦/
> /♦ whileO ♦/

#ifdef SUBG.INIT.DEBUG
cout«" Sub-graph Name = "«sGraph->GetName()«"\n"; 
sGraph->PrintAllNodes();

#endif>
void subgCopyNodeList(LinkedList<Node ♦> ♦srcList,LinkedList<Node ♦> ♦destList) 

Node ♦curNode;

for(srcList->Reset( ) ; ! srcList->EndOfList( ) ;srcList->Next()){ 
curNode « srcList->Data(); 
destList->InsertRear(curNode);>>

char ♦subgCopyNodeName(Node ♦curNode)

char ♦cur.name, ♦copied.name; 
cur.name -  curNode->GetName();

copied_name ■ (char ♦)calloc(strlen(cur_name)+l, sizeof(char)); 
strcpy(copied.name, cur.name);

return copied.name;>
/ /  Finds the possible function set from a subject graph besed on 
/ /  depth constraints
LinkedList<Node ♦> ♦ subgGetSubListRecursively(char ♦cur.name, in t rootLvl, 

LinkedList<Node ♦> ♦sPiList,
LinkedList<Node ♦> ♦gateList, Graph ♦sGraph, 
Queue<LinkedList<Node ♦> ♦> ♦allQ,
LinkedList<Node ♦> ♦subList, in t depth)

<
LinkedList<Node ♦> ♦finList, ♦newList;
Node ♦curNode, ♦lowNode, ♦hiNode;
char ♦low.name, ♦hi.name;
in t num.fanin, pos, curLevel, lv l.d if f ;
LinkedList<Node ♦> ♦subListO, ♦subListl, ♦subList2; 
in t low.depth, hi.depth;

if((pos*sGraph->FindNode(gateList, cur.name))!*-l){ 
curNode * gateList->Data(pos);

curLevel * curNode->GetLevel(); 
lv l.d if f  ■ curLevel -  rootLvl;

if((pos*sGraph->FindNode(sPiList, cur.name))!—1 II ( lv l.d if f  > depth) II 
curNode->GetNodeFunc () “ NODE.PI) {

return subList;
> else {

subList->InsertRear(curNode);

num.fanin * curNode->GetNumFanin(); 
finList •  curNode->GetFaninList(); 
i f  (f inList->ListSize()“ l){

lowNode * finList->Data(0); 
low.name * subgCopyNodeName(lowNode);

subListO ■ new LinkedList<Node ♦>;
(void)subgCopyNodeList(subList, subListO); 
newList *
subgGetSubListRecursively(low_name, rootLvl, sPiList, gateList, 

sGraph, allQ, subListO, depth);
allQ->QInsert(subListO); 
free(low.name); 
return subListO;

> else if(finL ist->L istS ize()“ 2){
lowNode * finList->Data(0); low.depth * lowNode->GetGLevel(); 
hiNode * finList->D ata(l); hi.depth * hiNode->GetGLevel(); 
low.name = subgCopyNodeName(lowNode); 
hi.name * subgCopyNodeName(hiNode);

if(hi.depth > low.depth){
subList2 * new LinkedList<Node ♦>; 
(void)subgCopyNodeList(subList, subList2);

subListO ■ new LinkedList<Node ♦>; 
(void)subgCopyNodeList(subList, subListO);

/ /  hi.node 
newList *
subgGetSubListRecursively(hi_name, rootLvl, sPiList, gateList, 

sGraph, allQ, subList2, depth);
allQ->QInsert(subList2);

/ /  low node 
newList *
subgGetSubListRecursively(low_name, rootLvl, sPiList, gateList 

sGraph, allQ, subListO, depth);
allQ->QInsert(subListO);

subListl * new LinkedList<Node ♦>;
(void)subgCopyNodeList(newList, subL istl);
/ /  low hi node 
newList *
subgGetSubListRecursively(hi_name, rootLvl, sPiList, gateList, 

sGraph, allQ, subListl, depth);
//allQ->QInsert(newList); 
allQ->QInsert(subListl); 

free(low.name); 
free(hi.name); 
return newList;
> else {

subList2 * new LinkedList<Node ♦>; 
(void)subgCopyNodeList(subList, subList2);

subListO * new LinkedList<Node ♦>; 
(void)subgCopyNodeList(subList, subListO);

/ /  low node 
newList *
subgGetSubListRecursively(low.name, rootLvl, sP iL ist, gateList 

sGraph, allQ, subList2, depth);
//allQ->QInsert(newList); 
allQ->QInsert(subList2);

/ /  hi node 
newList -
subgGetSubListRecursively(hi.name, rootLvl, sPiList, gateList, 

sGraph, allQ, subListO, depth);
//allQ->QInsert(newList); 
allQ->QInsert(subListO);

subListl * new LinkedList<Node ♦>; 
(void)subgCopyNodeList(newList, subL istl);
/ /  low hi node 
newList *
subgGetSubListRecursivelydow.name, rootLvl, sPiList, gateList 

sGraph, allQ, subListl, depth);
//allQ->QInsert(newList); 
allQ->QInsert(subListl); 

free(low.name); 
free(hi_name); 
return newList;>

> else {
cout«"Error :: node, "«cur_name«" have more than 2 fanins.\n" 

« " In  " «  FILE « "  at line  "«_.LIN E..«endl;

} /♦ end i f  ♦/ 
return (NULL); / /  dummy>

/ /  added for ptl_y3->xor3
LinkedList<Node ♦> ♦subgGetFullList(Node ♦bNode, Graph ♦sGraph, in t depth)

LinkedList<Node ♦> ♦fullList * new LinkedList<Node ♦>;
LinkedList<Node ♦> ♦sPiList, ♦gateList, ♦finList;
Node ♦curNode, ♦finNode;
NodeFunc finFunc;
Queue<Node ♦> Q;
//char ♦curName, ♦finName;
char ♦curName, ♦finName;
in t bNLevel, finLevel, pos, lv l.d if f ;

sPiList ■ sGraph->GetPiList(); 
gateList -  sGraph->GetGateList(); 
bNLevel * bNode->GetLevel();

fullList->InsertRear(bNode);
Q.QInsert(bNode);

while(!Q.QEmpty()){
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curNode * Q.DeQueueO;
curName = curNode->GetName(); / /  was missing, added 04-03-01 
finList ■ curNode->GetFaninList();
for(finList->Reset();! finList->EndOfList( ) ; finList->Next()){ 

finNode ■ finList->Data(); 
finFunc * finNode->GetNodeFunc(); 
finLevel = finNode->GetLevel(); 
finName ■ finNode->GetName(); 
lv l d iff * finLevel - bNLevel;
if(finFunc !- NODE.PO kk finFunc I- NODE.PI kk ( lv l.d iff  <- depth) 

kk (pos=sGraph->FindNode(sPiList, curName))==-l){ 
if(sGraph->FindNode(fullList, finName) == -1){ 

fullList->InsertRear(finNode);
Q.QInsert(finNode);

if(fullL ist->ListS ize() <» 30){ 
return fu llL ist;

> else {
delete fu llL ist; 
return NULL;>>

/ /  Given a sGraph(there is  no nfp),and begin.node(root.node),
/ /  0) begin.node is  selected a fte r  Topsort by a calling function
/ /  1) find nodes within depth from begin.node, and insert i t  into a Set {S}
/ /  2) Generate power-set of {S>, and
/ /  select a ll  possible sub-set of {S> except a) signe node which are not 
/ /  root.node, b) sub-sets whos elements are not connected.
/ /  The selected sub-set {p}, have to have the root.node as a begin.node 
/ /  of the sub-set. ■■> #of selected sub-set «  2“ IS|.
/ /  3) Insert each {p>, which are actually sub-graph of sGraph, into a Queue 
/ /  and return the set of sub-graph. The called routine will generate BDD 
/ /  based on th is set P * {{p}lp is  sub-set of sGraph}.

LinkedList<Graph *> *GetSet0fFuncGraphs(Graph *sGraph, Node *bNode, int depth)

LinkedList<Graph *> *fgList » new LinkedList<Graph *>;
LinkedList<Node *> *sPiList, *gateList;
Queue<LinkedList<Node *> *> *allQ = new Queue<LinkedList<Node *> *>; 
LinkedList<Node *> *fullL ist, *subList = new LinkedList<Node *>;
Queue<Node *> Q;

LStack<Node *> S; 
char *bName; 
in t bNLevel;
LinkedList<Node *> *bNodeFoList;
NodeFunc bNodeFunc;

/ / l )  Starting from bNode, generate node l is ts  which are going to be a Graph 
sPiList * sGraph->GetPiList(); 
gateList ■ sGraph->GetGateList();

bNodeFoList * bNode->GetFanoutList(); 
bNodeFunc = bNode->GetNodeFunc(); 
bNLevel •  bNode->GetLevel(); 
bName “ bNode->GetName();

LinkedList<Node *> *subList_root ■ new LinkedList<Node *>;

if(bNodeFunc ** NODE.INV kk bNodeFoList->ListSize() >- 2){ 
subList.root->InsertRear(bNode); 
allQ->QInsert(subList.root);

} else {
subList_root->InsertRear(bNode); 
allQ->QInsert(subList.root);
(void)subgGetSubListRecursively(bName, bNLevel, sPiList, gateList,

sGraph, allQ, subList, depth); 
fu llL ist ■ subgGetFullList(bNode, sGraph, depth); 
if (fu llL is t t« NULL){

allQ->QInsert(fullList);

/* generating graphs using node l i s t s  for the function to  generate bdd*/ 
LinkedList<Node *> *curList;
Graph *newGraph; 
char *graph_name; 
in t graph.num -  -1;

1/1) Build subGraph for an individual l i s t s
while ( !allQ->QEmpty()H 

graph_num++;
curList » allQ->DeQueue(); 
newGraph -  new Graph; 
graph.name ” newGraph->GetName();
graph.name * (char *)calloc(strlen(bName)+10, sizeof(char));
(void) sprintf (graph.name, "*/.s [*/.d]" .bName, graph.num);
(♦newGraph).SetName(graph.name); 
free(graph.name);

List2Graph(fcnewGraph, curList, bNode);
#ifdef DEBUG.FUNC.SET

cout«"\n*** " «  newGraph->GetName() «end l;
newGraph->PrintPiNodes();
cout«endl;
n ew G ra p h -> P rin tP o N o d es( ) ;  
cout«endl:
newGraph->PrintAllNodes(); 
cout«endl;
sGraph-> PrintNodesOfList(curList);

#endif
fgList->InsertRear(newGraph); 
delete curList;>

delete allQ; 
return fgList;

/ /  Check i f  a l l  the fanins are v isited  of a node (bNode) 
in t isAHFaninVisited(Graph *funcGraph, Node *bNode)

LinkedList<Node *> *faninList;
Node *aNode ■ NULL;
char ♦aNode.name, *bNode_name;
in t count;

if(funcGraph->FindNode(funcGraph->GetGateList(), bNode.name) ■■ -1){ 
cout «  "Node : " «  bNode->GetName() «  "cannot find in the \n"; 
cout «  "funcGraph (" «  funcGraph->GetName() «  ".\n"; 
ret\irn(0);>

faninList = bNode->GetFaninList(); 
count “ 0;
for(faninList->Reset(); !faninList->EndOfList(); faninList->Next()){ 

aNode ■ faninList->Data(); 
aNode.name = aNode->GetName();
if(funcGraph->FindNode(funcGraph->GetPiList().aNode.name) !- -1 kk \  

aNode->GetVisit() > 0) {
count++;}}

if(count “= aNode->GetNumFanin()){ 
re tu rn ( l) ;

} else {
re tu rn(0);

/ /  Reset (-1) visited  falg for a l l  nodes in a sub-graph except the nodes in 
/ /  PiList of the graph. The visited  flag of the nodes in PiList is  set to 1. 
void ResetVisitFlag(Graph *fGraph){

LinkedList<Node *> *piList, ♦allNodeList;
Node *aNode; 
char *aNode.name;

piL ist * fGraph->GetPiLi5t(); 
allNodeList * fGraph->GetGateList();

for(allNodeList->Reset(); !allNodeList->EndOfList();allNodeList->Next()){ 
aNode ■ allNodeList->Data(); 
aNode.name = aNode->GetName(); 
if(fGraph->FindNode(piList, aNode.name) !» -1){ 

aNode->MarkVisit(l);
} else {

aNode->MarkVisit(-l);

}}
/ /  For a given function graph (Graph format), returns l)a  L ist of char which 
/ /  represents a function in Reverse Polosh Notation (RPN) using dfs, 2) #of 
/ /  l i te ra ls  by passing addres of a integer variable(integer pointer).
/ /  -> can determine #of l i te ra ls  (equals to just ( l is t  size) - #of operators) 
/ /  Input : Graph *fGraph, Node *bNode, in t ftnum.literal 
/ /  Returns : LinkedList<char *> *rpn_function.
/ /  The next step of th is subroutine is  to indentify support-set to generqte 
/ /  BDD. BDD is  generated using non-inverted and inverted signals, but 
/ /  to  generate i t  in a d ifferent variable order (applied for library cells,
/ /  espacially PTL-cells) only non-inverted signals can be used.

LinkedList<char ♦> *GetFunctionForBdd(Graph *fGraph, Node *bNode, in t fcnlit,
in t bar.bar.delate » 1)

LinkedList<char *> *rpnList * new LinkedList<char *>;
LStack<Node *> S;

LinkedList<Node *> * f inLis t ;
Node *curNode, *aNode;
char *aNode_name, ♦tmp.var;
in t v isited , num.visit, cur.pos;
NodeFunc cur.func, finFunc;

Cvoid)ResetVisitFlag(fGraph);

if((v is ite d  -  bNode->GetVisit()) < 0){
S.Push(bNode);

} else <
cout <<" In GetFunctionForBddO, sta rting  node (" 
«bNode->GetName()«")\n has already been"

« "  visited . \n": 
fGraph->PrintPiNodes(); 
fGraph->PrintPoNodes(); 
fGraph->PrintAHNodes(); 
e x i t ( l ) ;

while(!S.Empty()){
curNode ■ S.PopO;
finList ■ curNode->GetFaninList();
num v is i t  •  0;
for(finList->Reset(); !finList->End0fList();finList->Next()){ 

aNode » finList->Data(); 
i f ((v is ite d  * aNode->GetVisit()) > 0 ) 

num_visit++;}
if(num_visit -» curNode->GetNumFanin()){

for(finLlst->Reset();! finList->End0fList( ) ; finList->Next()){ 
aNode -  finList->Data(); 
aNode.name ■ aNode->GetName();
/ /  02 - 20 -0 1
if(fGraph->FindNode(fGraph->GetPiList().aNode.name) !- -1){ 

rpnList->InsertRear(aNode.name); 
niit++;}}

switch((cur func ■ curNode->GetNodeFunc())){ 
case NODE.INV:

if(bar.bar dela te){ / /  bar.bar delete -  1(default)
/ *  2 consecutive V v  w ill be removed */

cur.pos -  rpnList->CurrentPosition(); 
i f ( (cur.pos) >» 1){
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rpnList->Reset(cur.pos); 
tmp.var » rpnList->Data(); 
if(strcmp(tmp.var, " V " )*=0){

delete rpnList->DeleteCurrentElem();
} else {

rpnList->InsertRear("V ");
>

> else {
rpnList->InsertRear("V");>

} else { / /  i f  bar.bar.delete * 0 
rpnList->InsertRear("V");

>
break;

case NODE.AND: rpnList->InsertRear("*");
break;

case NODE.OR: rpnList->InsertRear("+");
break;

case NODE.NOR: rpnList->InsertRear("+");
rpnList->InsertRear("V"); 
break;

case NODE.NAND: rpnList->InsertRear("*");
rpnList->InsertRear(" \ ’"); 
break;

default :
c o u t« MError \n " ;
cout«"In GetFunctionForBddO, node function of"

<<" Decomposed Graph is  not correct "
<<".\n Expected node funcctions are NODE.INV,"
« "  NODE.AND, NODE.NAND, NODE.OR, and NODE.NOR.\n " ; 

e x it(0);
//break;

>
/ /  set v is i t  flag of curNode; 
curNode->MarkVisit(l);

> else {
S.Push(curNode);
for(finList->Reset(); !finList->EndOfList( ) ; finList->Next()){ 

aNode » finList->Data(); 
finFunc = aNode->GetNodeFunc(): 
if ( (v is ite d  = aNode->GetVisit()) < 0 ){

S.Push(aNode);>>>>
/ /  Returns a function at node "bNode" based on fGraphObNode 
return rpnList;>

in t IsOperator(char *str)

i f ( s t r  «  NULL) return (0);
i f  (strcmp(str, "V ")—0 I I strcmp(str, "*")—0 I I strcmp(str,"+")—OH 

re tu rn (l) ;
> else {
 ̂ return(O);

in t IsConstant(char *str)

i f ( s t r  — NULL) return (0);
i f  (strcmp(str, "VDD")—0 11 strcmp(str,"GND")—0){ 

re tu rn (l) ;
> else {
 ̂ return(O);

void Print€harList(LinkedList<char *> *List)

if(List->ListSize()!-0){
for(List->Reset(); !List->EndOfList(); List->Next()){ 

cout «  List->Data() «  "

> else {
cout «  "In PrintCharListO» ListSize is  zero or negative !H\n";>

cout «  endl;>
void PrintCharListl(LinkedList<char *> *List)

if(List->ListSize()!*0){
for(List->Reset(); !List->EndOfList(); List->Next()H 

cout «  List->Data() «  "

> else •(
cout «  "In PrintCharListO, ListSize is  zero or negative !H\n";>

/ /  For a given a function in RPN, returns support variables in a List 
LinkedList<char *> *GetSupportVarSet(Graph *fGraph,LinkedList<char *> *rpnFunc,

in t ftnum suf)

LinkedList<char *> *sufList * new LinkedList<char *>;
LinkedList<Node *> *gateList; / /  of original network 
Node *curNode; 
char *curNode_name;

char *curVar;
char *tmp_var, *sup_var, ch; 
in t found, position—1; 
in t tmp.pos;

num.suf * 0;
gateList * fGraph->GetGateList();

for(rpnFunc->Reset(); !rpnFunc->End0fList();rpnFunc->Next()){ 
tmp.var * rpnFunc->Data();
if(IsOperator(tmp.var) li IsConstant(tmp.var)) { 

continue;

ch ■ tmp.var[strlen(tmp.var)-1]; 
if(strlen(tm p.var) <■ 64){

curVar ■ (char *)calloc(strlen(tmp_var)+l, sizeof(char));
> else {

cout<<"Variable name("«tmp_var<<" is  too long (max 64 chars).\n" 
cout«"in " «  FILE « "  at line  " «  LINE <<endl;>

if(ch  «  , \ >’ ) {
strcpy(curVar, tmp.var); 
curVar[strlen(tmp.var)-1] ■ ’NO';

> else {
strcpy(curVar, tmp var);>

/ /  find non-inverted node and reterieve the node.name 
/ /  from the original net.
if((position  * fGraph->FindNode(gateList.curVar))!—1){ 

gateList->Reset(position); 
curNode ■ gateList->Data(); 
curNode.name = curNode->GetName();

fGraph->PrintPiNodes(); 
fGraph->PrintPoNodes(); 
fGraph->PrintAHNodes(); 
cou t«  "\n"; PrintCharList (rpnFunc); 
position -  subgFindNode(gateList,curVar, tmp.pos);

i «  " cannot find\n"

" cannot find\n";
! "«tmp_pos<<endl; 
« " \n " ;

cout«"In GetSupportVarSetO, " «  curNode. 
cout«"tmp_var » " «  tmp.var «  "\n"; 
cout«"In GetSupportVarSetO, " «  curVar «  
cout«"Position -  ’,« p o s itio n « "  : tmp.pos *
cout«"in " «  FILE « "  a t line  " «  LINE..
ex it( l) ;

free(curVar);

/ /  search supList to  i f  curVar is  already in the List(sufList)
found -  0;
i f ( !sufList->isEmpty()){

for(sufList->Reset(); ! sufList->End0fList( ) ; sufList->Next()){ 
tmp.var -  sufList->Data();
i f  (strcmp (curNode name, tmp var)—0) found • 1;

> }

in t pos;
i f (!found){

if  (sufList->ListSize()— OH
sufList->InsertRear(curNode name);

>else i f  (suf List->ListSize()>-l)-( 
pos - sufList->ListSize()-l; 
while(pos>-0){

sufList->Reset(pos); 
sup.var •  sufList->Data(); 
if(strcmp(sup_var, curNode.name) > 0){ 

i f  (pos—0){
sufList->InsertFront(curNode.name); 
break;

> else { 
pos—;

> else {
sufList->InsertRight(curNode.name); 
break;, }

in t subgFindNode(LinkedList<Node *> *gList,char *curVar, in t fctmp.pos)

in t position -  -1;
Node *curNode; 
char *curName;

tmp.pos -  -1;;
for(gList->Reset(); lgList->End0fList();gList->Next()){ 

tmp_pos++;
curNode -  gList->Data(); 
curName -  curNode->GetName(); 
cout«tmp_pos«" : "«curName«"\n"; 
if(strcmp(curName, curVar)—0){ 

position -  tmp.pos;
Dreak;

> }
return position;

/ /  Get a support variable of a RPN function

return sufList;>
/ / --------------—- Bdd handling ro u tin e s--------------------------------------------
//DdNode *GenerateBddVar(DdManager *bddm, LinkedList<char *> *sufSet, 
// char *curVar )
DdNode *GenerateBddVar(DdManager *bddm, LinkedList<char *> *sufSet, 

char *curVar)

DdNode *temp « NULL; 
char *tmp_var, ch;
//char *nonInvVar -  new char[20];
char *nonInvVar;
in t var.id , num.matches-0;

ch » curVar[strlen(curVar)-l];
nonlnvVar -  (char *)calloc(strlen(curVar)+l, sizeof(char)); 
if(ch  — ’\ ’ ’){

strncpy(nonInvVar, curVar, strlen(curV ar)-l);
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nonInvVar[strlen(curVar)-l] -  ’\0 ’ ;
> else {

strcpy(nonlnvVar, curVar);
>

in t comp;
for(sufSet->Reset(); ! sufSet->EndOfList( ) ; sufSet->Next()){ 

tmp.var ■ sufSet->Data(); 
if(strcmp(tmp.var, nonlnvVar)*=0){ 

mun.mat ches++; 
if(num matches > 1) {

cout «"Variable (M «  curVar «  ")"
«  "matched more than one times in GenerateBddVar()\n" 

e x i t ( l ) ;

var id ■ sufSet->CurrentPosition(); 
if(ch  x

temp = Cudd.bddlthVar(bddm, v a r.id ); 
comp * Cudd.IsComplement(temp);
Cudd.Ref(temp);

temp = Cudd.Not(Cudd.bddlthVar(bddm, var.id));
Cudd.Ref(temp);

>
break;

>

free(nonlnvVar); 
return temp;

>

//DdNode *GetBdd(Graph *Ckt, DdManager *bddm, LinkedList<char *> *rpnFunc) 
DdNode *GetBdd(DdManager *bddm, LinkedList<char *> *rpnFunc,

LinkedList<char *> *sufSet)

LinkedList<char *> *supportSet;
DdNode *f, * fl, *tmpl, *tmp2, *zero, *one;
LStack<DdNode *> S; 
char *curData;

one = DD.ONE(bddm);
zero -  Cudd_Not(DD_ONE(bddm));
supportSet * sufSet;

for(rpnFunc->Reset();! rpnFunc->EndOfList( ) ;rpnFunc->Next()){ 
curData = rpnFunc->Data();
i f  0 IsOperator(curData) kk !IsConstant(curData)){

tmpl » GenerateBddVar(bddm, supportSet, curData);
S.Push(tmpl);

> else if(IsConstant(curData)“ l){ 
i f (strcmp(curData, "VDD")==0){

S.Push(one);
} else {

S.Push(zero);>
if(strcmp(curData, "V ")“ 0){ 

tmpl * S.PopO; 
f * Cudd.Not(tmpl);
Cudd.Ref(f);
S.Push(f);
Cudd.RecursiveDeref(bddm, tmpl);

else i f  (strcmp(curData, "*")==0H
tmpl -  S.PopO; / / “ Cudd.Ref(tmp2); 
tmp2 * S.PopO; / / “ Cudd.Ref (tmp2); 
f -  Cudd_bddlte(bddm, tmpl, tmp2,zero);
Cudd.Ref(f);
S.Push(f);
Cudd.RecursiveDeref(bddm, tmpl);
Cudd.RecursiveDeref(bddm, tmp2);

else i f  (strcmp(curData, "+")“ 0){
tmpl ■ S.PopO; //***Cudd_Ref(tmp2); 
tmp2 » S.PopO; / / “ Cudd.Ref(tmp2); 
f * Cudd_bddlte(bddm, tmpl, one, tmp2);
Cudd Ref(f);
S.Push(f);
Cudd.RecursiveDeref(bddm, tmpl);
Cudd.RecursiveDeref(bddm, tmp2);

> 
f l
return f l

• PopO;

/ /  Bdd equivalence checking rootine, returns (1) i f  f -  g, or returns (0) 
/ /  This Routine check i f  the both bdds have same childem recursively, 
/ / in t  BddEqCheck(DdManager *bddmf, DdNode *f, DdManager *bddmg, DdNode *g) 
in t BddEqCheck(DdNode *f ,  DdNode *g)
•C

DdNode *fT, *fE, *gT, *gE;
in t fVal, gVal;

if(Cudd_IsConstant(f) kk Cudd.lsConstant(g) H
if(Cudd_IsComplement(f) kk Cudd_IsComplement(g)H 

fVal -  (int)(Cudd_Regular(f)->type.value); 
gVal -  (int)(Cudd.Regular(g)->type.value); 
i f  (fVal “  gVal) { 

return (1);
> else {

return(O);

> else ifOCudd.IsComplement(f) kk !Cudd.IsComplement(g)){ 
fVal ■ (int)(f-> type.value); 
gVal ■ (int)(g->type.value); 
if(fVal “  gVal) {

return (1);
> else {

return(O);

> else {
 ̂ return(O);

else if(!Cudd_IsConstant(f) kk Cudd.lsConstant(g) I I
(Cudd_Regular(f)->index !« Cudd_Regular(g)->index) II 

Cudd_IsConstant(f) kk !Cudd_IsConstant(g) ) {
 ̂ return(O);

if(Cudd.IsComplement(f)){ 
fT -  cuddE(Cudd_Not(f)); 
fE -  cuddT(Cudd.Not(f )); 
if(Cudd.IsComplement(g)5{ 

gT -  cuddE(Cudd_Not(g)); 
gE -  cuddT(Cudd_Not(g));
return(BddEqCheck(fT,gT) kk BddEqCheck(fE, gE));

else { 
return(O);

>

elSSfT -  cuddT(f); fE -  cuddE(f); 
if(Cudd.IsComplement(g)){ 

return(O);
>
else ■(

gT ■ cuddT(g); gE « cuddE(g);
return(BddEqCheck(fT,gT) kk BddEqCheck(fE, gE));

>
>

>
>

/ /  Symmetry check for variables x [ i ] , x [ j) , here x[i] and x[j] are just 
/ /  index of variables used in a bdd F.
/ /  Before call th is  routine, the variable index x or y should checked in order 
/ /  to protect fetching wrong bdd pointer from the dd.manager. 
in t IsSymmetry(DdManager *bddm, DdNode *f, in t x, in t y)
{

DdNode *fx, *fx_, *fxy, *fxy_, *fx_y, *fx_y_;
DdNode *ddx, *ddy;

ddx * Cudd.bddlthVar(bddm, x ) ; 
ddy = Cudd_bddIthVar(bddm, y );

fx * Cudd.Cofactor(bddm, f ,  ddx);
fx_ = Cudd_Cofactor(bddm, f , Cudd.Not(ddx));

fxy ■ Cudd_Cofactor(bddm, fx, ddy);
fxy. “ Cudd.Cofactor(bddm, fx, Cudd.Not(ddy));

fx.y » Cudd.Cofactor(bddm, fx_, ddy);
fx .y . * Cudd.Cofactor(bddm, fx_, Cudd.Not(ddy));

if(BddEqCheck(fxy_, fx .y)H
Cudd.RecursiveDeref(bddm,ddx);Cudd.RecursiveDeref(bddm,ddy); 
Cudd.RecursiveDeref (bddm,fx ):Cudd.RecursiveDeref(bddm, fx_); 
Cudd.RecursiveDeref(bddm,fxy);Cudd_RecursiveDeref(bddm,fxy.); 
Cudd.RecursiveDeref (bddm,fx.y);Cudd.RecursiveDeref(bddm,fx.y.); 
re tu rn (l); / /  positive symmery

else if(BddEqCheck(fxy, fx_y_)H
Cudd.RecursiveDeref(bddm,ddx);Cudd.RecursiveDeref(bddm,ddy); 
Cudd.RecursiveDeref(bddm,fx ) :Cudd.RecursiveDeref(bddm,fx.); 
Cudd.RecursiveDeref(bddm,fxy);Cudd.RecursiveDeref(bddm,fxy_); 
Cudd.RecursiveDeref(bddm,fx.y);Cudd.RecursiveDeref(bddm,fx.y.); 
return(2); / /  negative symmery

>
else {

Cudd.RecursiveDeref (bddm,ddx); Cudd.RecursiveDeref (bddm, ddy); 
Cudd.RecursiveDeref(bddm,fx ):Cudd.RecursiveDeref(bddm, fx_); 
Cudd.RecursiveDeref(bddm,fxy);Cudd.RecursiveDeref(bddm,fxy.); 
Cudd.RecursiveDeref (bddm,fx.y);Cudd.RecursiveDeref(bddm,fx.y.); 
return(O); / /  not a symmetry variable

/ / — Symmetry sets
/ /  returns #of variables in SymmSets, *nset is  #of symm set.
in t GetSymmSet(DdManager *bddm, DdNode *f, LinkedList<char *> *suppSet, \

LinkedList<char *> tnewArltem, in t *nset)

LinkedList<char *> arrayltem[10] ;
char *varl, *var2;
in t varlld , var2Id, symm;
Queue<char *> Q;

int index * -1;
/ /  check i f  the List is  support set of a function. 
for(suppSet->Reset(); !suppSet->EndOfList();suppSet->Next()){ 

varl ■ suppSet->Data();
Q.Q Insert(varl);

/ /  compare support var[i3 which is  in Queue and support v a r tj] , j ! - i .  
while(!Q.QEmpty()){

varl ■ Q.DeQueueO: 
if(IsO perator(varl)){

cout«"The argument List is  not suppoerSet of a function\n"; 
cout«"because i t  contains " « v a r l« " \n " ; 
e x it ( l ) ;
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index++; / /  increase symmetry set l i s t  index 
arrayltem[index]. InsertRear(varl); 
varild  = index;
for(suppSet->Reset( ) ; ! suppSet->EndOfList( ) ; suppSet->Next()){ 

var2 ■ suppSet->Data(); 
if(strcmp(varl,var2)!*0){

var2Id -  suppSet->CurrentPosition(); 
symm » IsSymmetry(bddm, f ,  varild , var2Id); 
if(symm){ / /  positive and negative symmetry 

arrayltem[index].InsertRear(var2);

#ifdef DEBUG.Symm
for(arrayItem[index] .Reset ( ) ; 'arrayltem[index] .EndOfListO;

arrayltem[index].Next O H  
cout «  arrayltem [index] .DataO «  " M;

>
cout << endl;

#endif>
/ /  delete l i s t  that duplicates another 
/ / in t  n, lis tS ize , l is tS iz e i, char.index; 
in t n, lis tS ize , lis tS ize i; 
char *chrl, *chr2;
in t dup_list[10],dup_count; / /  Here, I assumed that max|{suf>|<=10. 
QueueCchar *> Q2;

if(index>10) {
cout«"Support variables are too many in GetSymmtrySetOW; 
ex it( l) ;

for(n*0;n<10;n++) dup_list[n] ■ 0;

f o r ( n  = 0; n  < * in d ex - l;  n++H
lis tS ize  = arrayltem[n] .ListSizeO ; 
fo r(in t k ■ 1; k <■ index: k++H

lis tS ize i * arrayltemtk] .ListSizeO ; 
dup_count = 0;
if  (lis tS ize—lis tS ize l && ! (n»*k) && dup .lis t [n] ==0) { 

for(arrayltem[n].Reset( ) ; ! arrayltem[n].EndOfLi st 0 ;
arrayltem[n].Next O H  

chrl = arrayltem[n] .DataO ;
Q2.QInsert(chrl);

whi le (! Q2. QEmpty O H  
chrl ■ Q2.DeQueue();
for (arrayltem [k] . Reset O ; !arrayltem[k] .EndOf Li s tO  ;

a rra y lte m [k ] .N ex t O H
chr2 * arrayltem[k] .DataO ; 
i f  (strcmp(chrl ,chr2)“=0H 

dup count++;>
>

>// while
> / /  if
if((dup.count — lis tS ize) && (dup_count -■ lis tS ize i))  { 

dup_list[k] ■ 1;

} / /  inner for
>

/ /  copy arrayltem to newArltem and delete arrayltem. 
in t new.index ■ -1; / /  new_ArItem’s index 
in t num.var.of.symm.set •  0;

fo r ( n - 0 ;  n<»index: n++H 
i f ( d u p . l i s t [ n ]  !■ 1){ 

new index++;
f o r  (arrayltem [n]. Reset O ; !arrayltem[n] .EndOf Li stO  ;

arrayltem[n] .NextOH 
newArltem [new.index] . InsertRear (arrayltem [n] .DataO);

num.var_of_symm.set +■ newArltem[new.index].ListSizeO;

#ifdef DEBUG.Symm
cout «  "Index * "«index«" New.index ■ "«new.index«endl; 
for(n -  0; n <“new.index; n++H 

PrintCharList(ftnewArltem[n]);

#endif

*nset ■ new_index+l; 
return num_var_of.symm.set;

>

* Permute.cc
* Subroutines for BDD variable re-ordering 
*******************************************************************/

#include <fstream.h>
#include <stdlo.h>
•include "LinkedList.h"

/ /  UpperLimit is  maximum number of elements to  permute 
const in t UpperLimit * 8;

/ /  copy n element array y to  array x 
void copy(int x [] , in t y[], in t n)

for (in t i “0;i<n;i++H 
x[i] -  y t i ] ;>

>

/ /  Permlist is  an n elements array of integers, generate the permutations 
/ /  of the elements whose indices are in the range s ta r t  <■ i <* n-1. when 
/ /  a permutation is  complete, p rin t the entire array, to permute a l l  n 
/ /  elements, begin with start=0.
void getPermute(int perm list[], in t s ta r t ,  in t n, LinkedList<int *> *pList)

in t *tmparr * new in t [UpperLimit]; 
in t temp , i ;

/ /  stopping condition: land at la s t array elements 
i f ( s ta r t  n-l){

in t ’•■permltem * new in t [UpperLimit] ;

#ifdef PERM.TEST
/ /  p rin t the permutation 
for(i*0; i < n; i++){

cout << permlist [i] << " ";
>
cout « " \n " ;

•endif

copy(permItem, permlist, n ) ; 
pList->InsertRear(permItem);

> else <
/ /  recursive step: exchange perm list[start] and perm list[i],
/ /  make a copy of the array in temparr, and permute elements of 
/ /  temparr from start+1 through end of the array 
fo r(i= sta rt; i  < n; i++H

/ /  exchange perm list[i] with perm list[start] 
temp * perm list[i]; 
perm list[i] ■ p e rm list[s ta rt]; 
perm list[start] ■ temp;

/ /  create a new l i s t  and ca ll permute 
copy(tmparr, permlist, n ) ; 
getPermute(tmparr, start+1, n, pList);>

>
delete [] tmparr;

>
•ifdef TEST.main 
void main(void)
{

/ /  permlist contains the n number we permute 
in t *permlist * new int [UpperLimit]; 
int n , i ;

LinkedListCint *> *pList * new LinkedListCint *>;

cout «  "Enter a number ’n ’ between a and "
«  UpperLimit «  ": "; 

cin »  n;

/ /  in it ia l iz e  permlist to {1, 2, . . .  ,n} 
for(i=0; i  < n; i++){ 

perm list[ij » i;
>

/ /  p rin t permutations fo elements in array 
/ /  permlist from indicies 0 to n-1 
getPermute(permlist, 0, n, pList);

cout «  "Data from pList\n"; 
in t index » 1;
for(pList->Reset<); !pList->End0fList();pList->Next()){ 

permlist ■ pList->Data(); 
p rin tf ("‘/,3d : ", index ++); 
fo r( i  ■ 0; i< n: i++){

cou t«  permlist [ij «  "
>
cout«  "\n";

> }
•endif

/*«*****************************************************************
* Match.depth.cc
* 1 .Check match between cluster and cell
* 2 .Builds match l i s t  a t every nodes
* * * * * * * * * * * * * * * * * * * * * ** * ** * * ** * ** * ** * * ** * ** * ** * * ** * ** *  ****** He******/

•include <fstream.h>
•include <stdlib.h>
•include <ctype.h>
•include <strlng.h>
•include <stdio.h>
•include <math.h>
•include <new.h>

/ /  For a given subject-graph, search a ll  nodes in the graph and insert the
/ /  node into a Queue i f  i t ’s not PI or P0.
/ /  Returns the Queue to  the caller to  get possible functions for each node.
LStack<Node *> *matchGetGateListOfSubGraph(Graph * sGraph)
<

LStack<Node *> *nodeS “ new LStack<Node *>;
Queue<Node *> tmpQ;
LinkedList<Node *> *nodeList, *finList, *poList, *piList;
Node *curNode, *tNode; 
char *curNode.name;

nodeList * sGraph->GetGateList(); 
poList « sGraph->GetPoList(); 
piL ist ■ sGraph->GetPiList();

for(nodeList->Reset(); !nodeList->EiidOfList();nodeList->Next()){ 
curNode •  nodeList->Data(); 
curNode.name > curNode->GetName(); 
if(sGraph->FindNode(poList, curNode.name)!»-l){ 

tmpQ.QInsert(curNode);
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if(tmpQ.QLengthO > 1){
cout «  "In matchGetGateListOfSubGraphO, there are more than"; 
cout «  " one outputs. Graph name is  [" «  sGraph->GetName(); 
cout

curNode * tmpQ.QFront();
if(curNode->GetNodeFunc() !■ NODE.PO) {

/ /  since NODE.PO has same func as i t s  fanin. 
nodeS->Push(curNode);

while(!tmpQ.QEmpty()){
curNode ■ tmpQ.DeQueueO; 
finList -  curNode->GetFaninList(); 
if(finList->ListSize() !=» 0){

for(finList->Reset( ) ; !finList->EndOfList();finList->Next()){ 
tNode -  finList->Data(); 
curNode.name * tNode->GetName();
/ /  i f  i t  is  not in PiList and in GateList 
if(sGraph->FindNode(piList, curNode.name)*=-1){ 

tmpQ.QInsert(tNode); 
nodeS->Push(tNode);

return nodeS;>
/ /  Print symmetry sets
void PrintSymmSet(LihkedList<char *> *symmSet, in t num.symm)

cout « " \n  SymmSet :: "<< num.symm « " \n " ; 
fo r(in t n = 0; n < num.symm; n++){

PrintCharList(ftsymmSet [n]) ;
>>

void matchDeleteCharLinkedList(LinkedListcchar *> *charList, in t Id = 0) 

in t lis tS ize , n;

lis tS ize  = charList->ListSize(); 
if( lis tS iz e  < 1) return: 
for(n=0;n<listSize;n++){ 

charList->Reset();
delete charList->DeleteCurrentElera();>

if ( ld  ■» 1H
delete charList;

>
>

void matchDeleteDCharLinkedList(LinkedListcchar *> *charList, in t Id = 0)
<

in t lis tS ize , n;

lis tS ize  * charList->ListSize(); 
if( lis tS iz e  < 1) return: 
for(n*0;nClistSize;n++){ 

charList->Reset(); 
free(charList->DeleteCurrent());

>
i f  (Id l)-{

delete charList;
>

void MemFreeForSymmSet(LinkedList<char *> *symmSet, in t num.symm)

fo r(in t n * 0; n<num.symm; n++H
(void)matchDeleteCharLinkedList(ftsymmSet[n]);

>>
void MemFree.Bdd.SymmSet(DdManager *fbddm, DdManager *gbddm,

DdNode *f, DdNode *g,
LinkedListcchar *> *symmSetF, in t num.f.symm, 
LinkedList<char *> *symmSetG, in t num_g.symm)

Cudd.RecursiveDeref(fbddm, f ) ;
Cudd.RecursiveDeref(gbddm, g);

(void) MemFreeForSymmSet(symmSetF, num.f.symm);
(void) MemFreeForSymmSet(symmSetG, num.g.symm);

Cudd.Quit(fbddm);
Cudd.Quit(gbddm);

>

/ /  Copy rpn
LinkedListcchar *> * matchCopyRpn(LinkedList<char *> *old.rpn)

LinkedListcchar *> *new_rpn * new LinkedListcchar *>; 
char *testVar;

for(old_rpn->Reset();!old_rpn->EndOfList( ) ;old_rpn->Next 0 ){  
testVar ■ old_rpn->Data(); 
new_rpn->InsertRear(testVar);>

return new rpn;
>

/ /  This routine modifies the phase of the function in rpn notation
/ /  by looking at pahseFunction(integer) which is  considered as binary value.
LinkedListcchar *> *matchModifyVarPhase(LinkedListcchar *> *rpnG,

LinkedListcchar *> *supSetG, in t phaseFunc)
{

LinkedListcchar *> *new_rpnG ■ new LinkedListcchar *>;

in t polarity  ■ 0;
char *targetVar, *testVar;

/ /  copy rnpG to new.rmpG
for(rpnG->Reset(); !rpnG->End0fList();rpnG->Next()){ 

testVar * rpnG->Data(); 
new.rpnG->InsertRear(testVar);

>

if(phaseFunc > OH / /  i f  phaseFunc « 0 , no varables are inverted. 
fo r(in t n * 0; n c supSetG->ListSize(); n++H

polarity  * phaseFunc ft lCCn; / /  te s t b it  position "n" 
if(p o la rity ){

(void)supSetG->Reset(n); 
targetVar ■ supSetG->Data();
for(new_rpnG->Reset();!new.rpnG->End0fList( ) ;new_rpnG->Next()H 

testVar * new_rpnG->Data(); 
if(strcmp(targetVar.testVar)M0){ 

new_rpnG->InsertRight(M\ ’");

return new rpnG;>
/ /  Returns a List that contains arrays as i ts  elements.
/ /  Wach elemtnt in the array is  the index of the elements of symmetry set.
/ /  Array size is  equal to "num.set.elem"(symmetry set)
LinkedListCint *> *matchGetPermutationList(int num.g.symm)

LinkedListCint *> *pList •  new LinkedListCint *>;
in t *permArray ■ new in t [8]; / /  max #of elements of symmSetG ■ 8.

/ /  in itia liz e  permutation array 
fo r(in t i  = 0; i  c num.g.symm; !++){ 

permArrayti] * i;

(void)getPermute(permArray, 0, num.g.symm, p L is t) ;/ /  resu lt is  in pList 

delete [] permArray; 

return pList;
>
/ /  Returns ordered supportset based on permutation array (ordArray). 
LinkedListcchar *> *matchGetNewOrderOfSupSetG(LinkedListCchar *> *symmSetG,

in t *ordArray, in t num.g.symm)
<

LinkedListcchar *> *orderList * new LinkedListcchar *>;
LinkedListcchar *> *symmList; 
in t index;

/ /  Get one permutation —> Actual variable ordering 
fo r(in t i  ■ 0; i  C num.g.symm; i++M 

index = ordArray[i]; 
symmList ■ ftsymmSetG[index];
for(symmList->Reset( ) ; ! symmList->End0fList( ) ; symmList->Next()){ 

orderList->InsertRear(symmList->Data());
>>

return orderList;
>

/ /  Check Unateness, returns (0, positive unate), (1, neg. unate), (2, binate) 
/ /  in a function.
in t matchCheckUnateness(LinkedListcchar *> *rpnFunc, char *checkingVar)

in t unateness > 0, position; 
char *tmp_char;
LinkedListcchar *> rpnCopy;

/ /  copy linkedlist to array;
for(rpnFunc->Reset(); !rpnFunc->End0fList();rpnFunc->Next()){ 

tmp.char ■ rpnF\mc->Data(); 
rpnCopy. InsertRear(tmp.char);

>

for(rpnFunc->Reset(); !rpnFunc->End0fList();rpnFunc->Next())< 
tmp.char * rpnFunc->Data(); 
if(strcmp(tmp.char, checkingVar)**0){

position * rpnFunc->CurrentPosition();
>

>

return unateness;
>

/ /  general linked l is t ;
in t matchFindNamelnGenList(LinkedListcchar *> *genList, char *f name)
{

in t position * -1;

if((genList->ListSize()!«0)){
for(genList->Reset();{genList->End0fList( ) ;genList->Next()){ 

if(strcmp(f.name, genList->Data())"0){
position •  genList->CurrentPosition(); 
return position;>>

>

return position;>
/ /  Only for functions in Rpn format
in t matchFindName!nRpnF(LinkedListCchar *> *rpnF, char *f.name)
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in t position =» -1; 
char *prime;

char *rpn.var, *tmp_var, *tmp_varl;
LinkedList<char *> *rpnFunc = new LinkedListcchar *>;

if((rpnF->ListSize()!«0) kk (rpnF->ListSize() > 2)){

/ /  copy rpnF to  tpm_rpnFunc; added on May 12, 2000 
/ /  to  make correct rpn_func » d ’ e * , e tc . .. 
for(rpnF->Reset();!rpnF->EndOfList( ) ;rpnF->Next()){ 

rpn.var = rpnF->Data();
tmp.var * (char *)calloc(strlen(rpn_var)+l, sizeof(char)); 
strcpy(tmp_var, rpn .var);

i f  (strcmp(rpn.var, "V ") ! *0) { 
rpnFunc->InsertRear(tmp.var);

> else i f  (strcmp(rpn_var, " \>M)*"0)-C 
//pos = tmp_rpnG->CurrentPosition(); 
//tmp_rpnG->Reset(pos-l); 
tmp.varl * rpnFunc->Data(); 
strcat(tm p.varl, rpn.var);

for(rpnFunc->Reset(); ! rpnFunc->EndOfList( ) ;rpnFunc->Next()){ 
if(strcmp(f.name, rpnFunc->Data())=»0){

position * rpnFunc->CurrentPosition(); 
return position;

>
>

> else if(rpnF->ListSize()*=2){ / /  Inverter function
prime ■ ftf_name[strlen(f_name)-l]; 
i f (!strcmp(prime,"\’")H 

return (1);
>

>

(void)matchDeleteCharLinkedList(rpnFunc); 
delete rpnFunc; 
return position;

in t matchIsCellOutputPhaseNegative(LibCell *curCell)

char *cell_name; 
in t negative ■ 0;

cell.name = curCell->GetName():
i f ( !strcmp(cell_name, "nor2") 11 !strcmp(cell_name, "nand2") I I 

!strcmp(cell_name,"nor3") II !strcmp(cell_name, "nand3") II 
!strcmp(cell_name,"aoi21") II !strcmp(cell.name, "invl") II // 11-01-01
!strcmp(cell_name,"aoi22") |I
!strcmp(cell_name,"oai21") 11 !strcmp(cell.name,"inv2")){ 

negative * 1;
>
return negative;

>

/ /  Check i f  the var is  binate, in library func (rpnG) binate 
in t matchlsVarBinate(LinkedListcchar *> *rpnG, char *g_name)
{

in t count * 0;

for(rpnG->Reset(); !rpnG->End0fList();rpnG->Next()){ 
if  (strcmp(rpnG->Data(), g_name)M0){ 

count++;
>

i f  (count'/,2M0){
return (1);

> else {
return (0);

/ /  Check rpn function i f  the l i s t  elemrnt is  VDD or GND at listPos-1 (current
/ /  List positio  -1) or listPos+1.
/ /  ex) E B’ * ’ ’ D B * ’ * A ’ * * ’ C A * 1 ’ +»> 3-unate, 2-binate
/ /  GND b * b ’ d *  + a * a ’ GND e * e ’ g * + * +  »> 4-unate, 1-binate
/ /  GND b * b ’ d ’ * + a * a ’ VDD e * e * g * + * +*> 4-unate, 1-binate
in t matchCheckConstVarInRpn(LinkedListCchar *> *rpnL, in t listPos)

char *prev_var*NULL, *next_var»NULL, *tmp_var; 
in t prev_new * 0, next.new * 0, resu lt ■ 0; 
in t cur.pos, lis tS ize ;

/ /  Backward search 
if(listPos-1  >- OH

rpnL->Reset(listPos-l); 
prev.var ■ rpnL->Data();

> else {
prev.var * (char *)calloc(2, sizeof(char)); 
preview  ■ 1;

>

/ /  Forward search 
lis tS ize  * rpnL->ListSize(); 
cur.pos ■ listPos+1; 
if(cur.pos c* lis tS ize ){

while(cur_pos <* lis tS iz e - lX  
rpnL->Reset(cur.pos); 
next.var * rpnL->Data(); 
i f  (strcmp (next.var," \  ’")“ 0) { 

cur_pos++; 
continue;

> else {
break;

>
>

> else {
next.var * (char *)calloc(2, sizeof(char)); 
next new * 1;

>

if(IsConstant(prev.var)){ 
resu lt ■ 1;

/*  to  check "a ’ ’ GND i 
* ex) GND b * b ’ d ’ :
* /

when current listPos points "a 
a * * a * ’ GND e ’ * e ’ ’ g :

> else if(IsConstant(next.var)H
i f ( (cur_pos+l) <= lis tS ize  -1){ 

rpnL->Reset(cur_pos+l); 
tmp.var » rpnL->Data(); 
i f ( ! IsOperator(tmp.var)){ 

result * 0;
> else {

result * 1;

} else {
resu lt = 1;

> else {
result ■ 0;

>

rpnL->Reset(listPos); 
if(prev.new) free(prev.var); 
if(next.new) free(next.var);

return re su lt;
>

/ /  The support set elements must be extracted from rpnL 
/ / in t  matchIsVarBinatex(LinkedListCchar *> *rpnG, char *g_name) 
in t matchIsVarBinateS(LinkedListCchar *> *rpnL, char *g name)

in t pos_unate[10], neg_unate[10], name.len, lis tP os, pos.count; 
int var.match.count, n, bar.cnt; 
int posUnate, negUnate;
//char *sup_var, *tmp_var, *rpn.var; 
char *tmp_var, *rpn_var; 
int resu lt * 0;

for(n=0 ;n<10 ;n++X
pos_unate[n] ■ 0 ; neg_unate[n] * 0;>

var.match.count = 0; 
posUnate * negUnate * 0;
for(rpnL->Reset( ) ;! rpnL->End0fList( ) ;rpnL->Next( )M 

tmp.var * rpnL->Data(); 
name.len ■ strlen  (tmp.var);
i f (!IsOperator(tmp.var) kk !IsConstant(tmp.var)){

rpn.var * (char *)calloc(name_len+l, sizeof(char)); 
if  (name_len>l kk tmp_var[name_len-l]M ,V ’X 

strncpy(rpn.var, tmp.var, name_len-l); 
rpn.var[name.len] » ’XO’ ;

> else {
strcpy(rpn_var, tmp.var);

} else {
cont inue;>

i f  (strcmp(g_name, rpn.var) «*0) ■(
listPos * rpnL->CurrentPosition();
if(matchCheckConstVarInRpn(rpnL, lis tP o s)) continue;
pos.count “ listPos;
var_match_count++;
if(tmp.var[name_len-l] — ’ \  ’ ’) {

/ /  check next item in the rpn.L ist, i f  i t  is  * or * or 
bar.cnt ■ 0;
while (pos.count < (rpnL->ListSize()-l)){ 

rpnL->Next(); pos_count++;
//-b a r.cn t » 0;
if(strcmp((tmp.var * rpnL->Data()), HV")**0X 

bar_cnt++;>
i f  (bar.cnt*/,2 ■* OX

neg_unate[var_match_count-l] » 1; 
pos_unate[var_match.count-13 « 0;

} else {
neg_unate[var_match_count-l3 -  0; 
pos.unate[var.match count-1] ■ 1;

>
i f ( ! (strcmp(tmp.var,"\,M)**0)) break;}

rpnL->Reset(listPos);
> else {

bar.cnt “ 0;
while(pos_count < (rpnL->ListSize()-l)X 

rpnL->Next(); pos_count++;
if(strcmp((tmp_var » rpnL->Data()) , "V")-«0){ 

bar cnt++;>
if(bar_cnt%2 ■■ 1){

neg_unate[var_match_coimt-l] « 1; 
pos_unate[var_match_count-l] « 0;

> else {
neg_unate[var_match_count-l] * 0; 
pos.unate[var.match.count-1] « 1;

i f ( ! (strcmp(tmp_var,H\ , ")*«0)) break;>
rpnL->Reset(listPos);>
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free(rpn.var);
> / /  End of for.loop

for(n=0; n < var match.count; n++){ 
if(pos.unateln]*=1){ 

posUnate * 1;
Jelse if(neg_unate[n]“=l){ 

negUnate = 1;
>

>

if(posUnate kk negUnate){ 
return resu lt = 1;

>else i f (!posUnate kk negUnate 11 posUnate kk !negUnate){ 
return result = 0;>

return re su lt;>
/ /  check i f  a variable phase in function of G (library) is  modified, 
in t matchIsVarPhaseInverted(LibCell *curCell, LinkedList<char *> *rpnG,

char *g_name)

in t t l . f la g  = 0, t2_flag -  0; 
char *rpn var, *tmp_var, *tmp_varl; 
char * tvarl, *tVar2;
LinkedList<char *> tmp.rpnG;

/ /  copy rpnG to  tpm.rpnG; (debuging—ok) 
for(rpnG->Reset(); ?rpnG->EndOfList();rpnG->Next()){ 

rpn.var » rpnG->Data();
//cout«"tm p.var -  "«tmp_var«"\n";
tmp.var = (char *)calloc(strlen(rpn_var)+2, sizeof(char)); 
strcpy(tmp.var, rpn.var);

i f  (strcmp(rpn.var, "V ") !=0){ 
tmp.rpnG.InsertRear(tmp.var);

} else if(strcmp(rpn_var, "V ")“=Q){ 
tmp.varl = tmp .rpnG.DataO ; 
strcat(tmp_varl, rpn.var); 
free(tmp var);

>>
/ /  check i f  a variable is  inverted, i . e . ,  variable pahse is  modified 
/ /  during matching.
tVarl * (char *)calloc(strlen(g_name)+2, sizeof(char)); 
tVar2 * (char *)calloc(strlen(g_name)+3, sizeof(char)); 
strcpy(tVar1.g.name); s trca t(tV arl,"V "); 
strcpy(tVar2,g_name); strcat(tV ar2 ," \’ V ");
for(tmp.rpnG.Reset( ) ;! tmp.rpnG.EndOfLi s t ( ) ; tmp.rpnG.Next 0 ){  

rpn.var ■ tmp .rpnG.DataO ; 
if(matchIsVarBinate(rpnG, g_name)){

if  Ostrcmp(rpn var, tVarl) kk ( t l  flag“ 0)){ 
t l . f la g  -  1;

> else i f  (! strcmp (rpn.var, tVar2) ftfc(t2.flags**0)){
t2_flag * 1;

if(!strcmp(rpn_var, tVarl) kk (tl_ flag” 0)){ 
t l . f la g  •  1;

> }>
(void)matchDeleteDCharLinkedList(&tmp.rpnG); 
free(tV arl); 
free(tVar2);

if(matchlsVarBinate(rpnG, g.name)){ 
return (t2_ flag« l kk tl_flag»»l);

return (tl_flag»»l);>

void matchChangePinMap(LinkedList<pinMap *> *pinMapList, char *nl, char *n2) 

pinMap *pinInfo;
if(pinMapList->ListSize()«=0) return; / /  0731
for(pinMapList->Reset(); !pinMapList->EndOfList();pinMapList->Next()){ 

pinlnfo * pinMapList->Data(); 
i f ( !strcmp(pinlnfo->cell_pin,nl)){ 

strcpy(pinInfo->cell_pin,n2);
>>>

int matchIsNodeNameInverted(char *target name)
{

in t n, name.len, count=0; 
char ch;

name.len = strlen(target.nam e); 
for(n » 0; n<name_len; n++){ 

ch = target_name[n]; 
i f  (ch” ’V ’){ 

count++;
>

>
i f (c o u n t =“ 0){ 

return FALSE;
> else {

return TRUE;>
>

/ /  Check if  a ll  pins are same or not for both l is ts .
in t matchMappedPinsAreEqual(LinkedList<pinMap *> *oldPinList,

LinkedList<pinMap *> *newPinList)<
pinMap *oldPin, *newPin; 
char *old_name, *new_name; 
in t count, lis tS ize;

lis tS ize  ■ oldPinList->ListSize(); 
count = 0;
for(oldPinList->Reset( ) ; !oldPinList->EndOfList();oldPinList->Next()){ 

oldPin * oldPinList->Data(); 
old name -  oldPin->net node;
for(newPinList->Reset( ) ; !newPinList->End0fList( ) ;newPinList->Next 0 ){  

newPin = newPinList->Data(); 
new.name ■ newPin->net_node; 
if(strcmp(old_name, new.name)**0){ 

count++;>
>>

if(count ■■ listS ize){ 
return (1);

> else ■{
return (0);

> J
/ /  Check i f  current "match" is  already in targetNode's matchList,
/ /  i f  so, return (1), otherwise return (0).
in t matchCurrentMatchIsDuplicated(LinkedList<Match *> *matchList, Match *match) 

Match *oldMatch;
LinkedList<pinMap *> *newPinList, *oldPinList; 
char *new_match_name, *old_match_name; 
int duplicated » 0;

new.match.name » match->cell_name; 
newPinList ■ match->pinmap;

if  (matchList->ListSize()“ 0) return (0);
for(matchList->Reset(); !matchList->Eiid0fListO ;matchList->Next()){ 

oldMatch ■ matchList->Data(); 
old.match name ■ oldMatch->cell_name; 
if(strcmp(old_match_name, new.match.name)-*0){ 

oldPinList ■ oldMatch->pinmap;
if(matchMappedPinsAreEqual(oldPinList, newPinList)){ 

duplicated ■ 1; 
break;

>

/ /  check i f  a variable phase in function of G (library) is  modified.
/ /  ONLY for non-control variables (ex: c, d, f ,  g of pyl_y3,
in t matchlsVarPhaselnvertedKLibCell *curCell, LinkedList<char *> *rpnG,

char *g.name)

char *rpn_var, *tmp_var, *tmp_varl; 
char * tvarl, *tVar2;
LinkedList<char *> tmp.rpnG; 
in t flag * 0, n;
in t pos -  -1, count—1, posArr[10];

for(rpnG->Reset(); !rpnG->End0fList();rpnG->Next()){ 
pos++;
rpn.var * rpnG->Data(); 
if(Istrcm p(rpn.var, g.name)){ 

count++;
posArr[count] ■ pos;>

for(n ■ 0; n <* count; n++){ 
pos » posArrtn]; 
rpn.var = rpnG->Data(pos+l); 
i f ( !strcmp(rpn_var,"\>")){ 

flag -  1;
>>

return flag;>
/ /  Change Pin name to re flec t binate variable phase inversion.

> return duplicated;

/ /  Find binate variables whose polarity  are inverted from orig func inlibC ell, 
/ /  and insert i t  to  invList.
void matchFindInvertedBinateVariable(LinkedList<char *> *supSetG,

LinkedList<char *> *rpnc,LibCell *curCell, 
 ̂ LinkedList<char *> *invList)

char *g_name;

for(supSetG->Reset(); ! supSetG->End0fList(); supSetG->Next()){ 
g.name -  supSetG->Data();
if(matchlsVarBinate(rpnG, g.name)){ //appears two times 

if(matchIsVarPhaseInverted(curCell, rpnG, g.name)X 
invList->InsertRear(g.name);

>. >

void matchInsertStrapInfo2PinList(LinkedList<char *> *strapT,
LinkedList<pinMap *> *pinMapList){

Queue<char *> Q; 
char *tmpchar; 
pinMap *strapInfo;

if(strapT->ListSize()!“0){
for(strapT->Reset(); !strapT->End0fList();strapT->Next())<
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i f  (strcmp(strapT->Data(),"0")!=0){
Q.QInsert(strapT->Data());>>

while(!Q.QEmpty() ) {
tmpchar = Q.DeQueueO;
if(!strcmp(tmpchar,"b") I I !strcmp(tmpchar,"c") I I

!strcmp(tmpchar,"d") I ! !strcmp(tmpchar,"e") I I
!strcmp(tmpchar,"f") I I !strcmp(tmpchar, "g") ){

straplnfo = new pinMap; 
strcpy(straplnfo->cell_pin,tmpchar); 
strcpy(straplnfo->net_node,Q.DeQueue());

pinMapList->InsertRear(straplnfo);

/ /  Determine matched cell type of ptl_y2 and ptl_y3.
void matchDetermineY23CellName(LinkedListcchar *> *invList, LibCell *curCell, 

Match *match)

in t position;

i f  (! strcmp(curCell->GetName(), ''ptl_y2")H
i f ( (position=raatchFindNameInGenList(invList, "a")) ! = - l){  

strcpy(match->cell_name,"ptl_y21");
} else {

strcpy(match->cell_name,"ptl_y22");

> else if(!strcmp(curCell->GetName(),"ptl_y2xM)H
if  ((position=matchFindNameInGenList(invList, "a"))!“"!){ 

strcpy(match->cell_name,"ptl_y2xl");
> else {

strcpy (mat ch->cell_name, "ptl_y2x211) ;

> else i f  Ostrcmp(curCell->GetName() ,"ptl_y3")H
i f ( (position=matchFindNameInGenList(invList, "a")) !* - l )  { 

strcpy(match->cell_name, "ptl_y31");
> else {

strcpy(match->cell_name,"ptl_y32");

> else i f  (! strcmp(curCell->GetName() , "ptl_y3x"))-(
i f ((position*matchFindNameInGenList(invList, "a")) ! = - l ) { 

strcpy(match->cell_name,"ptl_y3xl");
> else {

strcpy(match->cell.name, Hptl_y3x2");>
> / /  enf of if

/ /  re-order vars in tmpList, then
/ /  insert those vars into supSetF. This is  because supSetG is  already sorted 
/ /  in ascending order, e .g ., yl-> {a,b,c>, y2->{a,b,c,d,e}.. during supSet gen 
void matchSupSetFDepthReorder(LinkedListcchar *> *supSetF,

LinkedListcchar *> *tmpList, Graph *origNet)
{

char *tmp_var, *f_var;
in t tmp.size, cur.pos, index ■ -1;

if((tmp_size -  tmpList->ListSize())c*0) return; 
in t f_pos[tmp.size];

/ /  find positions in  supSetF a t which varables are match with tmpList 
for(tmpList->Reset(); !tmpList->EndOfList();tmpList->Next()H 

index++;
tmp.var * tmpList->Data(); 
cur.pos * -1;
for(supSetF->Reset(); ! supSetF->EndOfList();supSetF->Next()){ 

cur_pos++;
f_var ■ supSetF->Data(); 
if(strcmp(tmp_var, f_var)” 0){

f.pos[index] ■ cur.pos; 
break;

/ /  reordering tempList(a symmSet) according to gLevel(global depth of 
/ /  and2or network), and put into new.tmpList (sorted by depth, the 1st 
/ /  var has heightest depth from primary input).
LinkedListCNode *> *gateList * origNet->GetGateList();
LinkedListcchar *> *new_tmpList ■ new LinkedListcchar *>;
Node *curNode;
in t net.pos » -1, gLevel, ogLevel-0, pos; 
char *new_tmp_var;

for(tmpList->Reset(); !tmpList->EndOfList();tmpList->Next()){ 
tmp.var ® tmpList->Data();
if((net.pos ■ origNet->FindNode(gateList, tmp.var))!»-l){ 

curNode ■ gateList->Data(net_pos); 
gLevel » curNode->GetGLevel(); 
i f  (new_tmpList->Li st Size () **»0) {

new_tmpList->InsertRear(tmp.var);
> else if(new.tmpList->ListSize()>0){ 

pos » new_tmpList->ListSize()-i; 
new.tmp.var * new_tmpList->Data(pos); 
while (pos>»0) {

if((net_pos*origNet->FindNode(gateList, new.tmp.var))!*-!){ 
curNode * gateList->Data(net_pos); 
ogLevel ■ curNode->GetGLevel();>

if(gLevel>ogLevel){ 
i f  (pos—0){

new_tmpList->InsertFront(tmp.var);

break;
> else { 

pos—;

> else {
new_tmpList->InsertRight(tmp.var); 
break;>

#ifdef MATCH.BASED.ON.DEPTH.DEBUG
coutcc"######## Printing tmpLists #######\n";
(void)PrintCharList(tmpList);
(void)PrintCharList(new.tmpList);

#endif

QueueCchar *> Q;
int fSet.size , n, k, count, found;

/ /  Insert a l l  support vars of F into a Queue. During the step, some 
/ /  support variables order is  changed i f  the vars are in new.tmpList 
/ /  by replacing the vars with new.tmpList. 
n = -1; count ■ 0; 
new_tmpList->Reset();
for(supSetF->Reset( ) ; ! supSetF->End0fList( ) ; supSetF->Next()){ 

n++; found ■ 0;
for(index-0;indexCtmp.size; index++){ 

k = f.pos[index];
if(n==k){found * 1; count ++; break;}}

if(found Sck count”=l){
tmp.var = new_tmpList->Data();
Q.QInsert(tmp.var);

} else if(found kk count>l){ 
new_tmpList->Next(); 
tmp.var ■ new_tmpList->Data();
Q.QInsert(tmp.var);

} else {
f.var ■ supSetF->Data();
Q.Q Insert(f.var);

}
/ /  Clear supSetF to replace with Queue which have new order. 
fSet.size  -  supSetF->ListSize(); 
for(n=0: n c fSet.size; n++){ 

supSetF->Reset();
(void)supSetF->DeleteCurrentElem();}

/ /  Update supSetF by dequeuing Q. 
while(!Q.QEmpty()){

f.var * Q.DeQueueO; 
supSetF->InsertRear(f var);

>
delete new.tmpList;}

void matchReorderSupportSetBasedOnDepth(
LinkedListcchar *> *supSetF, LinkedListcchar *> *symmSetF, in t num.f.symm 
LinkedListcchar *> *supSetG, LinkedListcchar *> *symmSetG, in t num_g_symm 
Graph *origNet)

{
LinkedListcchar *> *symmList;
QueuecQueuecchar *> *> qQ;
QueueCchar *> *sQ;
char *symm_var, *f_name, *g_name;
in t n;

#ifdef MATCH.BASED.ON.DEPTH.DEBUG
coutcc"**** Support Set reorder Debug .. . \n " ;
PrintSymmSet(symmSetF, num.f.symm); PrintSymmSet(symmSetG, num.g.symm); 
PrintCharList(supSetF); PrintCharList(supSetG);

#endif

/ / l )  find a symmsetG whose cald inality  is  GT 1. (more than one sets) 
for(n*0; nCnum.g.symm; n++){ 

symmList ■ &symmSetG[n]; 
if(symmList->ListSize()>l){

QueueCchar *> *Q ■ new QueueCchar *>;
for(symmList->Reset(); !symmList->EndOfList();symmList->Next()){ 

symm.var ■ symmList->Data();
Q->QInsert(symm_var);

qQ.QInsert(Q);

> J
whileOqQ. QEmpty ()){ 

sQ • qQ.DeQueueO;
LinkedListcchar *> *tmpList * new LinkedListcchar *>; 
while(!sQ->QEmpty()){

symm.var ■ sQ->DeQueue();
for(supSetG->Reset(), supSetF->Reset(); !supSetG->EndOfList();

supSetG->Next(),supSetF->Next()){ 
/ /  if  symm_var*g.name, in sert f.name to tmpList and reorder 
/ /  supSetF based on depth
g.name » supSetG->Data(); 
if(strcmp(g_name, symm.var)“*0){ 

f.name ■ supSetF->Data(); 
tmpList->InsertRear(f name);}}}

(void)matchSupSetFDepthReorder(supSetF, tmpList, origNet); 
delete tmpList;
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delete sQ;

/ /  This routine changes support set-G’s ordering based on synun set soze of F 
/ /  Ex) a match happens when : symmSetF“-({n4}, { il i3 » ,  and supF={n4 i l  i3>,
/ /  SymmsetG={{b d>, {a}}, and supG * {b d a>
/ /  a fte r a match happens, but the correct order of support sets are
/ /  supF = {n4 i l  i3> and supG -  {a b d>.
/ /  c ircu it example : cl7
/ /  11-19-01
/ /  i f  the order of supSetF has been changed, return (1)
in t matchSupportSetFreorderBasedOnDepth(LinkedList<char *> *supSetF,

LinkedList<char *> *symmSetF, in t nuo_f_symm, Graph *origNet)
{

LinkedList<char *> *symmList;
Queue<chax *> *Q -  new Queuecchar *>;
char *symm_var, *f_narae, *nf_name;
in t n, net_pos=-l, gLevel, ogLevel=0, pos;

LinkedList<Node *> *gateList;
Node *curNode;
LinkedList<char *> *tmpList;

LinkedList<char *> oldSetF; //11-19-01

for .each (supSetF) {
oldSetF. InsertRear(supSetF->Data());

>
gateList * origNet->GetGateList0 ;  
for(n=0; n<num_f_symin; n++){ 

symmList * &symmSetF[n]; 
if(symmList->ListSize() >1){

tmpList * new LinkedList<char *>;
for(symmList->Reset( ) ; ! symmList->EndOfList();symmList->Next()){ 

symm.var = symmList->Data();
Q->QInsert(symm_var);

while(!Q->QEmpty()){ / /  sort 
f.name “ Q->DeQueue();
i f  ( (net_pos*origNet->FindNode(gateList, f.name) ) ! *-1) { 

curNode = gateList->Data(net_pos); 
gLevel ■ curNode->GetGLevel(); 
if(tmpList->ListSize()==0){

tmpList->InsertRear(f_name);
>else {

pos * tmpList->ListSize()-l; 
nf.name * tmpList->Data(pos); 
while(pos>=0){

i f ( (net_pos=origNet->FindNode(gateList,
nf.name))i“-l){  

curNode • gateList->Data(net_pos); 
ogLevel -  curNode->GetGLevel();

cout«"Error :"<<"at "<< LINE 
« ,fin " «  FILE « " \n "  ;>

if(gLevel > ogLevel){ 
if(pos ■■ 0){

tmpList->InsertFront(f.name); 
break;

> else {
pos—;

>
> else {

tmpList->InsertRight(f.name); 
break;

> / /  end.of.sort
(void)matchDeleteCharLinkedList(ftsymmSetFtn]); 
for(tmpLi8t->Reset(); !tmpList->EndOfList() ;tmpList->Next())-( 

f.name » tmpList->Data();
//symmList->InsertRear(f_name);
(ftsymmSetF[n]) ->InsertRear(f.name);

(void)matchDeleteCharLinkedList(tmpList, 1);
> / /  end.if>

/ /  replace supSetF
(void)matchOeleteCharLinkedList(supSetF); 
for(n*0; n<num_f_symm; n++){ 

symmList •  ftsymmSetF[n];
for(symmList->Reset(); !symmList->EndOfList();symmList->Next()){ 

symm.var -  symmList->Data(); 
supSetF->InsertRear(symm_var);>>

delete Q;

/ /  check i f  org order and new order are d ifferent (11-19-01) 
string  new.str, o ld .s tr; 
in t re t.v a l * 0;
for(supSetF->Reset(),oldSetF.Reset(); ! supSetF->EndOfList(); 

supSetF->Next( ) ,oldSetF.Next()){ 
new.str .erase(); o ld .s tr  .eraseO ;

new.str +* supSetF->Data(); 
o ld .s tr  +» oldSetF.DataO ; 
if(new .str.compare(old.str)){ 

re t.v a l » 1; 
break;

>>
return re t v a l;>

void matchCopyPinName(char *dest p tr , char *src_ptr)
■C

int src.len;

src .len  ■ s tr len (s rc .p tr) ;
dest.p tr * (char *)realloc(dest_ptr, src_len+3); 
strcpy(dest_ptr, s rc .p tr ) ;>

/ /  Get sub-network graph (cluster func) polarity  by checking 
/ /  rpnF’s la s t two elements. Because the la s t elem in rpnF should 
/ /  be either "V" or (+/*).
/ /  ex) i f  . . . .  (+/*) ==> positive, ...(+ /* ) ’ —> negative 
/ /  11-08-01
void matchGetRpnFuncPolarity(LinkedList<char *> *rpnF, stringft rpnF.pol)

char *last_char, *last_l; 
in t size;

size • rpnF->ListSize(); 
las t.ch ar- rpnF->Data(size-l); 
l a s t . l  -  rpnF->Data(size-2);

rpnF.pol .eraseO ;
i f (!str in g (la st.ch ar).compare("\ ’")){ 

if (s ize  > 2){
if  (!string ( l a s t . l ) .compare("*") 11 !s t r in g ( la s t . l ) .compare(" + ")){ 

rpnF.pol +* "negative";
> else {

cout «  "Error :: RPN format is  not correct . . . .\n " :
cout «  "In " «  FILE «  " at line  " «  LINE cC'An'';
e x it(0);>

} else {
rpnF pol += "negative";>

}else{
rpnF pol +■ "positive";>>

//11-08-01
in t matchGetSTMatchPolarity(Match *match, stringft match pol){

char *cell;
in t ret.value » 0;

cell ■ match->cell_name; 
match.pol.eraseO;

if(!strncmp(cell,"nand",4) I I !strncmp(cell,"nor",3) 11 
!strncmp(cell,"aoi",3) 11 {strncmp(cell,"oai",3) I I 
!strncmp(cell," inv",3)){ 

ret.value •  1: 
match.pol +* '‘negative";

>else if(!stmcmp(cell,"and",3) II !strncmp(cell,"or",2) It 
!strncmp(cell,"ao",2) I I !strncmp(cell,"oa",2) )< 
ret.value * 0; 
match.pol +* "positive";

>else {
cout « " \n * *** * ** * * ** * ** * ** * * ** * ** * ** * *  *******************%*«\nM; 
cout «"E rror :: Unsupported ce ll in Mixed PTL mapping: " « c e ll« " \n "  
cout « " in  " «  FILE « "  a t line  "<< LINE « " \n " ;

 ̂ exit(0);

return ret.value;>
//11-08-01
/ /  i f  f ■ S17GAT5 s27GAT8> * » S227GAT99’ + », ??
in t matchVariableInRpnFInvertedX(LinkedList<char *> *rpnF, char *f_name)
/ /  Only works for 2-input gates (nand2,nor2,. . . ){

in t ret.value » 0, found -  0; 
in t size, len, n;
string  var, tmp.var, f . s t r ,  fn .s tr ;

f.s tr .e raseO  :f_str +■ f.name; 
fn .s tr .e ra se () jfn .s tr  ■ f . s t r  + "V";

i f  ( I f . s t r . compareC’sSSOGATlBl")) { 
cou t«"\n";>

size -  rpnF->ListSize(); 
for(n-0;n < size; n++H 

tmp.var .eraseO ; 
tmp.var +■ rpnF->Data(n);

if  (!tmp.var.compare("V") 11!tmp.var.compare("+") 11 
!tmp.var.compare("*")){ 

continue;>
len * tmp.var.sizeO ; 
var. eraseO;
if((n+l < size) ftft !string(rpnF->Data(n+l)).compare("\M,)){ 

if(tm p.var.substr(len-l,l) *■ " \ ’"){ 
var * tm p.var.substr(0,len-l);

> else {
var * tmp.var + "V";>

> else { 
var “ tmp var;>
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i f ( If_ s tr .compare(var) I I !fn.str.compare(var)){ 
found * 1; 
break;>>

if(found){
i f (!fn.str.compare(var)){ 

ret.value = 1;>
> else {

cout «"\ n*** * * * * * * * * * * * * * * * * * * * * * * * * * * * * ;  
cout «"E rror :: A variable in support set F is  not in rpnF: "

« f  _name«". \n";
cout « " in  " «  FILE « ” a t line " «  LINE « " \n " ;
cout «"***************************************************\n"; 
exit(O );>

return re t value;>
in t matchCheckNumInversionsX(LinkedList<char *> *rpnF, int& n, intft size)•C

in t kk, numinv=0;
string var.n, var.nl;

for(kk=n+l; kk < size-2; kk++H 
var.n .eraseO ; 
v a r.n l.eraseO ; 
var.n += rpnF->Data(kk); 
var.nl +■ rpnF->Data(kk+l); 
if((!var_n.compare("+")I I!var_n.compare("* 

numinv++;>>
return numinv;

' NODE.NORI IqFunc—NODE.INV){

')) && lv ar.n l.compare("\’")){

'tgtNode, stringft cur.str)in t matchCheckNumlnversions(Graph *fnGraph, Node 
{

in t pos, numinv*0;
LinkedList<Node *> *sGateList;
LinkedList<Node *> *curFoList;
Queue<Node *> Q;

Node *curNode, *foNode;
NodeFunc qFunc, foFunc, tgtFunc; 
char *cur_name, *fo_name; 
string q .s tr ,  fo .s t r ,  tg t .s tr ;  
in t num.fanout;

cur.name = (char * )cur_str.c_str(); 
tg t.s tr .e ra s e O ; 
t g t . s t r  = tgtNode->GetName(); 
tgtFunc ■ tgtNode->GetNodeFunc();

sGateList = fnGraph->GetGateList();

if((pos * fnGraph->FindNode(sGateList, cur.name)) !* -1){ 
curNode * sGateList->Data(pos);
Q.QInsert(curNode);

> else {
cout * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ■
cout <<"Error :: Current node("<<cur_str
« " )  cannot be found in funcGraph.W;
cout « " in  " «  FILE « "  at line " «  LINE « " \n " ;

 ̂ exit(O);

while(!Q.QEmpty()) {
curNode ■ Q.DeQueueO; 
qFunc ■ curNode->GetNodeFunc(); 
curFoList » curNode->GetFanoutList(); 
num.fanout •  curFoList->ListSize();

q .s tr .e ra seO ;
q .s tr  +* curNode->GetName();
i f ( iq .str.com pare(tg t.str)) break;

if(num fanout >* 1){ 
for.each(curFoList){

foNode ■ curFoList->Data(): 
fo.name * foNode->GetName();

i f ( (pos»fnGraph->FindNode(sGateList, fo.name)) !■ -1){ 
if(strcmp(fo.name,q .s t r .c .s tr  O)—0){ 

cout«"Error : fanin and fanout name axe the same !!!\n"; 
cout«"cur_name*"«q_str. c .s tr  ( )« "  fo_name»"«fo_name«"\n";
cou t«"in  " «  FILE « "  a t line  " «  LINE « " \n " ;
exit(O);

break;>
> else {

cout « "  num.fanout * "«num.fanout«l,\n', ;
cout <<''Error :: Less than one fanout a t Node ("«cur_str<<"\n";
cout « " in  " «  FILE « "  at line  " «  LINE « " \n " ;

exit(O );

fo .s tr .e ra se O ;
fo .s tr  +» foNode->GetName();

/* Ckeck root.node(target.node) i f
* DlFfoFunc (- {NAND, N0R> and tgtFunc * INV, because th is  combination
* leads to  a non-inverting function, ex) (a* b) ’ ‘ —> a ’ b **/

/ *  during matching stage the graph contains only:
* NAND2 NDR2 AND2 N02 INV */

foFunc ■ foNode->GetNodeFunc(); 
if(fo .str.com pare(tg t.s tr) ftft (foFunc* 

numinv++;
> else i f  (foFunc—NODE.INVX

•NODE.NAND I I foFunc—NODE.NOR) ){

i f ( f o .s t r . compare(tgt.str)){ 
numinv++;

}else if(qFunc — NODE.NANDI IqFunc > 
numinv++;

}>
Q.QInsert(foNode);

return numinv;>
/ /  i f  f -  S17GAT5 S27GAT8’ * > S227GAT99' + », ??
in t matchVariableInRpnFInverted(LinkedList<char *> *rpnF, char *f_name.

Graph *fnGraph, Node *tgtNode)

in t ret.value * 0, found * 0; 
in t size, len, n; 
in t num.inv, var.len;

string  var, tmp.var, f . s t r ,  fn .s tr ;

f .s t r .e ra s e O jf .s t r  +* f.name; 
fn .str.e raseO  ;fn_str * f . s t r  + "V";

i f (!f . s t r .compare("s330GAT130")){ 
cou t«"\n";>

size * rpnF->ListSize(); 
for(n=0;n < size; n++M 

tmp.var.erase(); 
tmp.var +- rpnF->Data(n);

i f (!tmp.var.compare('fV ") I I !tmp_var.compare("+") I I 
!tmp.var.compare("*")){ 

continue;>
len * tmp.var.size(); 
var.eraseO ;
if((n+l < size) && !string(rpnF->Data(n+l)).compare("\’")){ 

if(tm p_var.substr(len-l,l) ■■ " \'" ){  
var * tmp.var.substr(0,len-1);

> else {
var * tmp var + "V";>

> else < 
var * tmp var;>

i f (!f . s t r . compare(var) |I !f n .s t r .compare(var)){
/ /  Check the number of inversions for "var" 
num.inv * matchCheckNumInversions(fnGraph, tgtNode, var);

#ifdef MATCH.DEBUG
cout«"var • " « v a r« "  Num inversons 

#endif

i f  (num. inv'/,2— 1) { 
var.len = var. size 0 ;  
if (v a r . substr(var_len-l,1)—" \ *"){ 

var * var.substr(O .var.len-l);
}else{ 

var +■

} >
found “ 1; 
break;

i f  (fo\md){
i f (!f n .s t r .compare(var)){ 

re t value ■ 1;>
> else {

cout «"E rror :: A variable in support set F is  not in rpnF: "
« f  .name«". \n ";

cout « " in  " «  FILE « "  a t line  " «  LINE « " \n " ;
cout « " * * * * * * * * ;  
exit(O);

 ̂ return re t.va lue ;

I I  S tatic  c e ll pin assignment
void matchStPinMapping(LinkedList<char *> *supSetG,LinkedList<char *> *supSetF, 

Match *match, LibCell *curCell, Node *tgtNode, 
LinkedList<char *> *rpnG, LinkedList<char *> +rpnF,

Graph *fnGraph){
LinkedList<pinMap *> *pinMapList;;
char *f.name, *g_name;
char *fn.name, *target_name;
pinMap *mapPin;
xnt num.sup;

string rpnF.pol, match.pol;

target.name * tgtNode->GetName(); 
plnnapLlst * match->pinmap;

(void)matchGetRpnFuncPolarity(rpnF, rpnF.pol); 
(void)matchGetSTMatchPolarity(match, match.pol);

num.sup * supSetG->ListSize();
for(supSetG->Reset(),supSetF->Reset(); !supSetG->EndOfList();

supSetG->Next( ) , supSetF->Next()){
mapPin * new pinMap;
strcpy(mapPin->cell_pin, (g_name * supSetG->Data())); 
f.name -  supSetF->Data();

" «  num.inv « " \n " ;
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/ /  determine polarity  of mapPin->net_node 
fn_name = (char *)calloc(strlen(f_name)+2, sizeof(char)); 
strcpy(fn_name, f_name); 

strcat(fn.name, MV \0 M);

i f  (strncmp(curCell->GetName() , "inv" , 3)==0M 
if(matchIsNodeNameInverted(target_name)){ 

strcpy(mapPin->net.node, f_name); / /
}else {

strcpy(mapPin->net node, fn name);
>

> else -(
i f ( ‘rpnF.pol.compare(match.pol)){ 

if(matchVariableInRpnFInverted(rpnF,f.name,fnGraph,tgtNode)){ 
strcpy(mapPin->net_node, fn.name);

}else{
strcpy(mapPin->net_node, f.name);

>else{
if(matchVariableInRpnFInverted(rpnF, f.name, fnGraph.tgtNode)){ 

strcpy(mapPin->net_node, f.name);
}else{

strcpy(mapPin->net_node, fn.name);
>

pinMapList->InsertRear(mapPin); 
free(fn.name);

/ /  PTL Typel (yl) pin mapping
void matchYlPinMap(LinkedList<char *> "supSetG,LinkedList<char "> "supSetF, 

Match "match, LibCell "curCell, Node "tgtNode, 
LinkedList<char *> "rpnG, LinkedList<char *> "invList)■C

LinkedList<pinMap *> "pinMapList;; 
char "f.name, "g.name; 
char "fn.name, "target.name; 
pinMap "mapPin;

target.name = tgtNode->GetName(); 
pinMapList = match->pinmap;

for(supSetG->Reset(),supSetF->Reset(); !supSetG->EndDfList();
supSetG->Next( ) , supSetF->Next()){

mapPin = new pinMap;
strcpy(mapPin->cell_pin, (g.name « supSetG->Data())); 
f.name * supSetF->Data();

/ /  determine polarity  of mapPin->net_node
fn.name ■ (char *)calloc(strlen(f_name)+2, sizeof(char));
strcpy(fn.name,f.name); strcat(fn_name, "V ");

i f ( \ strcmp(g_name, "a")){
strcpy(mapPin->net_node, f.name); 
free(fn_name);

> else {
if(matchIsVarPhaselnverted(curCell, rpnG, g.name)){ 

strcpy(mapPin->net_node, fn.name);
> else {

strcpy(mapPin->net.node, f.name); 
free(fn.name);

if(matchFindNamelnGenList(invList, "a") 
i  f (!strcmp(g.name,"c")){

strcpy(mapPin->cell_pin, "b");
(void)matchChangePinMap(pinMapList, "b",/*to*/ "c”);

} else if(lstrcmp(g_name,"bM)M 
strcpy(mapPin->cell_pin, "c");
(void)matchChangePinMap(pinMapList, "c",/*to*/ "b");

pinMapList->InsertRear(mapPin);>>
/ /  PTL Typelx (ylx) pin mapping
void matchYlxPinMap(LinkedList<char *> *supSetG,LinkedListcchar *> *supSetF, 

Match *match, LibCell *curCell, Node *tgtNode, 
LinkedList<char *> *rpnG, LinkedList<char *> *invList)

LinkedLi8t<pinMap *> *pinMapList;; 
char *f.name, *g_name; 
char *fn.name, "target.name; 
pinMap *mapPin, *xorPin;

tareet.name * tgtNode->GetName(); 
pinMapList ■ match->pinmap;

for(supSetG->Reset(),supSetF->Reset( ) ; !supSetG->EndOfList();
supSetG->Next( ) , supSetF->Next()){

mapPin new pinMap;
strcpy(mapPin->cell_pin, (g.name » supSetG->Data())); 
f.name -  supSetF->Data();

fn.name ■ (char *)calloc(strlen(f_name)+2, sizeof(char)); 
strcpy(fn.name,f.name); strcat(fn.name, "V ");

i f (!strcmp(g.name, "a")){
strcpy(mapPin->net_node, f.name); 
free(fn.name);

> else if(fstrcmp(g_name,"b,,)){
if(matchFindNamelnGenList(invList, "a")!—1){ 

strcpy(mapPin->net_node, f.name);
> else {

strcpy(mapPin->net_node, fn.name); 
free(fn.name);

>
xorPin ■ new pinMap; 
strcpy(xorPin->cell_pin,"cH) ; 
i f  (match?indNamelnGenList (invList, "a")!—1){ 

strcpy(xorPin->net_node, fn.name);
> else {

strcpy(xorPin->net node, f name);>
pinMapList->InsertRear(xorPin);>

pinMapList->InsertRear(mapPin);>>
/ /  PTL Type2 (y2) pin mapping
void matchY2PinMap(LinkedList<char *> *supSetG,LinkedList<char *> "supSetF, 

Match *match, LibCell *curCell, Node "tgtNode, 
LinkedList<char *> *rpnG, LinkedList<char *> "invList){

LinkedList<pinMap *> "pinMapList;; 
char "f.name, "g.name; 
char "fn.name, "target.name; 
pinMap "mapPin;

target.name * tgtNode->GetName(); 
pinMapList = match->pinmap;

for(supSetG->Reset(),supSetF->Reset(); ?supSetG->EndOfList();
supSetG->Next(), supSetF->Next()){

mapPin = new pinMap;
strcpy(mapPin->cell_pin, (g.name * supSetG->Data())); 
f.name = supSetF->Data();

/ /  determine polarity  of mapPin->net_node
fn.name * (char *)calloc(strlen(f_name)+2, sizeof(char));
strcpy(fn_name,f.name) ; strcat (fn.name, "V");

if(matchlsVarBinate(rpnG, g_name)){ 
strcpy(mapPin->net_node, f.name); 
free(fn.name);

> else {
if(matchIsVarPhaseInverted(curCell, rpnG, g.name)){ 

strcpy(mapPin->net_node, fn.name);
> else {

strcpy(mapPin->net_node, f.name); 
free(fn name);>

if(matchFindNamelnGenList(invList, "b")!*-l){ 
i f ( !strcmp(g.name,”c")){

strcpy(mapPin~>cell_pin, "d");
(void)matchChangePinMap(pinMapList, "d",/*to*/ "c");

> else i f ( !strcmp(g_name,"d")){ 
strcpy(mapPin->cell_pin, "c”) ;
(void)matchChangePinMap(pinMapList, "c",/*to*/ "d”) ;

pinMapList->InsertRear(mapPin);>>
/ /  PTL Type2x (y2x) pin mapping
void matchY2xPinMap(LinkedList<char *> #supSetG,LinkedList<char *> "supSetF, 

Match "match, LibCell "curCell, Node "tgtNode, 
LinkedList<char *> "rpnG, LinkedList<char *> "invList)<

LinkedList<pinMap *> "pinMapList;; 
char "f.name, "g.name; 
char "fn.name, "target.name; 
pinMap "mapPin, "xorPin;

target.name -  tgtNode->GetName(); 
pinMapList -  match->pinmap;

for(supSetG->Reset(),supSetF->Reset(); ! supSetG->EndOfList();
supSetG->Next( ) , supSetF->Next()){

mapPin ■ new pinMap;
strcpy(mapPin->cell_pin, (gjiame ■ supSetG->Data())); 
f.name ■ supSetF->Data();

/ /  determine polarity  of mapPin->net_node
fn.name •  (char * )calloc(strlen(f jiame)+2, sizeof(char));
strcpy (fn.name, f.name); s trca t (fn.name, "V ");

i f  (! strcmp (g_name,Ha"> II ! strcmp (g.name, "b'')H 
strcpy(mapPin->net_node, f.name); 
free(fn.name);

> else if(!strcmp(g_name,"e’*)M
if(matchIsVarPhaseInverted(curCell, rpnG, g_name)){ 

strcpy(mapPin->net_node, fn.name);
> else {

strcpy(mapPin->net_node, f.name); 
free(fn.name);

> else if(!strcmp(g_name,''c,,)){
if ((matchFindNameInGenList(invList,"b") !«-l tctC

matchIsVarPhaseInverted(curCell, rpnG, g.name))11 
(matchFindNamelnGenList(invList, "b")»»-l At 
>matchZsVarPhaseInverted(curCell, rpnG, g.name))){ 

strcpy(mapPin->net_node, fn.name);

xorPin ■ new pinMap; 
strcpy^orPin-J^cell.pin/'d”) ; 
strcpy(xorPin->net_node, f.name);

pinMapList->InsertRear(xorPin);
> else if((matchFindNameInGenList(invList,"b")!»-l kk

!matchIsVarPhaseInverted(curCell, rpnG, g.name))I I
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>

(matchFindNamelnGenList(invList, "b")==-l kk 
matchIsVarPhaseInverted(curCell, rpnG, g_name))){ 

strcpy(mapPin->net_node, f.name);

xorPin = new pinMap; 
strcpy(xorPin->cell_pin,"d"); 
strcpy(xorPin->net_node, fn.name);

pinMapList->InsertRear(xorPin);

pinMapList->InsertRear(mapPin);

void matchStrapChange(LinkedList<pinMap *> *pinMapList,
char *net name, char *g name)

pinMap *mapPin;
char *netNode, *cellPin;

for(pinMapList->Reset( ) ; !pinMapList->EndOfList();pinMapList->Next()){ 
mapPin = pinMapList->Data(); 
netNode = mapPin->net.node; 
cellPin » mapPin->cell_pin; 
i f (!strcmp(netNode, g_name)){ 

strcpy(netNode,net name);
>

> }
/ /  PTL Type3 (y3) pin mapping
void matchY3PinMap(LinkedListcchar *> *supSetG.LinkedListcchar *> *supSetF, 

Match *match, LibCell *curCell, Node *tgtNode, 
LinkedListcchar *> *rpnG, LinkedListcchar *> *invList)

(void)matchChangePinMap(pinMapList, "g",/*to*/ "f");
> else if(!strcmp(g.name,"g")){

strcpy(mapPin->cell_pin, " f");
(void)matchChangePinMap(pinMapList, ”f " ,/*to*/ "g");>>>

pinMapList->InsertRear(mapPin);
> /* end of i f  */

^ J /* End of For */

/ /  PTL Type3x (y3x) pin mapping
void matchY3xPinMap(LinkedListcchar *> *supSetG,LinkedListcchar *> *supSetF, 

Match *match, LibCell *curCell, Node *tgtNode, 
LinkedListcchar *> *rpnG, LinkedListcchar *> *invList){

LinkedListCpinMap *> *pinMapList;; 
char *f.name, *g_narae; 
char *fn.name, *target_name; 
pinMap *mapPin, *xorPin; 
int nsupG;

target.name = tgtNode->GetName(); 
pinMapList * match->pinmap;

nsupG * supSetG->ListSize();

for(supSetG->Reset(),supSetF->Reset( ) ; ! supSetG->EndOfList();
supSetG->Next( ) , supSetF->Next0 )  { 

supSetG->Data()));

{
LinkedListCpinMap *> *pinMapList;; 
char *f_name, *g.name; 
char *fn_name, *target_name; 
pinMap *mapPin; 
in t nsupG;

target.name 
pinMapList *
nsupG = supSetG->ListSize();

tgtNode->GetName(); 
tafch->pinmap;

for(supSetG->Reset( ) , supSetF->Reset( ) ; ’supSetG->EndOfList();
supSetG->Next( ) , supSetF->Next()){ 

supSetG->Data()));
mapPin = new pinMap; 
strcpy(mapPin->cell_pin, (g.name : 
f.name * supSetF->Data();

/ /  determine polarity  of mapPin->net_node
fn.name * (char *)calloc(strlen(f_name)+2, sizeof(char));
strcpy(fn.name,f.name); strcat(fn.name, "V ”);

if(nsupG 3){
i f (!strcmp(g.name, "a")){

strcpy(mapPin->net_node, f.name); 
free(fn.name);

>else i f (  !strcmp(g_name,Mb")H
strcpy(mapPin->net_node, f.name);
(void)matchStrapChange(pinMapList, f.name, g.name); 
free(fn.name);

J else {
if(matchlsVarPhaselnvertedKcurCell, rpnG, g_name)){ 

strcpy(mapPin->net_node, fn.name); 
(void)matchStrapChange(pinMapList, fn.name, g.name) 

> else {
strcpy(mapPin->net_node, f.name);
(void)matchStrapChange(pinMapList, f.name, g.name); 
free(fn.name);

if(matchFindNamelnGenList(invList,"b")!“-l){  
i f  ( !strcmp(g_name," c " ) ) {

strcpy(mapPin->cell_pin, "d"); 
(void)matchChangePinMap(pinMapList, "d",/*to*/ ' 
/ /  for "f" and "g"
(void)matchChangePinMap(pinMapList, "f" ,/*to*/ ' 
(void)matchChangePinMap(pinMapList, "g",/*to*/ 1 
(void)matchChangePinMap(pinMapList, "x",/*to*/ 1

pinMapList->InsertRear(mapPin);
Jelse i f  (nsupG > 3H

if(matchlsVarBinate(rpnG, g_name)){ 
strcpy(mapPin->net_node, f.name); 
free(fn.name);

> else {
if(matchIsVarPhaseInverted(curCell, rpnG, g_name)){ 

strcpy(mapPin->net_node, fn.name);
J else {

strcpy(mapPin->net.node, f.name); 
free(fn.name);

i f  (matchFindNamelnGenList (invList, "b") !—l){ 
i f ( Istrcmp(g.name,"d")){

strcpy(mapPin->cell_pin, "c"); 
(void)matchChangePinMap(pinMapList, ’'c",/* to*/ '

> else i f  (!strcmp(g_name, "c")H
strcpy(mapPin->cell_pin, "d"); 
(void)matchChangePinMap(pinMapList, "d",/*to*/ '>

Jelse i f  (matchFindNamelnGenListdnvList/'e") !"-l){ 
i f  (! strcmp(g_name, "f ")){

strcpy(mapPin->cell_pin, "g");

x"); 
f ”); 
6”);

mapPin * new pinMap; 
strcpy(mapPin->cell_pin, (g.n 
f.name * supSetF->Data();

/ /  determine polarity  of mapPin->net_node
fn.name -  (char *)calloc(strlen(f_name)+2, sizeof(char));
strcpy (fn.name, f.name); s trca t (fn.name, " v " ) ;

if(nsupG==3){
i f (!strcmp(g.name, "a")){

strcpy(mapPin->net_node, f.name); 
pinMapList->InsertRear(mapPin); 
free(fn.name);

Jelse i f (!strcmp(g.name, "b")){
strcpy(mapPin->net_node, f.name); 
pinMapList->InsertRear(mapPin);

xorPin -  new pinMap; / /  for original "e" 
strcpy(xorPin->cell_pin,,,e "); 
strcpy(xorPin->net.node, f.name); 
pinMapList->InsertRear(xorPin); 
free(fn.name);

Jelse if(!strcmp(g.name, "c")H
if((matchFindNameInGenList(invList,"b")!*-l kk

matchIsVarPhaseInverted(curCell, rpnG, g.name))11 
(matchFindNamelnGenList(invList,"b")” _i kk 
!matchIsVarPhaseInverted(curCell, rpnG, g.name))H 

strcpy(mapPin->net_node, fn.name); 
pinMapList->InsertRear(mapPin);

xorPin ■ new pinMap; / /  for original " f” 
strcpy(xorPin->cell_pin,"f"); 
strcpy(xorPin->net_node, f .name); 
pinMapList->InsertRear(xorPin);

xorPin » new pinMap;
strcpy(xorPin->cell.pin,"d");
strcpy(xorPin->net_node, f.name);

pinMapList->InsertRear(xorPin);

xorPin » new pinMap; / /  for original "g" 
strcpy(xorPin->cell_pin,"gl,); 
strcpy(xorPin->net_node, fn.name); 
pinMapList->InsertRear(xorPin);

J else i f  ((matchFindNamelnGenListdnvList/'b") kk
!matchIsVarPhaseInverted(curCell, rpnG, g_name)) 11 
(matchFindNamelnGenList(invList,"b”)**-! kk 
matchIsVarPhaseInverted(curCell, rpnG, g.name))){ 

strcpy(mapPin->net_node, f .name); 
pinMapList->InsertRear(mapPin);

xorPin * new pinMap; / /  for original "f" 
strcpy(xorPin->cell_pin, "f "); 
strcpy(xorPin->net_node, fn.name); 
pinMapList->InsertRear(xorPin);

xorPin -  new pinMap; 
strcpy(xorPin->cell_pin,"d"); 
strcpy(xorPin->net_node, fn.name);

pinMapList~>InsertRear(xorPin);

xorPin ■ new pinMap; / /  for original "g" 
strcpy(xorPin->cell_pin,’'g"); 
strcpy(xorPin->net.node, f.name); 
pinMapList->InsertRear(xorPin);

'd"); 

'c" );
J else if(nsupG > 3){

i f (!strcmp(g_name,"a”) I I !strcmp(g_name, "b")
11!strcmp(g_name, 

strcpy(mapPin->net.node, f.name); 
pinMapList->InsertRear(mapPin); 
free(fn.name);

")){
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> else i f  (! strcmp(g_name, "c")X
i f ( (matchFindNamelnGenList(invList,"b")—1 kk

matchIsVarPhaseInverted(cnrCell, rpnG, g_name))|| 
(matchFindNamelnGenList (invList, "b")— l kk 
!matchIsVarPhaseInverted(curCell, rpnG, g.name))){ 

strcpy(mapPin->net_node, fn.name);

xorPin * new pinMap; 
strcpy(xorPin->cell.pin,"d"); 
strcpy(xorPin->net_node, f.name);

pinMapList->InsertRear(xorPin);
> else if((matchFindNameInGenList(invList,"b")!—1 kk

!matchIsVarPhaseInverted(curCell, rpnG, g.name))}I 
(matchFindNamelnGenList (invList, "b")— l kk 
matchIsVarPhaseInverted(curCell, rpnG, g_name))){ 

strcpy(mapPin->net_node, f.name);

xorPin = new pinMap; 
strcpy(xorPin->cell_pin,"d"); 
strcpy(xorPin->net_node, fn.name);

pinMapList->InsertRear(xorPin);

pinMapList->InsertRear(mapPin);
> else i f (!strcmp(g_name,"f")){

if((matchFindNamelnGenList(invList,"e")!—1 kk
matchIsVarPhaseInverted(curCell, rpnG, g.name))I I 
(matchFindNamelnGenList (invList, "e")— 1 kk 
!matchIsVarPhaseInverted(curCell, rpnG, g.name))){ 

strcpy(mapPin->net.node, fn.name);

xorPin -  new pinMap; 
strcpy(xorPin->cell_pin,"g"); 
strcpy(xorPin->net.node, f.name);

pinMapList->InsertRear(xorPin);
> else if((matchFindNameInGenList(invList,ue ")!—i kk

!matchIsVarPha5eInverted(curCell, rpnG, g.name))II 
(matchFindNamelnGenList (invList, "e")— l kk 
matchIsVarPhaseInverted(curCell, rpnG, g_name))){ 

strcpy(mapPin->net_node, f.name);

xorPin -  new pinMap; 
strcpy(xorPin->cell_pin,"g"); 
strcpy(xorPin->net_node, fn.name);

pinMapList->InsertRear(xorPin); 

pinMapList->InsertRear(mapPin);
>

}//ptl_y3x>>
/ /  P tin t pin-map of a match
void matchPrintPinMap(Node *targetNode, Match *matchS)

LinkedList<pinMap *> *pinList; 
pinMap *curPin;

pinList -  matchS->pinmap; 
cout«" « «  PIN Mapping > » » \n " ;  
cout«targetNode->GetName()«" :: "

« "  matched ce ll —> "«matchS->cell name«"\n"; 
for(pinList->Reset(); !pinList->EndOfList();pinList->Next()){ 

curPin * pinList->Data();
cout«curPin->cell_pin«"("«curPin->net_node«") ";

>
cout«endl;>

/ /  Assign pins for matched function a t targetNode, and record matched ce ll name 
void matchAssignPins(LinkedList<char *> *rpnF,LinkedList<char *> *supSetF, 

LinkedList<char *> *rpnG, LinkedList<char *> *supSetG, 
LinkedListcchar *> *strapT,
LibCell *curCell, Node *tarNode,
LinkedList<char *> *symmSetF, in t num.f.symm, 
LinkedList<char *> *symmSetG, in t num.g.symm,

Graph *origNet, Graph *funcGraph«NULL)

Match *match * new Match; 
pinMap *mapPin, *xorPin;

LinkedList<pinMap *> *pinMapList;;
LinkedListCMatch *> ♦matchList;
LinkedListcchar ♦> *invList « new LinkedListcchar ♦>; 

char *f_name, *g.name;
char ’•■fn.name, ’•■target.name, *curCellName; 
in t nsupG;

match->cell_name*(char *)realloc(match->celljiame,
strlen(curCell->GetName())+2); 

strcpy(match->cell_name,curCell->GetName()); 
pinMapList -  match->pinmap; 
curCellName > curCell->GetName();

if(curCell->GetCellType()--PTL){
(void)matchFindlnvertedBinateVariable(supSetG, rpnG, curCell,invList);

/ /  Inert Strap info to  pinMapList
(void)matchInsertStrapInfo2PinList(strapT,pinMapList);
ifOstrncmp(curCellName,"ptl_y2",6) II !strncmp(curCellName,"ptl_y3",6)){ 

(void)matchDetermineY23CellName(invList, curCell, match);

>
target.name » tarNode->GetName();

nsupG = supSetG->ListSize();

if(curCell->GetCellType()**STATIC){
i f (•string(match->cell_name).compare("and2”) kk 

!string(target.name).compare("$859’")){ 
cout«"nand3.. An";>

(void)matchStPinMapping(supSetG,supSetF,match,curCell,tarNode, 
rpnG,rpnF, funcGraph);

}else if(curCell->GetCellType()=*PTL){
i f  ( strcmp (match->cell_name, "p tl.y l") *»*0) {

matchYlPinMap(supSetG,supSetF.match,curCell.tarNode,rpnG, invLi s t ) ;
> else if(strcmp(match->cell_name,"ptl_ylx")“=0){

matchYlxPinMap(supSetG,supSetF,match,curCell,tarNode,rpnG,invList);
> else i f  (strcmp(curCell->GetName() , "ptl_y2")«0H

matchY2PinMap(supSetG,supSetF,match,curCell,tarNode,rpnG,invList);
> else if(strcmp(curCell->GetName(),"ptl_y2x")““0){

matchY2xPinMap(supSetG, supSetF.match,curCell.tarNode, rpnG, invList);

> else i f  (strcmp(curCell->GetName(), "ptl_y3")»=0H
matchY3PinMap(supSetG,supSetF,match,curCell,tarNode,rpnG,invList);

} else if(strcmp(curCell->GetName(), "ptl_y3x")““0){
matchY3xPinMap(supSetG,supSetF.match,curCell.tarNode,rpnG, invList);>>

if(curCell->GetCellType()--STATIC){
matchList » tarNode->GetSMatchList();

} else {
matchList = tarNode->GetPMatchList();>

I I  insert match to node’s map l i s t
i f  ( !matchCurrentMatchlsDuplicated(matchList, match)){

#ifdef MATCH PIN DEBUG
cout«"\n  INSERTING NEW MATCH ......... \n " ;

#endif
matchList->InsertRear(match);

#ifdef MATCH.PIN.DEBUG 
Match *matchS; 
matchS -  matchList->Data();
(void)matchPrintPinMap(tarNode, matchS);

#endif
> else {

delete match;

delete invList;
> I *  End of pin assignment */

I I  The support set elements must be extracted from rpnL
void matchGetNumUBinateVars(LinkedList<char *> *rpnL,LinkedList<char *> *supSet, 
^ in t fufNum, in t *bfNum)

int pos_unate[10], neg_unate[10], name.len, lis tP os, pos.count;
int var.match.count, n, bar.cnt;
int posUnate, negUnate;
char *sup_var, *tmp_var, *rpn_var;

(♦bfNum) -  (*ufNum) -  0;
for(supSet->Reset(); ! supSet->EndOfList();supSet->Next()){ 

sup.var -  supSet->Data(); 
for(n-0;n<10;n++){

pos.unateCn] -  0 ; neg.unate[n] -  0;>
var.match.count -  0; 
posUnate -  negUnate -  0;
for(rpnL->Reset(); ! rpnL->EndQ fLi s t ( ) ;rpnL->Next()){ 

tmp.var - rpnL->Data(); 
name.len -  strlen(tm p.var);
if(!IsOperator(tmp.var) kk IlsConstant(tmp.var)){

rpn.var -  (char *)calloc(name_len+l, sizeof(char)); 
i f  (name_len>l kk tmp.var[name_len-l] — A ’ ’){ 

strncpy(rpn_var, tmp.var, name_len-l);
> else {

strcpy(rpn_var, tmp.var);

> else <
continue;>

if(strcmp(sup_var, rpn_var)-«0){
listPos -  rpnL->CurrentPosition(); 
if(matchCheckConstVarInRpn(rpnL, listP os)) continue; 
pos.count » listPos; 
var.match_count++; 
if(tmp.var[name_len-i]- - ' \ *’)< 

bar.cnt -  0;
vhile(pos_count < (rpnL->ListSize()-l)){ 

rpnL->Next(); pos_co\mt++;
//-b a r.cn t -  0;
i f  (strcmp((tmp.var -  rpnL->Data()) ."N” ')— 0){ 

bar.cnt++;

i f  (bar_cnt*/,2 - -  OX
neg_unate[var_match_count-lJ -  1; 
pos.unate[var.match.count-1] -  0;

> else {
neg_unate[var_match_count-l] -  0; 
pos_unate[var_match_count-i] -  1;

i f  (! (strcmp(tmp_var,"\,H) —0)) break;>
rpnL->Reset(listPos);

> else {

189

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



bar.cnt = 0;
while(pos_count < (rpnL->ListSize()-l)){ 

rpnL->Next(); pos_count++;
if  (strcmp ((tmp.var 9 rpnL->Data()) ,"V ")==0){ 

bar.cnt++;

i f  (bar_cnt‘/,2 - -  1){
neg_unate[var_match_count-l] 9 1; 
pos.unate[var.match.count-1] ■ 0;

> else {
neg_unate[var_match.count-l] 9 0; 
pos.unate[var_match_count-l] 9 1;

i f  (! (strcmp(tmp.var, "V ")—0)) break;

rpnL->Reset(listPos);
>>

/♦ delete [] rpn.var;*/ 
free(rpn.var);

> / /  End of inner for.loop

for(n=0; n < var match count; n++H 
if(pos.unatetn]—1) { 

posUnate * 1;
}else i f  (neg_unate[n]—lH  

negUnate * 1;>>
if(posUnate kk negUnate){

(*bfNum)++;
>else i f (!posUnate kk negUnate II posUnate kk !negUnate){ 

(♦ufNum)++;
> else {

/ /  exit(0);>>>
int. matchCheckSupsetPinlistEquivalence(LinkedList<pinMap ♦> *pinList,

LinkedList<char ♦ > ♦supSetF)
{

pinMap *oldPin;
char ♦pinName, ♦sup.var, ♦wob.name;
in t num.pins, num.constant = 0, count -  0, name.len;

num.pins * pinList->ListSize();
for(pinList->Reset( ) ; !pinList->End0fList( ) ;pinList->NextOX 

oldPin 9 pinList->Data(); 
pinName 9 oldPin->net_node;
i f  (strcmp(pinName, "VDD")==0 il strcmp (pinName, "GND")—0){ 

num_constant++; 
continue;

name.len 9 strlen(pinName); 
i f  (pinName [name.len-1] « JV ’H

wob.name • (char ♦)calloc(name_len, sizeof(char)); 
strncpy(wob_name, pinName, (name.len -1));

> else {
wob.name ■ (char ♦)calloc((name_len+l), sizeof(char)); 
strcpy(wob_name, pinName);

for(supSetF->Reset(); !supSetF~>End0fList();supSetF->Next()){ 
sup.var 9 supSetF->Data(); 
if(strcmp(wob.name, sup.var)®=0){ 

count++;>
/♦delete [) wob.name;♦/ 
free(wob.name);

if(count — (num.pins-num.constant)X 
return (1);

> else <
return (0);

/ /  This routine checks i f  curCell is  already mapped for the targetNode,
/ /  i f  so, do not generate BDD for matching
in t matchCheckIfCurCellMapped(Node ♦curNode, LinkedList<char ♦> ♦supSetF, 

LibCell ♦curCell)<
LinkedList<Match ♦> ♦matchList;
LinkedListCpinMap ♦> ♦prevPinList; 
char ♦cellName, ♦matchName;
CellType cellType;
Match ♦prevMatch;
in t numFVar, mapped 9 0, equal.ce ll;

cellType » curCell->GetCellType(); 
cellName * curCell->GetName(); 
numFVar 9 supSetF->ListSize(); 
if(cellType — STATIC){

matchList » curNode->GetSMatchList(); 

matchList - curNode->GetPMatchList(); 
if(matchList->ListSize()*»0) return (0);
for(matchList->Reset(); lmatchList->End0fList( ) ;matchList->Next()){ 

prevMatch ■ matchList->Data(); 
matchName * prevMatch->cell_name; 
prevPinList * prevMatch->pinmap; 
equal.cell * 1; 
i f  (cellType—STATIC) {

equal.cell -  strcmp(matchName, cellName);
> else {

equal.cell -  strncmp(matchName, cellName, 6); 

i f (!equal.cell){

if(matchCheckSupsetPinlistEquivalence(prevPinList, supSetF)H 
mapped 9 1; 
break;

return mapped;>
void matchDeletePermuList(LinkedList<int ♦> ♦pList)■C

in t size, n;
size * pList->ListSize(); 
pList->Reset(); 
if(pL ist != NULL){

for(n=0; n<size; n++){
/ / —pList->Reset(n);
delete [] pList->DeleteCurrent();

>
delete pList; 
pList = NULL;>>

/ /  Perform match with library
in t matchDoStaticMatch(LinkedList<char ♦> ♦rpnFunc,

LinkedListcchar ♦> ♦supSetF, 
in t num.sup,
LinkedListcchar ♦> ♦rpnG,
LinkedListcchar ♦> ♦supSetG, 
in t num.supG,
LibCell ♦curCell,
Node ♦targetNode,
DdNode ♦f, DdNode ♦g,
Graph ♦origNet, Graph ♦funcGraph 9 NULL)

//LinkedListcchar ♦> ♦rpnFunc, ♦supSetF, ♦rpnG, ♦supSetG; 
in t num.f.symm, num.g.symm; 
int match = 0;

DdManager ♦fbddm, ♦gbddm;

LinkedListcchar ♦> ♦symmSetF 9 new LinkedListcchar ♦> [10];
LinkedListcchar *> ♦symmSetFA;
symmSetFA 9 ^♦syiiimSetF';
int num.symsetF 9 0, num.symsetG 9 0;

in t phaseFunc;
LinkedListcchar ♦> ♦new.rpnG, ♦new.ord.supSetG;
LinkedListCint ♦> ♦pList; / /  permutation l i s t  ( l is t  of integer array) 
int ♦ordArray, ufNum, bfNum, ugNum, bgNum; 
int mapped, ord_chn90, tjrpe;

fbddm -  Cudd_Init(0,0, 1, 1, 1); 
f 9 GetBdd(fbddm, rpnFunc, supSetF);
num.symsetF 9 GetSymmSet(fbddm, f ,  supSetF, symmSetF, ftnum.f.symrn);

#ifdef MATCH.BASED.ON.DEPTH
ord_chn“matchSupportSetFreorderBasedOnDepth(supSetF, symmSetF,

num.f.symm, origNet); 
if(ord.chn)-C / / i f  supF order has been changed(ll-19-01)

Cudd.RecursiveDeref(fbddm,f);
Cudd Quit(fbddm);
fbddm -  Cudd_Init(0,0, 1, 1, 1);
f 9 GetBdd(fbddm, rpnFunc, supSetF);>

#endif
(void)matchGetNumUBinateVars(rpnFunc, supSetF, feufNum, ftbfNum);

#ifdef MATCH.FUNC.DEBUG
PrintCharList(rpnFunc);
PrintCharList(supSetF);
coutcC 'num .unate  9 "ccufNumCC" num .b in ate  9 "ccbfNumCC"\n";
PrintSymmSet(symmSetF, num.f.symm);
Cudd.PrintDebug(fbddm, f ,  1, 5); 

tfendif

in t maxNum * (int)pow((double)2, (double)num.supG);

fo r(in t n 9 0; n c maxNum ; n++){ 
num.g.symm 9 0;

/♦ 12-26-00 ♦/ 
mapped 9 0;
mapped 9 matchCheckIfCurCellMapped(targetNode, supSetF, curCell); 
if(mapped) break;
/♦ 12-26-00 ♦/

LinkedListcchar ♦> ♦symmSetG 9 new LinkedListcchar ♦> [5]; 
LinkedListcchar ♦> ♦symmSetGA; 
symmSetGA 9 Â symmSetG;

phaseFunc 9 n ft Oxff; / /  cannot be processed #elements > 8 in supSetG 
new.rpnG 9 matchModifyVarPhase(rpnG, supSetG, phaseFunc); 
(void)matchGetNumUBinateVars(new.rpnG, supSetG, ftugNum, ftbgNum); 

i f  (ugNum—ufNum ftft bgNum«bfNum){
gbddm 9 Cudd_Init(0,0, 1, 1, 1); //->  
g 9 GetBdd(gbddm, new.rpnG, supSetG);

num.symsetG 9 GetSymmSet(gbddm, g, supSetG, symmSetG, ftnum.g.symm);

#ifdef MATCH.FUNC.DEBUG
PrintCharList(new.rpnG);
PrintCharList(supSetG);
coutcC'num.unate 9 ’'ccugNumCC'' num.binate 9 "ccbgNumccM\n"; 
PrintSymmSet(symmSetG, num.g.symm);
Cudd.PrintDebug(gbddm, g, 1, 6);
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#ifdef MATCH.DEBUG

Cudd_RecursiveDeref(gbddm,g);
Cudd.Quit(gbddm);

if(num.f.symm *= num.g.symm){
/ /  Permute Symmetry set (Re-Ordering) and re-generate Bdd 
pList ■ matchGetPermutationList(num.g.symm);

/ /  for each permutation of rpnG 
for(pList->Reset(); !pList->EndOfList();pList->Next()M 

/* 12-26-00 */ 
mapped ■ 0;
mapped -  matchCheckIfCurCellMapped(targetNode, supSetF, 

curCell); 
if(mapped) continue;
/* 12-26-00 */

ordArray » pList->Data();
new_ord_supSetG ■ matchGetNew0rder0fSupSetG(symmSetG,

ordArray, num.g.symm);
> Cudd_Init(Q,0, 1, 1, 1);

• GetBdd(gbddm, new.rpnG, new.ord.supSetG);

if  ((Cudd_DagSize(f)“ Cudd_DagSize(g)) kk
(Cudd.IsComplement(f) kk Cudd.IsComplement(g)I I 
!Cudd.IsComplement(f) kk ! Cudd.IsComplement (g))H  

match » BddEqCheck(f,g);>
if(match){ //S ta tic

(void)matchAssignPins(rpnFunc, supSetF, new.rpnG, 
new.ord.supSetG, NULL , 
curCell, targetNode,
NULL, 0, NULL, 0, origNet, funcGraph);

for(i*num_f_symm-l;i>«0;i—){ 
symmList * fesymmSetFfi];
for(symmList->Reset(); ! symmList->End0fList( ) ;symmList->Next()){ 

symm.var * syramList->Data(); 
supSetF->InsertRear(symm_var);

> }>
/ /  PTL match
/ /  Perform match with library
int matchDoPtlMatch(LinkedList<char *> *rpnFunc,

LinkedList<char *> *supSetF, 
in t num.sup,
LinkedList<char *> *rpnG,
LinkedList<char *> *supSetG, 
in t num.supG,
LinkedListcchar *> *strapT,
LibCell *curCell,
Node *targetNode,
DdNode *f, DdNode *g,
Graph *origNet, Graph *funcGraph * NULL)

{
int num.f.symm, num.g.symm; 
in t match ■ 0;

co u t« " \n   " «  targetNode->GetName()«" .............\n"
type » targetNode->GetNodeFunc(); 
coutCC"\n..NodeFunc= ";

(void)origNet->Print_Node_Func(type);

cout<<"\n\n"; 
PrintCharList(rpnFunc) 
PrintCharList(supSetF); 
PrintSymmSet(symmSetF, 
Cudd_PrintDebug(fbddm,

num.f.symm);
f> l ,  5);

num.g.symm); 

num.f.symm);

PrintCharList(new.rpnG);
PrintCharList(new.ord.supSetG);
PrintSymmSet(symmSetG, num.g.symm); 
cout«curCell->GetName () ;
Cudd_PrintDebug(gbddm, g, 1, 5);

(void) MemFreeForSymmSet(symmSetG, 
delete [] symmSetGA; 
delete new.rpnG;
(void) MemFreeForSymmSet(symmSetF, 
delete [] symmSetFA;

Cudd.RecursiveDeref(fbddm,f);
Cudd.Quit(fbddm);

Cudd.RecursiveDeref(gbddm,g );
Cudd.Quit(gbddm);

(void)matchDeleteCharLinkedLi st(new.ord.supSetG, 1); 
delete pList;

 ̂ return (1);

delete [] ordArray;
(void)matchDeleteCharLinkedList(new.ord.supSetG, 1); 
Cudd.RecursiveDeref(gbddm,g);
Cudd.Quit(gbddm); / / —>

>
delete pList;

(void) MemFreeForSymmSet(symmSetG, num.g.symm); 
delete [] symmSetGA;
(void)matchDeleteCharLinkedList(new.rpnG, 1);>

else <
(void) MemFreeForSymmSet(symmSetG, num.g.symm); 
delete O symmSetGA;
(void)matchDeleteCharLinkedList(new.rpnG, 1);>

(void) MemFreeForSymmSet(symmSetF, num.f.symm); 
delete [] symmSetFA;
Cudd.RecursiveDeref(fbddm,f);
Cudd.Quit(fbddm);

return match;

void matchChangeSupportSetOrder(LinkedList<char *> 
LinkedListcchar *>

LinkedListcchar *> *symmList; 
char *symm_var; 
in t i ,  lis tS ize ;

lis tS ize  -  supSetF->ListSize(); 
supSetF->Reset(); 
fo r( i“0;i<listSize;i++){

(void)supSetF->DeleteCurrent();

supSetF,
■symmSetF,

DdManager *fbddm, *gbddm;

LinkedListcchar *> *symmSetF = new LinkedListcchar *> [10]; 
LinkedListcchar *> *symmSetFA; 
symmSetFA m &*symmSetF; 
int num.symsetF * 0, num.symsetG “ 0;

int phaseFunc;
LinkedListcchar *> *new_rpnG, *new_ord_supSetG;
LinkedListcint *> *pList; / /  permutation l i s t  ( l is t  of integer array) 
char *curCellName;
int *ordArray, ufNum, bfNum, ugNum, bgNum; 
int mapped, ord_chn=0, tmp.int;

fbddm -  Cudd_Init(0,0, 1, 1, 1); 
f ■ GetBdd(fbddm, rpnFunc, supSetF);
num.symsetF =■ GetSymmSet (fbddm, f , supSetF, symmSetF, ftnum.f .symrn);

#ifdef MATCH.BASED.ON.DEPTH
ord.chn = matchSupportSetFreorderBasedOnDepth(supSetF, symmSetF,

num.f.symm, origNet);
if(ord.chn){

Cudd RecursiveDeref(fbddm,f);
Cudd.Quit(fbddm); 
fbddm = Cudd.lnit(0,0, 1, 1, 1); 
f ■ GetBdd(fbddm, rpnFunc, supSetF);>

#endif
(void)matchGetNumUBinateVars(rpnFunc, supSetF, ftufNum, ftbfNum);

#ifdef MATCH.FUNC,DEBUG
PrintCharList(rpnFunc);
PrintCharList(supSetF);
coutcC'num.unate -  "ccufNumCC" num.binate 1 
PrintSymmSet(symmSetF, num.f.symm);
Cudd.PrintDebug(fbddm, f , 1, 5);

#endif

cur CellName *> curCell->GetName();
in t maxNum -  (int)pow((double)2, (double)num.supG);

if  (num.f.symm C* 7 kk ! (bfNum*“l kk !stmcmp(curCellName, "ptl_y3'',6))){ 
fo r(in t n ■ 0; n C maxNum ; n++){ 

num.g.symm • 0;

mapped -  0;
mapped » matchCheckIfCurCellMapped(targetNode, supSetF, curCell); 
if(mapped) break;;

LinkedListcchar *> *symmSetG » new LinkedListcchar *> [10]; 
LinkedListcchar *> *symmSetGA; 
symmSetGA > ft*symmSetu;

phaseFunc ■ n ft Oxff; / /  cannot be processed #elements > 8 in supSetG 
new.rpnG “ matchModifyVarPhase(rpnG, supSetG, phaseFunc); 
(void)matchGetNumUBinateVars(new.rpnG, supSetG, ftugNum, ftbgNum);

if(ugNum»^ifNum kk bgNum-*bfNum){
gbddm -  Cudd_lnit(0,0, 1, 1, 1); //->  
g * GetBdd(gbddm, new.rpnG, supSetG);

"CCbfNumCCH\n " ;

num.symsetG ” GetSymmSet(gbddm, 
Cudd.RecursiveDeref(gbddm,g);

g, supSetG, symmSetG, toum_g_symm);

tifd e f MATCH.FUNC.DEBUG
PrintCharList(new.rpnG);
PrintCharList(supSetG);
coutcC'num.unate « "ccugNumCC" num.binate ■ "ccbgNumCC'\n"; 
PrintSymmSet(symmSetG, num.g.symm);
Cudd_PrintDebug(gbddm, g, 1, 5);
coutcc "Regular........................................\n " ;
Cudd.PrintDebug(gbddm, Cudd.Regular(g), 1, 5);

»endif

Cudd.Quit(gbddm); 
if((num.f.symm *- num.g.symm)){

/ /  Permute Symmetry set (Re-Ordering) and re-generate Bdd 
pList ■ matchGetPermutationList(num.g.symm);

/ /  for each permutation of rpnG 
for(pList->Reset(); fpList->End0fList();pList->Next()){

/* 12-26-0 */
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mapped
mapped

0;
matchChecklfCurCellMapped(targetNode, supSetF, 

curCell); 
if(mapped) break;
I*  12-26-0 */

match ■ 0;
ordArray = pList->Data();
new.ord.supSetG * matchGetNewOrderOfSupSetG(symmSetG,

ordArray, num.g.symm);

gbddm -  Cudd_Init(0,0, 1, 1, 1); //-> /*  * /  
g = GetBdd(gbddm, new.rpnG, new.ord.supSetG);

supVar -  supSetG->Data();
for(rpnGc->Reset(); 1rpnGc->End0fList();rpnGc->Next()){ 

rpnVar - rpnGc->Data(); 
if(strcmp(supVar, rpnVar)==0){ 

match++;>>
if(match--l){ / /  Unate variable 

unateVar->InsertRear(supVar); 
num unateG++;>>

return unateVar;

#ifdef MATCH.DEBUG

if(Cudd.DagSize(f)==Cudd_DagSize(g) kk
(Cudd.IsComplement(f) kk Cudd.IsComplement(g)11 
!Cudd.IsComplement(f) kk !Cudd.IsComplement(g))){ 

match -  BddEqCheck(f,g);>
if(match){ / /  P tl

(void)matchAssignPins(rpnFunc, supSetF, new.rpnG, 
new.ord.supSetG, strapT, 
curCell, targetNode, 
symmSetF, num.f.symm, 
symmSetG, num.g.symm, origNet);

"<< targetNode->GetName () « "  ..........\n"cou t«"\n . .. 
cout«"\n\n" .
PrintCharList(rpnFunc);
PrintCharList(supSetF);
cout<<"num_unate -  "«ufNum«" num.binate = " 

ccbfNumcc"\n";
PrintSymmSet(symmSetF, num.f.symm);
cout << "#symm_setF = "<< num_symsetF«"\n";

Cudd_PrintDebug(fbddm, f ,  1, 5);

cout«"Cell = "«curCellName«"\n";
PrintCharList(new.rpnG);
PrintCharList(new.ord.supSetG); 
coutcC'num.unate = "ccugNumCC" num.binate * " 

<<bgNum<<"\n";
PrintSymmSet(symmSetG, num.g.symm);
cout «  "#symm_setG * " «  num_symsetG«"\n";
cout«curCell->GetName() ;
Cudd_PrintDebug(gbddm, g, 1, 5);

(void) MemFreeForSymmSet(symmSetG, num_g_symm); 
delete [] symmSetGA; 
delete new.rpnG;
(void) MemFreeForSymmSet(symmSetF, num.f.symm); 
delete [] symmSetFA;
Cudd.RecursiveDeref(fbddm,f);
Cudd.Quit(fbddm);

Cudd.RecursiveDeref(gbddm,g);
Cudd.Quit(gbddm);

(void)matchDeleteCharLinkedList(new.ord.supSetG, 1); 
delete pList;

return (1);

delete [] ordArray;
(void)matchDeleteCharLinkedList(new.ord.supSetG, 1); 
Cudd.RecursiveDeref(gbddm,g);
Cudd.Quit(gbddm); / / ->>

tmp.int » pList->ListSize(); 
fo r(in t k-0; kctmp.int; k++){ 

pList->Reset();
delete pList->DeleteCurrentElem();>

delete pList;>
(void) MemFreeForSymmSet(symmSetG, num_g_symm); 
delete (3 symmSetGA;
(void)matchDeleteCharLinkedList(new.rpnG, 1);

> //if(ugNum—ufNum kk bgNum*=bfNum) 
else {

(void) MemFreeForSymmSet(symmSetG, num.g.symm); 
delete (3 symmSetGA;
(void)matchDeleteCharLinkedList(new.rpnG, 1);>>

>// if

(void) MemFreeForSymmSet(symmSetF, num.f.symm); 
delete (3 symmSetFA;
Cudd.RecursiveDeref(fbddm, f );
Cudd.Quit(fbddm);

r e t u r n  m atch :>
/ /  In Cell library , unate variable appears only once in function(rpnGc) 
LinkedListcchar *> *matchGetUnateVars(LinkedListcchar *> +rpnGc,

LinkedListcchar *> *supSetG, 
in t num.unateG)

LinkedListcchar *> *unateVar * new LinkedListcchar *>; 
char *supVar, *rpnVar; 
in t matcn;

num.unateG » 0;
for(supSetG->Reset(); ! supSetG->EndOfList(); supSetG->Next()){ 

match * 0;

LinkedListcchar *> *matchStrapRpn(LibCell *curCell, char *pl, char *vl, 
char *p2, char *v2, 
char *p3*NULL, char *v3“NULL, 
char *p4»NULL, char *v4“NULL, 
char *p5“NULL, char *v5*NULL)

LinkedListcchar *> *tmpRpn;
LinkedListcchar *> *rpnGc ■ new LinkedListcchar *>;
char *tmp_char;

tmpRpn * curCell->GetFunc();
/ /  copy cell rpn to rpnGc, i f  a var is  strapped insert strap info.
for(tmpRpn->Reset();! tmpRpn->EndQfList( ) ;tmpRpn->Next()){ 

tmp.char ■ tnipRpn->Data() ; 
if(strcmp(tmp.char,pi)==0){ 

rpnGc->InsertRear(vl);
]• else i f  (strcmp(tmp_char, p2)*“0){ 

rpnGc->InsertRear(v2);
} else i f  (p3!=NULL kk strcmp(tmp.char, p3)=*0){ 

rpnGc->InsertRear(v3);
)■ else i f  (p4!=NULL kk strcmp(tmp_char, p4)M0){ 

rpnGc->InsertRear(v4);
} else i f  (p5!=NULL kk strcmp(tmp_char, p4)““0){ 

rpnGc->InsertRear(v5);
> else {

rpnGc->InsertRear(tmp char);
. >
return rpnGc;

char *p2, 
'-NULL,

/ /  strapT -  matchGetStrapInfoC'b", "GND", "");
LinkedListcchar *> *matchGetStrapInfo(char *pl, char *vl,

char *p3-NULL, char *v3-l 
char *p4-NULL, char *v4-NULL, 
char *p5-NULL, char *v5-NULL)

LinkedListcchar *> *strapT • new LinkedListcchar *>;

if(strcm p(pi,"")!-0 kk strcmp(vl,"")!-0){ 
strapT->InsertRear(pl); 
strapT->InsertRear(vl);

i f  (strcmp(p2,"") !-0 kk strcmp(v2,M") !-0H 
strapT->InsertRear(p2); 
strapT->InsertRear(v2);>

if(p3!-NULL){ 
if(v3!-NULL){

strapT->InsertRear(p3); 
strapT->InsertRear(v3);

> else {
cout« " In matchGetStrapInfoO of "c< FILE « " , \ n '’;
cout<C"p3 is  not NULL, but v3 is  NULL. Program dies.\n";

 ̂ exit(O);

i f  (p4! -NULL) ■{
if(v4«»NULL){

strapT->InsertRear(p4); 
strapT->InsertRear(v4);

> else {
cout« " In matchGetStrapInfoO of "c< FILE._<c",\n";
coutc<"p4 is  not NULL, but v4 is  NULL. Program dies.\n"; 

^ exit(0);

if(p5!»NULL){ 
if(v5!-NULL){

strapT->InsertRear(p5); 
strapT->InsertRear(v5);

} else {
coutCC'In matchGetStrapInfoO of "<c FILE_.cc",\n";
cout<c"p4 is  not NULL, but v4 is  NULL. Program dies.\n"; 
ex it(0 );

>
> return strapT;

/ /  Returns #of straped pins, modify rpnG an dinsert i t  to  pointer to  array 
in t matchGetPtlStrapFunc(LibCell *curCell,

LinkedListCLinkedListcchar +> *> *strapRpnG, 
LinkedListcLinkedListcchar *> *> *strapTable)

Graph *cellGraph;; 
LinkedListcchar *> *rpnGc, 
char *cell_name;

♦supSetG, *unateVar, *strapT;
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in t num.supG, num.unateG;
in t index = 0, num.strapFunc = 0;

cellGraph * curCell->GetCellGraph();
cell.name “CurCell->GetName();
rpnGc ■ matchCopyRpn(curCell->GetFunc());

strapRpnG->InsertRear(rpnGc); / /  unmmodified function
strapT “ matchGetStrapInfoC'O", "0", "0", "0");//dummy to align l i s t  index
strapTable->InsertRear(strapT);
index++;

supSetG = GetSupportVarSet(cellGraph, rpnGc, num.supG); 
unateVar * matchGetUnateVars(rpnGc, supSetG, num.unateG);

/ /  Strap is  done only for unate variables.
if  (unateVar->ListSize()—0 && !(strcmp(cell.name, "ptl_y3x")—0)){ 

(void)matchDeleteCharLinkedList(unateVar, 1); 
(void)matchDeleteCharLinkedList(supSetG, 1); 
return num.strapFunc;

> else {
i f (!strcmp(cell.name, "p tl.y l" )){

rpnGc = matchStrapRpn(curCell, "b", "GND", "c", "c"); 
strapRpnG->InsertRear(rpnGc);
strapT * matchGetStrapInfo("b", "GND", ""); 
strapTable->InsertRear(strapT); num_strapFunc++;

rpnGc * matchStrapRpn(curCell, "b", "VDD", "c", "c"); 
strapRpnG->InsertRear(rpnGc);
strapT “ matchGetStrapInfoC’b", "VDD", "");
strapTable->InsertRear(strapT); num_strapFunc++;

void)matchDeleteCharLinkedList(unateVar, 1); 
void)matchDeleteCharLinkedList(supSetG, 1); 

return num.strapFunc;

else i f  (! strcmp(cell_name, "ptl_y2")) -(
rpnGc = matchStrapRpn(curCell, "c", "GND", "d", "d"); 
strapRpnG->InsertRear(rpnGc);
strapT » matchGetStrapInfoC'e", "GND", "");
strapTable->InsertRear(strapT); num_strapFunc++;

rpnGc ■ matchStrapRpn(curCell, "c", "VDD", "d", "d"); 
strapRpnG->InsertRear(rpnGc);
strapT ■ matchGetStrapInfo("c", "VDD", "", ""); 
strapTable->InsertRear(strapT); num_strapFunc++;

rpnGc “ matchStrapRpn(curCell, "e", "GND", "c", "c"); 
strapRpnG->InsertRear(rpnGc);
strapT « matchGetStrapInfoC'e", "GND", "", ""); 
strapTable->InsertRear(strapT); num_strapFunc++;

rpnGc = matchStrapRpn(curCell, "e", "VDD", "c", "c"); 
strapRpnG->InsertRear(rpnGc); 
strapT ■ matchGetStrapInfoC'e", "VDD", ""); 
strapTable->InsertRear(strapT); num_strapFunc++;

rpnGc -  matchStrapRpn(curCell, "c", "GND", "e", "GND"); 
strapRpnG->InsertRear(rpnGc);
strapT » matchGetStrapInfoC’e", "GND", "e", "GND"); 
strapTable->InsertRear(strapT); num_strapFunc++;

rpnGc ■ matchStrapRpn(curCell, "c", "GND", "e", "VDD"); 
strapRpnG->InsertRear(rpnGc);
strapT ■ oatchGetStrapInfoC'c", "GND", "e", "VDD"); 
strapTable->InsertRear(strapT); num_strapFunc++;

rpnGc * matchStrapRpn(curCell, "c", "VDD", "e", "GND"); 
strapRpnG->InsertRear(rpnGc);
strapT * matchGetStrapInfoC'e", "VDD", "e", "GND"); 
strapTable->InsertRear(strapT); num_strapFunc++;

rpnGc » matchStrapRpn(curCell, "c", "VDD", "e", "VDD"); 
strapRpnG->InsertRear(rpnGc);
strapT “ matchGetStrapInfoC’c", "VDD", "e", "VDD"); 
strapTable->InsertRear(strapT); num_strapFunc++;

(void)matchDeleteCharLinkedList(unateVar, 1); 
(void)matchDeleteCharLinkedList(supSetG, 1);

return num.strapFunc;
> else if(!strcmp(cell_name,"ptl_y2x")){

rpnGc * matchStrapRpn(curCell, "e", "GND", "c", "cV"); 
strapRpnG->InsertRear(rpnGc);
strapT ■ matchGetStrapInfoC'e", "GND", ""); 
strapTable->InsertRear(strapT); num_strapFunc++;

rpnGc ® matchStrapRpn(curCell, "e", "VDD", "c", "c \’"); 
strapRpnG->InsertRear(rpnGc);
strapT “ matchGetStrapInfoC'e", "VDD", "", ""); 
strapTable->InsertRear(strapT); num_strapFunc++; 

(void)matchDeleteCharLinkedList(unateVar, 1); 
(void)matchDeleteCharLinkedList(supSetG, 1); 

r e tu r n  n u m .strap F u n c ;

Jelse i f (!strcmp(cell_name, "ptl_y3x")){
rpnGc * matchStrapRpn(curCell, "e", "b", "f", "cV"); 
strapRpnG->InsertRear(rpnGc); 
strapT • matchGetStrapInfoC'", "", "", ""); 
strapTable->InsertRear(strapT); num_strapFunc++;

rpnGc » matchStrapRpn(curCell, "e", "b", "f", "c"); 
strapRpnG->InsertRear(rpnGc); 
strapT “ matchGetStrapInfoC", "", "", ""); 
strapTable->InsertRear(strapT); num_strapFunc++;

(void)matchDeleteCharLinkedList(unateVar, 1);
(void)matchDeleteCharLinkedLi s t (supSetG, 1); 
return num.strapFunc;

Jelse i f ( !strcmp(cell.name, "ptl_y3")){
/ / -  y3 match te s t with 3 variables
rpnGc = matchStrapRpn(curCell, "d", "GND", "e", "b",

"f", "VDD", "g", "c");
strapRpnG->InsertRear(rpnGc);
strapT “ matchGetStrapInfoC'd", "GND", "e", "b",

"f", "VDD", "g", "c"); 
strapTable->InsertRear(strapT); num_strapFunc++;

rpnGc = matchStrapRpn(curCell, "d", "GND", "e", "e"); 
strapRpnG->InsertRear(rpnGc); 
strapT “ matchGetStrapInfoC'd", "GND", "", ""); 
strapTable->InsertRear(strapT); num_strapFunc++;

rpnGc “ matchStrapRpn(curCell, "d", "VDD", "e", "e"); 
strapRpnG->InsertRear(rpnGc);
strapT “ matchGetStrapInfoC'd", "VDD", ""); 
strapTable->InsertRear(strapT); num_strapFunc++;

/ /  c ,f
rpnGc “ matchStrapRpn(curCell, "c", "GND", "f", "GND"); 
strapRpnG->InsertRear(rpnGc);
strapT “ matchGetStrapInfoC'e", "GND", "f", "GND"); 
strapTable->InsertRear(strapT); num_strapFunc++;

rpnGc * matchStrapRpn(curCell, "c", "GND", "f", "VDD"); 
strapRpnG->InsertRear(rpnGc);
strapT “ matchGetStrapInfoC'e", "GND", "f", "VDD"); 
strapTable->InsertRear(strapT); num_strapFunc++;

rpnGc “ matchStrapRpn(curCell, "c", "VDD", "f", "GND"); 
strapRpnG->InsertRear(rpnGc);
strapT “ matchGetStrapInfoC'e", "VDD", "f", "GND"); 
strapTable->InsertRear(strapT); num_strapFunc++;

rpnGc = matchStrapRpn(curCell, "c", "VDD", "f", "VDD"); 
strapRpnG->InsertRear(rpnGc);
strapT “ matchGetStrapInfoC'e", "VDD", "f", "VDD"); 
strapTable->InsertRear(strapT); num_strapFunc++;

(void)matchDeleteCharLinkedList(unateVar, i ) ; 
(void)matchDeleteCharLinkedList(supSetG, 1);

return num.strapFunc;

(void)matchDeleteCharLinkedList(unateVar, 1); 
(void)matchDeleteCharLinkedList(supSetG, 1); 
return num.strapFunc;

/ /  Do Boolean match at targetNode with library  cells
void matchDoBooleanMatch(Graph *orgNet, Graph *sGraph, Node ^targetNode, 

LinkedListcLibCell *> *cellLib,
DdNode * f , DdNode *g, in t fDepth)<

in t n l ite ra ls , num.sup, num.supG;

LinkedList<Graph *> *fgList; //pure
LinkedList<char *> *rpnFunc, *supSetF, *rpnG, *supSetG • NULL; 
LinkedList<char *> *strapT » NULL;
Graph *funcGraph, *cellGraph;;
LibCell *curCell; 
char *cur_cell_name;

in t num.strG;
i n t  matchS * 0 , matchP » 0; 
i n t  mapped, dummy “  -1 ; 
i n t  n ,  l i s tS i z e ;

/ /  get possible functions at targetNode (a ll  possible functions in Graph) 
fgList “ GetSetOfFuncGraphs(sGraph, targetNode, fDepth);

/ /  for each function Dget rpn 2)Graph Generate BDD 
for(fgList->Reset(); !fgList->End0fList();fgList->Next()){ 

funcGraph ■ fgList*>Data(); 
dummy++;

rpnFunc “ GetFunctionForBdd(funcGraph, targetNode, n lite ra ls ) ;
#ifdef MATCH.FUNC.DEBUG

cout«"\n  FUNCTION GRAPH "«dummy« 
funcGraph->PrintPiNodes(); 
funcGraph->PrintPoNodes(); 
funcGraph->PrintAHNodes(); 
cout«"rpn.func("«dummy«"): ";
PrintCharList(rpnFunc);

#endif

/ /  orgNet is  original network before gerneration of subject Graph; 
supSetF ■ GetSupportVarSet(orgNet, rpnFunc, num.sup);

/ /  For each library gate, check i f  #of support vars, check unateness 
/ /  if  same get symmetry sets of both functions. 
for(cellLib->Reset(); !cellLib->End0fList();cellLib->Next()){ 

matchS ■ 0; matchP “ 0; 
curCell “ cellLib->Data(); 
cur.cell.name » curCell->GetName(): 
cellGraph * curCell->GetCellGraph();

mapped “ 0;
mapped * matchCheckIfCurCellMapped(targetNode, supSetF, curCell); 
if(mapped) continue;

if  (curCell->GetCellType () —STATIC) <
/*  01-03-01 */
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mapped * 0;
mapped ■ matchChecklfCurCellMapped(targetNode,supSetF,curCell); 
if(mapped) continue;
/ *  01-03-01 */

rpnG ■ curCell->GetFunc();
supSetG ■ GetSupportVarSet(cellGraph, rpnG, num.supG);

if(num_sup == num.supG 44 num.sup <= 4 44 num_supGC=4){//aoi22

MATCH.FUNC.DEBUG
c o u t« M\n ...............Function  \n" ;
PrintCharList(rpnFunc);
PrintCharList(supSetF);
c o u t« " . . .  .Cell Function . . . .  ’,«curCell->GetName()«"\n”; 
PrintCharList(rpnG);
PrintCharList(supSetG);

matchS ■ matchDoStaticMatch(rpnFunc, supSetF, num.sup, 
rpnG, supSetG, num.supG, 
curCell, targetNode, 
f , g, orgNet, funcGraph); 

(void)matchDeleteCharLinkedList(supSetG, 1); 
MATCH.DEBUG.SHORT

if(matchS){
cout «  "STATIC MATCHED MS*!!!!!! \n ";

^ / /e x i t ( l ) ;

>
delete strapRpnG;

lis tS ize  » strapTable->ListSize();
for(n -  0; n < lis tS ize ; n ++){ 

strapTable->Reset(); 
rpnG ■ strapTable->Data(); / / -  
(void)matchDeleteCharLinkedList(rpnG, 1); 
delete strapTable->DeleteCurrentElem();

>
delete strapTable;

(void)matchDeleteCharLinkedList(supSetG, 1);

if(matchP) break;>
(void)matchDeleteCharLinkedList(supSetF, 1); 
(void)matchDeleteCharLinkedList(rpnFunc, 1);

delete funcGraph;

lis tS ize  * fgList->ListSize(); 
for(n=0;n<listSize•n++){

>
fgList->ResetO; 
delete fgList->DeleteCurrentElem();

> else {
(void)matchDeleteCharLinkedList(supSetG,

>
> else if(curCell->GetCellType()“=PTL){

delete fgList;

l);

#ifdef MATCH.FUNC.DEBUG

/ *  01-03-01 */ 
mapped * 0;
mapped * matchCheckIfCurCellMapped(targetNode,supSetF,curCell); 
if(mapped) continue;
/* 01-03-01 * /
num.strG = 0;
LinkedListcLinkedListcchar *> *> *strapRpnG -

new LinkedListcLinkedListcchar *> *>; 
LinkedListcLinkedListcchar *> *> *strapTable =

new LinkedListcLinkedListcchar *> *>;

/ /  Get strapped function for p t l .y l ,  ptl_y2, ptl_y3; 
num.strG * matchGetPtlStrapFunc(curCell, strapRpnG, strapTable)

for(strapRpnG->Reset(); ! strapRpnG->EndOfList();
strapRpnG->Next()){

/ /  01-03-01 
mapped ■ 0;
mapped » matchCheckIfCurCellMapped(targetNode, supSetF, 

curCell);
if(mapped) continue;
/ /  01-03-01

rpnG ■ strapRpnG->Data();
supSetG * GetSupportVarSet(cellGraph, rpnG, num.supG);

if(strapTable->ListSize()!=0){
strapTable->Reset(strapRpnG->CurrentPosition()); 
strapT ■ strapTable->Data();

if((num_sup«*num_supG) 44 (num_sup>*2) 44 (num.supG>»2) 44 
(num_supc-7) 44 (num_supGc*7)){

/*******************************************************************
* MapGraph.h
* Class definition of mapped c ircu it and i ts  member funtions 
*******************************************************************/

#ifndef MAPGRAPH CLASS 
#define MAPGRAPH.CLASS

#include Ciostream.h>
#include Cfstream.h>

#include "MapNode.h"
Sinclude "lsElem.h"
#include "LinkedList.h"

/ /  Definitoin of Graph class 
class MapGraph

private :
char * network.name;

LinkedListcMapNode *> * p ilis t; / /  L ists of a ll  primary inputs
LinkedListCMapNode *> *polist; / /  L ists of a l l  primary outputs
LinkedListcMapNode *> *allnodes; / /  L ists of a l l  pi/po/gates

/ / in t  numgate, numpi, numpo, numedge;
in t numgate, numpi, numpo; 
in t size, unique.id;

coutcc"\n Function
PrintCharList(rpnFunc); 
PrintCharList(supSetF); 
coutcc"..Cell Function . 
PrintCharList(rpnG); 
PrintCharList(supSetG); 
coutcC'PTL num.spuSet matchedXn";

.\n"

in t v isited;

double area.given; 
double delay.given; 
double power.given;

double area; 
double delay; 
double power;

in t used.in.gchrom;

/ /  Required area 
/ /  Required delay 
/ /  Required power

cccurCell->GetName()cc,f\n " ;

public:
MapGraphO; 
"MapGraphO; / /  Destructor

#ifdef MATCH.DEBUG.SHORT

matchP ■ matchDoPtlMatch(rpnFunc, supSetF, num.sup, 
rpnG, supSetG, num.supG, 
strapT,
curCell, targetNode, 
f ,g , orgNet);

(void)matchDeleteCharLinkedList(supSetG, 1); 
i f  (matchPH

break; / /e x i t( l ) ;

coutCC"\n.............. Function
PrintCharList(rpnFunc); 
PrintCharList(supSetF); 
coutCC". .Cell Function .
PrintCharList(rpnG);
PrintCharList(supSetG); 
coutcC’PTL num.spuSet matched\n";

cout <C ”PTL MATCHED M ! MI I!!I\n"

> else {
(void)matchDeleteCharLinkedList(supSetG,>>

l is tS ize  -  strapRpnG->ListSize(); 
for(n “ 0; n < lis tS ize ; a ++H 

strapRpnG->Reset(); 
rpnG * strapRpnG->Data(); / / -  
(void)matchDeleteCharLinkedList(rpnG, 1); 
delete strapRpnG->DeleteCurrentElem();

.\n"

cccurCell->GetName()cc"\n";

void SetName(char *& name); 
char *GetName(); 
in t GetSizeO;

void SetArea(double narea); 
double GetArea(void);

void SetDelay(double ndelay); 
double GetDelay(void);

void SetVisited(int flag); 
in t GetVisited(void);

void SetUsed(int flag); 
in t GetUsed(void);

/ /  Node modification method 
void InsertPiNode(MapNode *4 node.name); 
void In8ertPoNode(MapNode *4 node.name); 
void InsertGate(MapNode *4 gate.name);

LinkedListcMapNode *> * GetPiList(void);
LinkedListcMapNode *> * GetPoList(void);
LinkedListcMapNode *> * GetGateList(void);
MapNode * GetGate(char *4 gate.name, NodeType 4ntype, NodeFunc Anfunc); 
in t DeleteGate(char *4 gate.name);

in t FindNode(LinkedListcMapNode *> *L, char *4 item.name);
MapNode * FindOrCreateNode(char *4 node.name, in t Aposition,

NodeType ntype-UNASSIGNED,
NodeFunc nfunc*N0DE.UNDEFINED);

/ / in t  numgate, numpi, numpo, numedge; 
in t GetNumPi(void); 
void SetNumPi(int npi);
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in t GetNumPo(void); 
void SetNumPo(int npo); 
in t GetNumGate(void); 
void SetNumGate(int ngate);

void PrintPiNodes(void); 
void PrintPoNodes(void): 
void PrintAllNodes(void); 
void Print_Node_Type(int type); 
void Print_Node_Func(int type);

void PrintNodesOfList(LinkedList<MapNode *> *nodeList);

>;

/ /  Constructor 
MapGraph: :MapGraphO 
{

network.name = NULL; 
allnodes = new LinkedList<MapNode *>; 
p i l i s t  * new LinkedList<MapNode *>; 
po lis t = new LinkedList<MapNode *>;

area.given = area -  0.0;
delay_given • delay = 0.0;
power.given = power ■ 0.0;
size = numgate -  numpi = numpo = 0;
unique.id “ 1;
v isited  -  0;
used in gchrom = 0;

>;

/ /  Destructor 
MapGraph:: "MapGraphO

polist->C learList(); 
delete po lis t;
p ilist-> C learL ist(); 
delete p i lis t ;  
allnodes->ClearList(); 
delete allnodes; 
delete network name ;

};
void MapGraph::SetName(char *& name)
{

i f ( !name){
free(network_name); 
network_name * strdup(name);

char * MapGraph::GetName0  { return network.name; >

in t MapGraph: :GetSize() { return size; }

void MapGraph::SetArea(double nareaH area * narea;> 
double MapGraph::GetArea(void){return area;}

void MapGraph: :SetDelay(double ndelayMdelay = ndelay;} 
double MapGraph::GetDelay(void){return delay;}

void MapGraph: :SetVisited(int flagH visited  ■ flag;} 
in t MapGraph::GetVisited(void){return visited;}

void MapGraph::SetUsed(int new.flag){used.in_gchrom -  new.flag;} 
in t MapGraph::GetUsed(void){return used.in.gchrom;}

LinkedList<MapNode *> * MapGraph::GetGateList(void) {return allnodes;} 
LinkedList<MapNode *> * MapGraph::GetPiList(void) {return p ilis t ;}  
LinkedList<MapNode *> * MapGraph::GetPoList(void) {return po lis t;}

void MapGraph: : InsertPiNode(MapNode *& item)

item->SetNodeId(size); 
pilist->InsertRear(ltem ); 
allnodes->InsertRear(item); 
numpi++; numgate++; 
size++;

void MapGraph: : InsertPoNode(MapNode *& item)

item->SetNodeId(size); 
polist->InsertRear(item); 
allnodes->InsertRear(item); 
numpo++; numgate++; 
size++;

void MapGraph::InsertGate(MapNode *& gate.name)

gate_name->SetNodeId(size); 
allnodes->InsertRear(gate.name); 
numgate++; 
size++;

}
/ /  Retrive MapNode class by searching the node.name 
MapNode *
MapGraph::GetGate(char *& gate.name, NodeType fcntype, NodeFunc ftnfunc) 
{

in t position;
MapNode *tempNode;

i f  ((position * FindNode(allnodes, gate.name)) != -1) { 
allnodes->Reset(position); 
tempNode * allnodes->Data(); 
ntype • tempNode->GetNodeType(); 
nfunc * tempNode->GetNodeFunc();

return tempNode;

}
else { 

return tempNode * NULL;
}

}
/ /  Delete a MapNode (pi, po, gates) searching the node name 
/ /  Returns 0 if  i t  exist and deleted, -1 otherwose 
in t MapGraph::DeleteGate(char *ft gate name)
{

int position; 
char *temp_name;
MapNode *tempNode;
NodeType type;

i f  ((position * FindNode(allnodes, gate.name)) !** -1) { 
allnodes->Reset(position); 
tempNode ■ allnodes->Data(); 
temp.name * tempNode->GetName(); 
type ■ tempNode->GetNodeType();

/ /  Delete a ll  edges that are connected to th is  MapNode 
/ /  1. find a l l  nodes (fanins and fanouts)
/ /  2. find a l l  edges (returns position in the edgelist)
I t  3. delete those edges from the l i s t

tempNode = allnodes->DeleteCurrent();
numgate—; 

delete tempNode->GetFaninList(); 
delete tempNode->GetFanoutList(); 
delete tempNode;

i f  (type == PRIMARY.INPUT) {
position ■ FindNode(pilist, temp.name); 
i f  (position -1) {
cout «  " MapGraph: :DeleteGate(”«  gate.name «  ")" «endl;
cout «  " MapNode is  in GateLists but not in PiList !!";
cout «  endl; 
e x i t ( l ) ;
}
pilist->R eset(position); 
tempNode * pilist->DeleteCurrent(); 
numpi—;
delete tempNode->GetFaninList(); 
delete tempNode->GetFanoutList(); 
delete tempNode; 
return 0;

else i f  (type — PRIMARY.OUTPUT) {
position ■ FindNode(polist, temp.name); 
i f  (position ■■ -1) {
cout «  " MapGraph: :DeleteNode("« gate.name «  ")" «endl; 
cout «  " MapNode is  in GateLists but not in PoList !!"; 
cout «  endl; 
e x i t ( l ) ;

polist->Reset(position); 
tempNode * polist->DeleteCurrent(); 
numpo—;
delete tempNode; 
return 0;

}
return 0;

}
return -1;>

/ /  Find a MapNode by searching p i l i s t ,  p o lis t, g a te lis t.
/ /  Returns item position , if  not found return -1.
in t MapGraph::FindNode(LinkedList<MapNode *> *L, char *& item.name)
{

in t item.position ■ -1;

if  (L->front->Next !■ L->rear) {
lsElem<MapNode *> *temp_node » L->front->Next; 
while(temp_node->Next !■ NULL) { 

item_position++;
if(strcmp(temp_node->data->name, item.name)«*0) { 
return item position;
}
temp.node * temp_node->Next;

}
}
return -1:

}
/ /  Find a node, i f  not exist create a noden and return i t ' s  pointer and 
/ /  position in  a llnides. If  i t  is  ceated, position—1 is  returned. 
MapNode * MapGraph::FindOrCreateNode(char *& node.name, in t ^position, 

NodeType ntype, NodeFunc nfunc)
{

position -  -1;
if  ((position » FindNode(allnodes, node.name)) !- -1) {

MapNode *tempNode; 
allnodes->Reset(position); 
tem pN ode “  a l l n o d e s - > D a ta ( ) ; 
return tempNode;

}
else {

MapNode *tempNode » new MapNode; 
tempNode->SetName(node jiame);

i f  (ntype ~  PRIMARY.INPUT) { 
tempNode->SetNodeType(ntype); 
tempNode->SetNodeFunc(nfunc);

InsertPiNode(tempNode);
}
else i f  (ntype — PRIMARY.OUTPUT) {
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tempNode->SetNodeType(ntype); 
tempNode->SetNodeFunc(nfunc);

InsertPoNode(tempNode);
>
else {

tempNode->SetNodeType(ntype); 
tempNode->SetNodeFunc(nfunc);

InsertGate(tempNode);
>
return tempNode;

>>
in t MapGraph::GetNumPi(void){ return numpi;} 
void MapGraph::SetNumPi(int npi){numpi * npi;}

in t MapGraph::GetNumPo(void){ return numpo;} 
void MapGraph::SetNumPo(int npo){ numpo = npo;}

in t MapGraph::GetNumGate(void){return numgate;} 
void MapGraph::SetNumGate(int ngate){numgate * ngate;}

/ /  P tln t a ll  Primary Input MapNodes and i t ’s fanin/fanout nodes 
void MapGraph::PrintPiNodes(void)
{

in t position ■ “1; 
in t fanin_pos " -1; 
in t fanout.pos = -1; 
char *node.name;
NodeType node_type;
NodeFunc node.func;

cout «  "Printing Input Lists of MapGraph !f!!"«endl; 
cout «  "Number of inputs = " «  numpi «  endl;

i f  (!pilist->isEmpty()) {
lsElem<MapNode *> *tempPI * pilist->front->Next; 
while (tempPI->Next != NULL) { 

position++;
pilist->R eset(position); 
node.name = pilist->Data()->name; 
node_type = pilist->Data()->GetNodeType(); 
node.func = pilist->Data()->GetNodeFunc(); 
printf("70s '/,d 7,d ", node.name, node.type, node.func); 
i f  ( !pilist->Data()->fanin->isEmpty()) {

lsElem<MapNode *> *tempFI » pilist->Data()->fanin->front->Next; 
fanin.pos -  -1; 
cout << "fanin : "; 

while(tempFI->Next != NULL) { 
fanin_pos++;
pilist->Data()->fanin->Reset(fanin.pos); 
cout«pilist->Data()->fanin->Data()->name « "  ";

tempFI « tempFI->Next;

i f  (!pilist->Data()->fanout->isEmpty()) { //is.polist.em pty
lsElem<MapNode *> *tempF0 * pilist->Data()->fanout->front->Next; 
fanout.pos ” -1; 
cout «  "fanout : 

while(tempFO->Next !* NULL) { 
fanout_pos++;
pilist->Data()->fanout->Reset(fanout.pos); 
cout«pilist->Data()->fanout->DataO->name « "  "; 
tempFO ■ tempFO->Next;

tempPI -  tempPI->Next; 
cout«endl;

/ /  P tin t a l l  Primary Output MapNodes and i t ’s fanin/fanout nodes 
void MapGraph::PrintPoNodes(void)
{

in t position » -1; 
in t fanin.pos ■ -1; 
in t fanout.pos “ -1;

char *node_name;
NodeType node.type;
NodeFunc node.func;

cout «  "Printing Output L ists of MapGraph !!!! "« en d l; 
cout «  "Number of outputs * " «  numpo «  endl;

i f  ( !polist->isBnpty()) {
lsfelem<MapNode *> *tempPO * polist->front->Next; 
while (tempPO->Next !- NULL) { 

position++;
polist->Reset(position); 
node.name “ polist->Data()->name; 
node.type ■ polist->Data()->GetNodeType(); 
node.func » polist->Data()->GetNodeFunc(); 
printf("7,s */.d */.d ", node_name, node.type, node.func); 

i f  ( !polist->Data()->fanin->isEmpty()) {
lsElem<MapNode *> *tempFI * polist->Data()->fanin->front->Next; 
fanin.pos * -1; 
cout «  "fanin : "; 

while(tempFI->Next != NULL) { 
fanin_pos++;
polist->Data()->fanin->Reset(fanin.pos); 
cout«polist->Data()->fanin->Data()->name « "  "; 
tempFI * tempFI->Next;

i f  (!polist->Data()->fanout->isEmpty()) { //is.polist.em pty
lsElem<MapNode *> *tempF0 * polist->Data()->fanout->front->Next;

fanout.pos = -1; 
cout «  "fanout : "; 

while(tempFO->Next !■ NULL) { 
fanout_pos++;
polist->Data()->fanout->Reset(fanout.pos); 
cout«polist->Data() ->fanout->Data() ->name <<" "; 
tempFO ■ tempFO->Next;

}
}
tempPO ■ tempPO->Next; 
cout«endl;

}
}

}

/ /  P tin t a l l  MapNodes and i t ’s fanin/fanout nodes 
void MapGraph::PrintAllNodes(void)
{

MapNode *aNode, *inNode, *outNode;
LinkedList<MapNode *> *inList, ♦outList;

cout << "Printing All Lists of MapGraph H !J"«endl; 
cout << "Number of allnodes ■ " «  numgate << endl;

i f  (!allnodes->isEmpty()) {
for(allnodes->Reset(); !allnodes->EndOfList();allnodes->Next()){ 

aNode ■ allnodes->Data():
p rin tf ("'/,3d[*/,2d3 (7.2d) : /6s ", allnodes->position,aNode->GetGLevel() , \  

aNode->GetVi s i t ( ) ,aNode->GetName()); 
Print_Node_Type(allnodes->Data()->type);
Print.Node.Func(allnodes->Data()->func); 

cout «  allnodes->Data()->id << " ";

inList -  aNode->GetFaninList(); 
if  (!inList->isEmpty()) { 

cout «  "fanin : "; 
for(inList->Reset(); !inList->EndOfList(); inList->Next()){ 

inNode ■ inList->Data(); 
cou t«  inNode->GetName() « "  ";

cout «  "\t" ;
}

outList = aNode->GetFanoutList();
if  (!outList->isEmpty()) { //is.polist.em pty

cout «  "fanout : "; 
for(outList->Reset(); !outList->EndOfList();outList->Next()){ 

outNode -  outList->Data(); 
cout<< outNode->GetName()<<" ";

}
cout«endl;

} / /  for loop
}

}

void MapGraph::Print Node Type(int type)
{

switch (type) { 
case 0: cout «  "UNASSIGNED(0) ";

//case 1: cout «  "PRIMARY INPUT(l) "; 
case 1: cout «  "RY.INPUT(l) ";

//case  2: cout «  "PRIMARY OUTPUT(2) "; 
case 2: cout «  "Y.OUTPUTu) "; 

break;
case 3: cout «  "INTERNAL(3) "; 

break;
default: cout «  "Invalid MapNode Type ("« ty p e« ") ";

void MapGraph::Print_Node_Func(int type)
{

switch (type) {
case 0: cout «  "NODE.UNDEFINED "; 

break;
case 1: cout «  "NODE.PI ";

case 2: cout << "N0DE.P0
break;

case 3: cout «  "NODE.O 
break;

case 4: cout << "N0DE.1 ";

case 5: cout << "NODE.BUF ";
break;

case 6: cout «  "NODE.INV "; 
break;

case 7: cout «  "NODE.AND "; 
break;

case 8: cout «  "NODE.OR 
break;

case 9: cout «  "NODE.NAND "; 
break;

case 10: cout «  "NODE.NOR

case 11: cout’«  "NODE.CPLX 
break;

case 12: cout «  "N0DE.PTL1 
break;case 13: cout << "N0DE.PTL2 "; 
break;

case 14: cout «  "N0DE.PTL3 
break;

default: cout «  "Invalid MapNode Function("«type«")";

/ /  P tin t a l l  MapNodes and i t ’s fanin/fanout nodes 
void MapGraph::PrintNodesOfList(LinkedList<MapNode *> *nodeList) 
{

in t position ■ -1; 
in t fanin.pos » -1; 
in t fanout.pos « -1;
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cout «  "Printing All MapNodes In a L ists MM"«endl; 
cout << "Size of List * " «  nodeList->ListSize() << endl;

if  (!nodeList->isEmpty()) {
lsElem<MapNode *> *tempAll ■ nodeList->front->Next; 
while (tempAll->Next !■ NULL) { 

position++;
nodeList->Reset(position);
p rin tf (M*/.3d : 7,6s ", position, nodeList->Data()->name);

Print_Node_Type(nodeList->Data()->type);
Print_Node_Func(nodeList->Data()->func);

cout «  nodeList->Data()->id << "

i f  (!nodeList->Data()->fanin->isEinpty()) {
lsElem<MapNode *> *tempFI * nodeList->Data()->fanin->front->Next; 
fanin.pos “ -1; 
cout << "fanin : 

while(tempFI->Next != NULL) { 
fanin_pos++;
nodeList->Data()->fanin->Reset(fanin.pos); 
cout«nodeList->Data()->fanin->Data()->name « "  ";

tempFI = tempFI->Next;

cout «  " \t" ;

i f  ( !nodeList->Data()->fanout->isEinpty()) { //is.polist.em pty
lsElem<MapNode *> *tempF0 = nodeList->Data()->fanout->front->Next; 
fanout.pos * -1; 
cout «  "fanout : "; 

while(tempFO->Next !“ NULL) { 
fanout_pos++;
nodeList->Data()->fanout->Reset(fanout.pos); 
cout«nodeList->Data()->fanout->Data()->name « "  
tempFO * tempFO->Next;

>
>
tempAll = tempAll->Next; 
couv<<endl;

#endif

/*******************************************************************
* MapGraph.h
* Class defin ition  of mapped c ircu it and i ts  member funtions 
**************************************************

#ifndef MAPNODE.CLASS 
#define MAPNODE.CLASS 
#include "LinkedList.h"
#include "Node.h"

class MapNode 
{

p rivate :
char *name;
Match *mappedCell;
NodeType type;
NodeFunc func; 
in t id; 
in t numfanin;

/ /  node name
/ /  match for a solution of the node 
/ /  node type 
/ /  node function 

/ /  node id
/ /  Number of Inputs

LinkedList<MapNode *> *fanin; / /  List of fanin nodes
in t numfanout; / /  Number of fanout nodes
LinkedList<MapNode *> *fanout; / /  List of fanin nodes

double area; 
double power; 
double tDR; 
double tDF; 
double tTR; 
double tTF;

in t level; 
in t visited; 
in t glevel;

/ /  Area
/ /  Power for a cell (reserved) 

/ /  Rising delay 
/ /  Falling delay 
/ /  Rising slope 
/ /  Falling slope

public:
MapNode(void); / /  Default constructor
MapNode(char *& name, NodeType type, NodeFunc func, in t id);
“MapNode(void); / /  Destructor
void SetName(char * nname);
char * GetName(void);
void SetNodeType(NodeType gtype);
NodeType GetNodeType(void); 
void SetNodeFunc(NodeFunc gfunc);
NodeFunc GetNodeFunc(void); 
void SetNodeId(int gid); 
in t GetNodeld(void);

void SetLevel(int level): 
void SetGLevel(int level); 
in t GetLevel(void): 
in t GetGLeveKvoid; ;

void MarkVisit(int mark»l); 
in t GetVisit(void);

/ /  properties
void SetArea(double narea); 
void SetPower(double npower);

void SettDF(double ntDF); 
void SettDRCdouble ntDR); 
void SettTF(double ntTF); 
void SettTR(double ntTR);

double GetArea(void);

double GettDR(void); 
double GettDF(void); 
double GettTR(void); 
double GettTF(void); 
double GetPower(void);

Match * GetMatch(void);
void SetMatch(Match *& nmatch);

int GetNumFanin(void): 
in t GetNumFanout(void); 
void SetNumFanin(int nfanin); 
void SetNumFanout(int nfanout);

void InsertFanin(MapNode *& N); 
void DeleteFanin(MapNode *& N); 
void InsertFanout(MapNode *& N);

LinkedList<MapNode *> * GetFaninList(void); 
LinkedList<MapNode *> * GetFanoutList(void);

friend class MapGraph;
>;
/ /  Default Constructor 
MapNode::MapNode()
{

name =* new char [63];
fanin ■ new LinkedList<MapNode *>;
fanout -  new LinkedList<MapNode *>;

mappedCell * NULL; 
numfanin = 0; 
numfanout = 0;

Bower = 0.0;
F * tTR -  tTF 1 0.0;

v isited  ■ -1; 
level * -1; 
glevel * -1;

/ /  Constructor
MapNode: :MapNode(char *&

name = new char[63]; 
name s gname; 
type -  gtype; 
func = gfunc; 
id = gid;

NodeType gtype, NodeFunc gfunc, in t gid)

fanin
fanout

numfanin = 0; 
numfanout = 0;

• new LinkedList<MapNode *>; 
■ new LinkedList<MapNode *>;

power * 0.0;
DF -  tTR » tTF ! 0.0;

v isited  ■ *1; 
level “ -1;

/ /  Default destructor 
MapNode: : “MapNode(void) { >;

I t  Set node name
void MapNode::SetName(char

I I  Get node name
char * MapNode::GetName(void)

nname) { strcpy(name, nname); } 

{ return name; >

/ /  Set node type
void MapNode: :SetNodeType(NodeType gtype) { type ■ gtype; >

/ /  Get node type
NodeType MapNode::GetNodeType(void) { return type; >

/ /  Set node func
void MapNode: :SetNodeFunc(NodeFunc gfunc) { func -  gfunc; )

/ /  Get node func
NodeFunc MapNode::GetNodeFunc(void) { return func; }

I I  set node id (number)
void MapNode::SetNodeId(int gid) < id  ■ gid; >
/ /  get node id
in t MapNode::GetNodeId(void) { return id; >

/ /  set node id (number)
void MapNode::SetLevel(int nlevel) { level * nlevel; >
/ /  get node id
in t MapNode::GetLevel(void) < return level; >

/ /  set global level (same as the glevel in  origNet) 
void MapNode::SetGLevel(int nlevel) { glevel -  nlevel; >
/ /  return global level
in t MapNode::GetGLevel(void) { return glevel; }

v o id  M apN ode::M arkV isit(int mark) { v is i te d  ■ m ark ;) 
i n t  M apN ode::G etV isit(void) { re tu rn  v i s i t e d ; }

void MapNode::SetArea(double narea) { i f  (narea >* 0){ area “ narea; } } 
void MapNode::SetPower(double npower) { i f  (npower >* 0){ power -  npower; } }

void MapNode::SettDF(double ntDF)
{

if(ntDF >- 0){tDF -  ntDF;)

void MapNode::SettDR(double ntDR)
{

if  (ntDR >- OHtDR -  ntDR;} 

void MapNode::SettTR(double ntTR) { if(ntTR >« 0){tTR -  ntTR;}}
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void MapNode: :SettTF(double ntTF) { if(ntTF >= OHtTF * ntTF;»

double MapNode::GetArea(void) { return area; } 
double MapNode: :GetPower(void) ■( return power; }

double MapNode: :GettDF(void) { return tDF; >
double MapNode::GettDR(void) < return tDR; >
double MapNode: :GettTF(void) ■( return tTF; }
double MapNode::GettTR(void) { return tTR; >

Match * MapNode::GetMatch(void) { return mappedCell;}
void MapNode::SetMatch(Match *& nmatchH mappedCell * nmatch;}

in t MapNode::GetNumFanin(void) { return numfanin; } 
in t MapNode::GetNumFanout(void) { return numfanout; >

void MapNode::SetNumFanin(int nfanin) { numfanin = nfanin; > 
void MapNode: :SetNumFanout( int nfanout) { numfanout * nfanout; >

void MapNode::InsertFanin(MapNode *& gate)

fanin->InsertRear(gate); 
numfanin++;

>

void MapNode::DeleteFanin(MapNode *& gate)
{

char *gate_name, *in_name;
MapNode finNode;

gate.name “ gate->GetName();
for(fanin->Reset(); ! fanin->EndOfList( ) ;fanin->Next()){ 

inNode * fanin->Data(); 
in  name = inNode->GetName(); 
if(strcmp(in_name, gate.name)—0) break;

fanin->DeleteCurrent(); 
numfanin—;

>

void MapNode::InsertFanout(MapNode *& gate)

fanout->InsertRear(gate); 
numfanout++;

>

/ /  Get f anin l i s t  of a node
LinkedList<MapNode *> * MapNode::GetFaninList(void)
{

return fan in ;;
>

/ /  Get fanout l i s t  of a node
LinkedList<MapNode *> * MapNode::GetFanoutList(void)■C

LinkedList<MapNode *> *tempList;

tempList * fanout; 
return tempList;

>
#endif / /  MAPNODE.CLASS

/H e *******************************************************************
* Delay_cal_new.cc
* Delay and Cost (Area) calculation 
*******************************************************************/

#include <fstream.h>
#include <stdlib.h>
•include <ctype.h> / /  used for function ’is d ig it’
#include <string.h>
#include <stdio.h> / /  used for function ’is d ig it5
#include <math.h>
•include <new.h>
#include <time.h> / /  for secondsO

/* STL */
#include <string>
•include "util.h" / /  used for sug-graph u t i l i ty  
•include "Utils.h"

/ / ------------------ Global Chrom struct---------------
struct GlChrom { 

public:
LinkedList<MapGraph *> *gChromosome; 
double cp.delay; 
double area;

GlChrom();
“GlChrom(void);

11 Default glCHROM constructor 
GlChrom::GlChrom()

gChromosome * new LinkedList<MapGraph *>; 
cp.delay * 0; 
area * 0;

>;

GlChrom : :"G lC hrom ()

§Chromosome->ClearList(); 
ele te  gChromosome;

>;

/ / — --------------------- Print Routines-----------
void gaPrintPinMap(Match *aMatch)

LinkedListCpinMap *> *pMap; 
pinMap *curPin;

cout « ” "«aMatch->cell_name«" "; 

pMap ■ aMatch->pinmap;

for(pMap->Reset(); !pMap->EndOfList();pMap->Next()){ 
curPin ■ pMap->Data();
cout«curPin->cell_pin«"("«curPin->net_node«") ";

>
cout « " \n " ;

>

/ /  Print pin map of a node with library  cells 
void gaPrintPinMapWithCells(MapGraph *subChromosome)
<

LinkedListcMapNode *> *subGList, *foList;
MapNode *curNode, *foNode; Match *curMatch;
NodeFunc curnode.func;

subGList * subChromosome->GetGateList();
for(subGList->Reset(); ! subGList->EndOfList( ) ; subGList->Next()){ 

curNode ■ subGList->Data(); 
curnode.func ■ curNode->GetNodeFunc(); 
i f  (curnode.fimc !*N0DE_P0 curnode func ! *N0DE_PI)-{ 

foList » curNode->GetFanoutList(); 
if(foList->ListSize() > 0){ 

for.each(foList){
foNode « foList->Data();
//coutcc" "ccfoNode->GetNameO; 
coutcc": ("CCfoNode->GetName()cc") ";

>
> else {
 ̂ coutcc": ( "cc") ";

coutcc" NcccurNode->GetName(): 
curMatch = curNode->GetMatch();
(void)gaPrintPinMap(curMatch);

>
>

>

void gasPrintGlobalChromosome(LinkedListCMapGraph *> *gChromosome, in t wNode-0) {
MapGraph *subChrom; 
int index * -1;

for(gChromosome->Reset() ; !gChromosome->EndOfList () ;gChromosome->Next()M 
index++;
subChrom * gChromosome->Data();

coutCC"\n — SubChromosome • ["ccindex 
CC"] (u * HcCsubChrom->GetUsed()cc")\n"; 
if(wNode==l){

subChrom->PrintPiNodes(): 
subChrom->PrintAllNodes(3; 
coutcc"\n";

(void)gaPrintPinMapWithCells(subChrom); 
coutcc"\n";

>
>

I f ------------------------Evaluation------------------------
/ /  Bottom to  Top Traversal
/ /  Get a set of nodes whose a l l  fanins’s v is i t  flags are i.
in t gaB2TTgetStartingNodes(MapGraph *aChromosome, QueueCMapNode *> *nodeQ)
{

LinkedListcMapNode *> *nodeList, *finList;
MapNode *curNode, *aNode;
in t pos.node, num.node ■ 0, v is i t  » -1;

nodeList * aChromosome->GetGateList();
for(nodeList->Reset(); !nodeList->EndOfList();nodeList->Next()){ 

curNode ■ nodeList->Data(): 
if(curNode->GetVisit() c 0){

finList =• curNode->GetFaninList();
/ /  Debug
if  (f inList->ListSize () “ 0) -(

coutcc "currNode name * HcccurNode->GetName()cc" fanin « 0\n";
aChromosome->PrintPiNodesQ;
aChromosome->PrintPoNodesO; 
aChromosome->PrintAHNodes();

>
/ /  Debug
pos.node ■ 0;
for(finList->Reset(); !finList->EndOfList();finList->Next()){ 

aNode * finList->Data(); 
i f ( (v is i t  ■ aNode->GetVisit()) > 0)< 

pos_node++;
>

>
if(finList->ListSize()**posjiode){ 

nodeQ->QInsert(curNode); 
num_node++;

return num^iode;

/ /  read a ce ll and i ts  area for a gene (mapped node), and update gene->area 
void gaRetriveNodeArea(MapNode *aGene, NodeFunc nfunc,

UnkedListcLibCell *> *cellLibrary)
{

LibCell *aCell;
Match *aMatch;
char *matchName, ^acellName;

aMatch • aGene->GetMatch(); 
matchName •  aMatch->cell_name;
for(cellLibrary->Reset(); !cellLibrary->EndOfList();cellLibrary->Next()){ 

aCell ■ cellLibrary->Data(); 
acellName * aCell->GetName();
if  (nfunc—N0DE.PTL1 11 nfunc—N0DE.PTL2 II nfunc—N0DE.PTL3) { 

if(strncmp(matchName, acellName, 6)**0){ 
aGene->SetArea(aCell->GetArea()); 
return;

>
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> else {
i f  (strcmp(matchName, acellName)*=0){ 

aGene->SetArea(aCell->GetArea()); 
return:

}

>
/ /  returns Minimum cost Chromosome index and i t s  cost
double gaEvaluateGetMinAreaCost(LinkedList<MapGraph ♦> ♦gaPop, in t *index, 

in t ♦numMinChrom)
{

MapGraph *aChromosome;
double curCost, min_cost = RAND_MAX;
in t count ■ -1;

for(gaPop->Reset(); !gaPop->EndOfList();gaPop->Next()){ 
count++;
aChromosome = gaPop->Data(); 
curCost = aChromosome->GetArea(); 
if(curCost < min_cost){

♦index = count; 
min.cost = curCost;

/ /  Finds the number of chromosomes that have the min.cost value 
count = 0;
for(gaPop->Reset(); !gaPop->EndOfList() ;gaPop->Next())-( 

aChromosome = gaPop->Data(); 
curCost = aChromosome->GetArea(); 
i f  ( (min.cost-curCost )=ss0){ 

count++;

♦numMinChrom * count; 
return min cost;

>
/ /  returns Maximum cost Chromosome index and i ts  cost
double gaEvaluateGetMaxAreaCost(LinkedList<MapGraph *> *gaPop, in t *index, 

in t non.visited * 0)

MapGraph *aChromosome; 
double curCost, max_cost = 0.0; 
in t count -  -1, visit_flag=0;

for(gaPop->Reset( ) ; !gaPop->EndOfList( ) ;gaPop->Next()){ 
count++;
aChromosome -  gaPop->Data(); 
curCost “ aChromosome->GetArea(); 
v isit_ flag  * aChromosome->GetVisited(); 
if(non visited==l){

if(curCost > max_cost kb !visit_flag){
♦index * count; 
max cost ■ curCost;

>
> else ■{

i f  (curCost > max_cost){
♦index ■ count; 
max.cost = curCost;

>
>

>
return max.cost;

>

in t gaIsVddGnd(char ♦name)

if  (strcmp(name,"GND")““0 I i strcmp (name, "VDD")“ 0){ 
return (1);

> else {
return (0);

/ /  Returns cell name of current match 
char ♦gaGetMatchedCellName(Match ♦curMatch)

char ♦match.cell;

match.cell * (char ♦)calloc(64, sizeof(char)); 
strcpy(match_cell, curMatch->cell_name);

i f  Ostrcmp(match_cell,"ptl_y21") 11 !strcmp(match_cell,Hptl_y22”)H  
strcpy(match.cell, "ptl_y2");

> else ifOstrcmp(match_cell,"ptl_y2xl")|I!strcmp(match_cell,"ptl_y2x2")H
strcpy(match.cell, "ptl.y2x");

>else if(!strcmp(match_cell,"ptl_y31") 11 !strcmp(match_cell,"ptl_y32")M 
strcpy(match.cell, "p tl.y3");

> else ifOstrcmp(match.cell,"ptl_y3xl")11!strcmp(match.cell, "ptl_y3x2")){
strcpy(match.cell, "ptl_y3x");

> else {
strcpy(match_cell, curMatch->cell_name);

>

return match cell;
>

/ /  R e tu rn s  l i b r a r y  c e l l  p o i n t e r  by  r e t r i v i n g  c u r r e n t  m a tc h e d  c e l l  from  L ib  
L ib C e l l  ♦ g a G etM atch e d L ib C e ll(M a tch  ♦ c u rM a tc h , L in k e d L is t< L ib C e l l  ♦> ♦ c e l lL ib )
{

char ♦match.cell, ♦curcell.name;
LibCell ♦curCell;

match.cell -  gaGetMatchedCellName(curMatch); 
for(cellLib->Reset(); !cellLib->End0fList();cellLib->Next()){ 

curCell * cellLib->Data(); 
curcell.name ■ curCell->GetName(); 
i f  (strcmp(mat ch .ce ll, curcell.name) ” 0) { 

free(m atch.cell); 
return curCell;

cout «  "In gaGetMatchedCellO , no cell named "«curMatch->cell.name 
« "  found in Cell Library\n"; 

cout «  "Returns NULL pointer for pinList for a cell\n"; 
free(m atch.cell); 
return (NULL);

>

/ /  Returns a MapNode by looking at a Graph based on given name 
MapNode ♦gaRetriveMapNodeFromName(MapGraph ♦aChrom, MapNode ♦curNode,

char ♦insig name)
{

LinkedList<MapNode ♦> ♦gateList;
MapNode ♦inNoae; 
in t pos**-l;

gateList = aChrom->GetGateList();
i f ( (pos*aChrom->FindNode(gateList, insig.name))!*-1){ 

gateList->Reset(pos); 
inNode * gateList->Data(); 
return inNode;

> else {
cout « " In  gaRetriveMapNodeFromNsuneO, "«insig_name 

« "  does not exist in a MapGraph.\n"
<<" In " «  FILE <<" at line  no. "<< LINE «endl
«"NULL pointer w ill be returned\n";

cout «  "-------------------------------- "«curNode->GetName()«" \n";
aChrom->PrintPiNodes(); 
aChrom->PrintPoNodes(): 
aChrom->PrintA1INodes(); 
return(NULL);

/ /  Sets a l l  v is i t  flag to -1 except PI node (to 1) of the tree  
void gaInitNodesVisitFlag(MapGraph ♦aChromosome)
{

Queue<MapNode ♦> Q;
LinkedList<MapNode ♦> ♦piList, ♦finList;
LinkedList<MapNode ♦> ♦poList, ♦gateList;

MapNode ♦bNode, ♦inNode; 
char ♦bnode.name, ♦inode.name; 
in t count * 0;

/ /  find output node
gateList •  aChromosome->GetGateList(); 
piList ® aChromosome->GetPiList(); 
poList * aChromosome->GetPoList();

for(gateList->Reset(); !gateList->EndOfList( ) ;gateList->Next()){ 
bNode ■ gateList->Data(); 
bnode.name ■ bNode->GetName();
if(aChromosome->FindNode(poList, bnode.name)!*-l kk

(bNode->GetNumFanout() >1 1 1  bNode->GetNodeType()-»PRIMARY.OUTPUT)){ 
Q.QInsert(bNode); 
bNode->MarkVisit(-l); 
count++;

>

if(count > 1){
cout«"In  galnitNodesVisitFlagO, "

« " th e  # of output node (MFP or PO) is  more than 0NE!!\n"; 
e x i t ( l ) ;

>

whiled Q.QQnpty()){
bNode » Q.DeQueueO;
finList * bNode->GetFaninList();
i f  (finList->ListSize()“ 0 kk bNode->GetNodeFunc() !»N0DE_PI){ 

cout «  "In galnitNodesVisitFlagO, "
«  "#of fanin is  0 at node "«bNode->GetName()«".\n"; 

p rin tf("In  */,s at line  */.d\n",__FILE__, ..LINE..); 
e x it(1);

for(finList->Reset();! finList->End0fListO;finList->Next())< 
inNode ® finList->Data(); 
inode.name “ inNode->GetName();
if(aChromosome->FindNode(piList, inode.name)!«-l){ 

inNode->MarkVi s i t (1);

inNode->MarkVisit(-l);
Q.QInsert(inNode);

} / /  for.loop 
> / /  while.loop

>

/ /  Returns the r ise  arrival time a t the inputs of a node(gate) 
double gaGetRiseArrivalTimeAtNode(MapNode ♦inNode)

double rise.delay;
return(rise_delay ■ inNode->GettDR());

>

/ /  Returns the f a l l  a rrival time a t the inputs of a node(gate) 
double gaGetFallArrivalTimeAtNode(MapNode ♦inNode)
{

double fall.delay;
retu rn(fall.delay  •  inNode->GettDF());

>

/ /  Returns the r ise  transition  time at the inputs of a node(gate) 
double gaGetRiseTransitionTimeAtNode(MapNode ♦inNode)

double rise .tran .tim e;
return(rise_tran.tim e ■ inNode->GettTF());

/ /  Returns the f a l l  transition  time at the inputs of a node(gate) 
double gaGetFallTransitionTimeAtNode(MapNode ♦inNode)
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{
double fa ll.tran .tim e ;
return(fall_ tran  time * inNode->GettTF());

>

/ /  Returns load capacitance of a node
double gaGetLoadCapOfaNode(MapNode ♦curNode,LinkedList<LibCell *> ♦cellLibrary) 
{

LinkedList<MapNode ♦> ♦foutList;
MapNode ♦foNode;

Match ♦foMatch;
LinkedList<pinMap ♦> ♦matchPinList; 
pinMap ♦foPin;
LinkeaList<Pin ♦> ♦cPinList;
Pin *cellPin;

LibCell ♦curCell;

char +cur.node.name, ♦out.sig.name, ♦cell.pin.name; 
double loadCap * 0, pinCap =0; 
in t found.a_fo.cap;

foutList = curNode->GetFanoutList(); 
cur.node.name = curNode->GetName();

/ /  1) for each fanout node of the current node 
for(foutList->Reset();! foutList->EndOfList( ) ;foutList->Next()){ 

found.a_fo.cap = FALSE; 
foNode = foutList->Data(); 
if(foNode->GetNodeType()!“PRIMARY.OUTPUT){

/ /  2)Find current node.name in the pinList of the curr fanout match 
foMatch * foNode->GetMatch(); 
matchPinList -  foMatch->pinmap;
//for.each(matchPinListM
for(matchPinList->Reset(); !matchPinList->EndOfList();

matchPinList->Next() ) {
foPin * matchPinList->Data(); 
out.sig.name -  foPin->net_node; 
i f (!galsVddGnd(out.sig.name) kk

strcmp(cur_node_name,out.sig.name)==0){

/ /  3) Find ce ll pin name which is  mapped to current 
11 node.name
curCell * gaGetMatchedLibCell(foMatch, cellLibrary); 
cPinList * curCell->GetPinList();
//for.each(cPinList){
for(cPinList->Reset(); ! cPinList->EndOfList();

cPinLi st->Next()){
cellPin = cPinList->Data(); 
cell.pin.name * cellPin->GetPinName();

/ /  4) If i t  is  matched to foPin->cell_pin, get Cap 
if(strcmp(foPin->cell_pin, cell.pin.name)-®0){ 

pinCap -  cellPin->GetInputCap(); 
xound.a.fo.cap * TRUE; 
break;

>
>

i f  (found.a.fo.cap—TRUE) break;
> //for.each pin of fanout match(curnode_name, sig.name in foMatch)

> else i f  (foNode->GetNodeType()““PRIMARY.OUTPUT){
pinCap “ 3.0;

>
loadCap * loadCap + pinCap;

>

return loadCap;

/ /  Returns max delay value at current node with the current match
/ /  t  “ max(Arr(i) + a (i) + b(i)*Slope(i) + c(i)*C_load), i  is  fanin of the cell
double gaCalculateGeneDelay(MapGraph ♦aChrom, MapNode *curNode,

Match ♦curMatch, LinkedList<LibCell ♦> *cellLibrary)

LinkedList<pinMap ♦> ♦matPinList; / /  pin l i s t  of the current match 
pinMap ♦curPin;
LinkedList<Pin ♦> ♦cellPinList; / /  pin l i s t  of the matched cell
Pin ♦cellPin-NULL;

LibCell ♦curCell;

char *sig_name;
MapNode ♦inNode;
double cLoad, arrTime, tDr, tDr.slop, tD, max_delay_r“0.0;

/ /  1) Get fanout load cap 
i f  (curNode->GetNodeType ()—PRIMARY. OUTPUT) {

//cLoad •  OUTPUT.LOAD.CAP; 
cLoad “ 3.0;

> else {
cLoad ■ gaGetLoadCapOfaNode(curNode, cellLibrary);

>

matPinList « curMatch->pinmap;
curCell “ gaGetMatchedLibCell(curMatch, cellLibrary); 
cellPinList ■ curCell->GetPinList();

/ /  2) for each pins of the current match 
max.delay.r “ 0.0;
for_each(matPinList){ / /  for each pins of the current match 

curPin ■ matPinList->Data(); 
sig_name -  curPin->net_node; 
if(galsVddGnd(sig.name)) continue;
if((inNode « gaRetriveMapNodeFromName(aChrom,curNode.sig.name)) ““NULL){ 

//re tu rn  (-1); 
return (0);

arrTime “ gaGetRiseArrivalTimeAtNode(inNode);

//3 )fo r each matched ce ll pin,check if  i t s  name is  the same as sig.name 
for_each(cellPinList){

cellPin ■ cellPinList->Data();
if(strcmp(curPin->cell_pin,cellPin->GetPinName())“=0){ 

break;

> }
/ /  3-l)get matched pin delay(load independent and dependent delay) 
tDr ■ cellPin->GetTdR(); tDr.slop ■ cellPin->GetTdR_slop(); 
tD “ arrTime + tDr + tDr_slop*cLoad; 
max.delay.r - Max(max_delay_r, tD);

>

/ /  set delay(max.delay) of current node’s delay valde in node Class 
curNode->SettDR(max_delay_r); 
return max.delay.r;

/ /  returns max delay of a chromosome and sets input.node.name 
/ /  0)reset v is it  flag of a l l  nodes : 1 for inputs, -1 for others 
/ /  l)find  a l l  inputs in aChromosome(tree), and insert them into a Q 
/ /  2)Calculate delay from input to output by dequeuing Q, and enqueue 
/ /  current node’s fanout
double gaEvaluateChromosomeDelay(MapGraph *aChromosome,

LinkedList<LibCell *> *cellLibrary)

Queue<MapNode *> *Q « new Queue<MapNode *>; 
in t nnode;

MapNode *curNode, *foNode;
LinkedList<MapNode *> *foutList;
Match *curMatch;
double delay, total.delay “ 0.0;

(void)galnitNodesVisitFlag(aChromosome); 
nnode “ gaB2TTgetStartingNodes(aChromosome, Q);

while(!Q->QEmpty()){
curNode ■ Q->DeQueue();

/ /  find mapped cell for th is  node and find max.delay at output 
curMatch ■ curNode->GetMatch();
delay ■ gaCalculateGeneDelay(achromosome,curNode,curMatch,cellLibrary); 
to ta l.delay  = to ta l.delay  + delay;

foutList “ curNode->GetFanoutList(); 
i f  (foutList->ListSize()! =0)-( 

for_each(foutList){
foNode “ foutList->Data();
if(foNode->GetNodeFunc() !■ NQDE.P0){

Q->QInsert(foNode);

aChromosome->SetDelay(total.delay); 
delete Q;
return to tal.delay;

/ /  Calculate cost(area, delay) value for a Chromosome (Tree) 
void gaEvaluateChromosome(MapGraph ♦aChromosome,

LinkedListCLibCell ♦> ♦cellLibrary, 
double ♦areaCost, double ♦delayCost)

LinkedList<MapNode ♦> ♦mGateList;
MapNode ♦aGene;

♦areaCost ■ 0.0;
♦delayCost * -1.0;
mGateList “ aChromosome->GetGateList();
/♦ for debug
cout «  "\nln Evaluate Chromosme\n"; 
aChromosome->PrintPoNodes(); 
aChromosome->PrintPiNodes(): 
aChromosome->PrintAllNodes();
♦ /

for(mGateList->Reset(); !mGateList->EndOfList();mGateList->Next()){ 
aGene “ mGateList->Data();
//cout«"aGene name ■ "«aGene->GetName()«endl; 
i f  ( (aGene->GetNodeType () —PRIMARY.OUTPUT kk

aGene->GetNodeFunc()I-NODE P0) II 
(aGene->GetNodeType()!-PRIMARY.OUTPUT kk

aGene- >GetNodeFunc( ) !-N0DE_PI))< 
(void)gaRetriveNodeArea(aGene, aGene->GetNodeFunc(),cellL ibrary); 
♦areaCost -  ♦areaCost + aGene->GetArea();

aChromosome->SetArea((♦areaCost));
♦delayCost * gaEvaluateChromosomeDelay(aChromosome, cellLibrary);

>

double gaEvaluatePopulation(LinkedList<MapGraph ♦> ♦gaPop,
LinkedList<LibCell ♦> ♦cellLibrary)

<
MapGraph ♦aChromosome; / /  a legal solution (tree) 
double areaCost, delayCost, totalAreaCost -  0 .0 ;  
in t index -  -1;

if(gaPop->ListSize() — 0){
cout «  "Population doesn’t  have any node H H !\n"; 
return (0.0);

for(gaPop->Reset( ) ;!gaPop->End0fList( ) ;gaPop->Next()){ 
aChromosome -  gaPop->Data(); 
index ++;

(void) gaEvaluateChromosome (aChromosome, cellLibrary ,fcareaCost .ftdelayCost); 
#ifdef GA.EVALUATE.DEBUG

cout«  "Sol # ( " «  index « " ]  ::
cou t«  "Cost (area) -  " «  aChromosome->GetArea() « "  : ";
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>

cout«  "Cost (delay) = "<< aChromosome->GetDelay() « " \n ";
idif

totalAreaCost ■ totalAreaCost + areaCost; 

return totalAreaCost/(index+l); / /  acerage area

/ /  -------------------  Global chromosome delay calculation
/ /  Set node’s v is it  flag i f  the ndodes are (Pis) in PiList of origNet, else 
/ /  reset node’s v is i t  flag.
void gasInitNodesVisitFalg(Graph *origNet, LinkedList<MapGraph *> *gChromosome)

LinkedList<Node *> *origPiList;
MapGraph *subChrom; / /  mapped sub-graph 
LinkedList<MapNode *> *sub_chromGList; MapNode *subNode; 
char *subNodeName; in t pos;

origPiList * origNet->GetPiList();
for(gChromosome->Reset(); !gChromosome->EndOfList();gChromosome->Next()H 

subChrom ■ gChromosome->Data(); 
sub_chromGList * subChrom->GetGateList(); 
f or _each (sub_ chromGL i s t ){

subNode = sub_chromGList->Data();
subNodeName ■ subNode->GetName();
pos * origNet->FindNode(origPiList, subNodeName);
if(pos!=-l){

subNode->MarkVisit(l);
> else {

subNode->MarkVisit(-l);
>

> / /  inner-for-loop
>

>

//nstart_node = gasGetStartingNodes(gChromosome, Q);
/ /  get bottom to top traversing starting  nodes whose fanins are a ll  visited
in t gasB2TTgetStartingNodes(LinkedList<MapGraph *> *gChrom, Queue<MapNode *> *Q)
{

in t nnode=0, num_posi_node;
MapGraph *subChrom; MapNode *curNode, *finNode;
LinkedList<MapNode *> *subGateList, *finList;

for(gChrom->Reset(); !gChrom->EndOfList();gChrom->Next()){ 
subChrom = gChrom->Data(); 
subGateList ■ subChrom->GetGateList();
for(subGateList->Reset( ) ; ! subGateList->EndOfList();subGateList->Next()){ 

curNode = subGateList->Data(); 
finList » curNode->GetFaninList();
i f ( (curNode->GetVisit() < i) kk (finList->ListSize()>0)){

//f in L is t « curNode->GetFaninList(); 
num.posi.node ■ 0;
for(finList->Reset(); !finList->EndOfList();finList->Next()){ 

finNode * finList->Data(): 
i f  (f inNode->Get Visit ()“ 1){ 

num posi_node++;
>

if(num.posi.node »■ finList->ListSize()H  
nnode++;
Q->QInsert(curNode);

> }
return nnode;

>

/ /  Collect a ll  nodes in a subChromosome whose a l l  inputs are v isited 
in t gasGetSubB2TStartingNodes(MapGraph *subChrom, Queue<MapNode *> *Q)
{

in t nnode»0, num_posi_node;
LinkedList<MapNode *> *subGateList, *finList;
MapNode *curNode, *finNode;

subGateList » subChrom->GetGateList();
for(subGateList->Reset();! subGateList->End0fList( ) ;subGateList->Next()){ 

curNode * subGateList->Data(); 
finList * curNode->GetFaninList();
if((curNode->GetVisit() < 1) kk (finList->ListSize()>0)){ 

num_posi_node -  0;
for(finList->Reset(); !finList->EndOfList();finList->Next()){ 

finNode -  finList->Data(); 
if(finNode->GetVisit()—1H 

num_posi _node++;

if  (num_posi_node *■ finList->ListSize()){ 
nnoae++;
Q->QInsert(curNode);

> }
return nnode;

>

//pinCap * gasFindNodeAtOutnodeAndGetCap(cur.node.name, foNode); 
double gasFindNodeAtOutnodeAndGetCap(char * cur.node.name, MapNode *foNode,
^ LinkedList<LibCell *> *cellLib)

in t found_fo_cap; double pinCap-0; 
char *fo_in_sig_name, *cell_pin_name;

if(foNode->GetNodeFunc()!=N0DE.P0){
/ *  2) find current node name in the fanout match pinList */ 
foMatch = foNode->GetMatch(); 
fo.matchPinList * foMatch->pinmap;

for_each(fo_matchPinList){
fo.in.Pin * fo_matchPinList->Data(); 
fo_in.sig.name ’  fo.in.Pin->net.node; 
if(!gaIsVddGnd(fo_in_sig_name) kk

strcmp (cur.node.name, f o.in.sig.name) »«0) •(

/ /  3) find ce ll pin name which is  mapped to  curr node 
fo.matchCell ■ gaGetMatchedLibCell(foMatch,cellLib); 
cPinList ■ fo_matchCell->GetPinList(); 
for_each(cPinList){

cellPin ■ cPinList->Data(); 
cell.pin.name * cellPin->GetPinName();

/ /  4) If  cell.pin.name and fo .in .P in  name are same 
/ /  retrieve ce ll input cap
i f (strcmp(fo_in_Pin->cell_pin, cell.pin.name)M0) ■( 

pinCap ■ cellPin->GetInputCap(); 
found.fo.cap ■ TRUE; 
break;

>
> / /  for.each cPinList

if(found.fo.cap -= TRUE) break;
> / /  for.each fo.matchPinList

> else if(foNode->GetNodeFunc()“ NODE POH
pinCap -  OUTPUT LOAD.CAP;

>
return pinCap;

>

//foQueue ■ gasGetFanoutListAcro5sChromosome(curNode, gChromosome);
/ /  Returns a l i s t  of fanout nodes of the curNode across the sub-graph boundary 
void gasGetFanoutListAcrossChromosomeX(MapNode *curNode,

LinkedList<MapGraph *> *gChromosome, 
Queue<MapNode *> *foQueue)

MapGraph *subChrom;
MapNode *subNode, *finNode;
LinkedList<MapNode *> *subGateList, *finList; 
char *cur.node.name, *fo_fin.name;

cur node.name ■ curNode->GetName();
for(gChromosome->Reset(); !gChromosome->EndOfList();gChromosome->Next()){ 

subChrom = gChromosome->Data(); 
subGateList ■ subChrom->GetGateList();
for(subGateList->Reset(); !subGateList->EndOfList();subGateList->Next()){ 

subNode * subGateList->Data(); 
if(subNode->GetNodeType()»=PRIMARY_INPUT){ 

finList ■ subNode->GetFaninList();
for(finList->Reset(); !finList->EndOfList();finList->Next()){ 

finNode -  finList->Data(); 
fo fin.name * finNode->GetName(); 
if  (strcmp(cur_node_name, fo.fin.name) *«0H 

fo(}ueue->QInsert (subNode);

>

> / /  inner for.loop 
>// for.loop 

 ̂ / /re tu rn  foQueue;

//foQueue -  gasGetFanoutListAcrossChromosome(curNode, gChromosome);
/ /  Returns a l i s t  of fanout nodes of the curNode across the sub-graph boundary 
void gasGetFanoutListAcrossChromosome(MapNode *curNode,

LinkedList<MapGraph *> *gChromosome, 
Queue<MapNode *> *foQueue)

MapGraph *subChrom;
MapNode *subNode, *finNode;
LinkedList<MapNode *> *subGateList, * finL ist; 
char *cur_node_name, *fo_fin.name; 
in t used.sub.chrom;

cur node.name ~ curNode->GetName();
for(gChromosome->Reset();!gChromosome->EndOfList( ) ;gChromosome->Next()){ 

subChrom -  gChromosome->Data(); 
used.sub.chrom ■ subChrom->GetUsed(); 
i f ( lused.sub.chrom) continue;

subGateList -  subChrom->GetGateList();
f or (subGateList->Reset();! subGateList->EndOfList (); subGateList->Next())-( 

subNode » subGateList->Data(); 
if(subNode->GetNodeType()!-PRIMARY.INPUT){ 

finList " subNode->GetFaninList();
for(finList->Reset(); !finList->EndOfList();finList->Next()){ 

finNode » finList->Data(); 
fo fin.name -  finNode->GetName(); 
if(strcmp(cur.node.name, fo.fin.name)--0){
 ̂ foQueue->qinsert(subNode);

Match *foMatch; 
LinkedList<pinMap *> 
pinMap *fo_in_Pin;

LibCell *fo_matchCell; 
LinkedList<Pin *> *cPinList; 
Pin *cellPin;

found.fo.cap ■ FALSE;

■ fo.matchPinList;

)■ / /  i n n e r  f o r . l o o p  
>// for.loop

>

/ /  Returns current node’s load capacitance for global chromosome 
double gasGetCurrentNodeLoadCap(LinkedList<MapGraph *> ^gChromosome,

MapNode *curNode, LinkedList<LibCell *> *cellLib)

char *curName;
LinkedList<MapNode *> *foutList; MapNode *foNode; 
in t num.fanout; //10-05-00

double loadCap * 0 .0 , pinCap;
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//Queue<MapNode *> *foQueue;
Queue<MapNode *> *foQueue * new Queue<MapNode *>;

curName -  curNode->GetName();
num.fanout * curNode->GetNumFanout(); //10-05
/ /  curNode is  not mfp or po
if(curNode->GetNodeType()!* PRIMARY.OUTPUT kk num.fanout ! = OH 

foutList * curNode->GetFanoutList();

/ /  1) for.each fanout node of the current ndoe 
for(foutList->Reset(); !foutList->EndOfList( ) ; foutList->Next()){ 

foNode ■ foutList->Data();
pinCap = gasFindNodeAtOutnodeAndGetCap(curName, foNode, cellL ib); 
loadCap * loadCap + pinCap;

> / /  for.each fanout node of current node

> else i f (curNode->GetNodeType()"PRIMARY.OUTPUT kk
curNode->GetNodeFunc() != NODE.POH / /  curNode * mfp 

(void)gasGetFanoutListAcrossChromosome(curNode, gChromosome.foQueue); 
while(!foQueue->QEmpty()){

foNode * foQueue->DeQueue();
pinCap * gasFindNodeAtOutnodeAndGetCap(curName, foNode, cellL ib); 
loadCap = loadCap + pinCap;

>

>
delete foQueue; 
return loadCap;

>

//inNode = gasRetrieveMappedNodeFromName(gChromosome, curNode, sig_name);
/ /  Finds a curNode’s fanin node (MapNode) based on sig_name and return i t  
MapNode *gasRetrieveMappedNodeFromName(LinkedList<MapGraph *> *gChromosome,

MapNode *curNode, char *in_sig_name)
■C

MapGraph *subChrom;
LinkedListcMapNode *> *subGateList, *foutList;
MapNode *inNode • NULL; 
in t pos, fout.pos; 
char *cur_name;

cur name = curNode->GetName();
for(gChromosome->Reset(); !gChromosome->EndOfList();gChromosome->Next()){ 

subChrom * gChromosome->Data(); 
subGateList = subChrom->GetGateList(); 
pos « -1; fout.pos = - i;
if((pos = subChrom->FindNode(subGateList, in.sig.name))!=-1){ 

subGateList->Reset(pos); 
inNode » subGateList->Data(); 
foutList = inNode->GetFanoutList();
if((fout_pos=subChrom->FindNode(foutList, cur.name))!=-l kk

foutList->ListSize()!=0){
break;

>
>

>
i  f (inNode==NULL){

cout « " In  gasRetrieveMappedNodeFromName() , "«in_sig_name 
« fl does not exist in a MapGraph.\n"
«"NULL pointer w ill be returned\n";

>
return inNode;

>

void gasSetDelayOfCrossChromosomeNodes(LinkedList<MapGraph *> *gChrom,
MapNode *curNode, double tDr, double tDf, 
double tTr, double tTf, 
in t gch pos * -1)

{
MapGraph *subChrom;
LinkedListcMapNode *> *subGateList, *subNodeInList;
MapNode *subNode, *subInNode;
char *cur.node.name, *subnode_name, *subInName;
NodeFunc curFunc;
NodeType curType;

if(tD r < 0 U  tDf C 0) return; 
if(tD r > 0) curNode->SettDR(tDr) 
if(tD f > 0) curNode->SettDF(tDf) 
if(tT r > 0) curNode->SettDF(tTr) 
if(tT f > 0) curNode->SettDF(tTf)

curFunc * curNode->GetNodeFunc(); 
curType ■ curNode->GetNodeType(); 
curNode->MarkVisit(l);

cur node.name = curNode->GetName();
for(gChrom->ResetO; !gChrom->End0fList();gChrom->NextOH 

subChrom ■ gChrom->Data(); 
subGateList -  subChrom->GetGateList(); 
for.each(subGateList){

subNode » subGateList->Data(); 
subnode.name -  subNode->GetName(); 
if(curFunc — N0DE.P0 II curType «» PRIMARY.OUTPUT){ 

if(subNode->GetNodeType()—PRIMARY.INPUT)<
//subnode name -  subNode->GetName(); 
if(strcmplcur.node.name, subnode.name)»*0){ 

if(tD r >• 0) subNode->SettDR(tDr); 
i f  (tDf >«■ 0) subNode->SettDF(tDf) ; 
if(tD r >■ 0) subNode->SettTR(tDr); 
if(tD f >■ 0) subNode->SettTF(tDf); 
subNode->MarkVisit(l);

>

) / /  else {
> / /  for.each(subGateList)

/ /  find mapped cell for th is  node and find max.delay at output
/ /  Set current node’s delay at MapNode calss (a gene is  a mapped Node)
/ /  t  » max( Arr(i) + in trin s ic (i)  + b(i)*in_Slope(i) + c(i)*C.load )

void gasCalculateGlobalGeneDelay(LinkedListcMapGraph *> *gChromosome,
MapNode *curNode,
LinkedListcLibCell *> *cellLibrary, in t gch pos)

<
Match *curMatch;
LinkedListCpinMap *> *matchPinList; / /  pin l i s t  of current node’s match 
pinMap *curPin; / /  current pin’s cell pin map to net node

/ /  pin l i s t  of the mapped cell

cccurNode->GetName() 
 \n ";

LibCell *curCell;
LinkedListc Pin *> *cellPinList;
Pin *cellPin*NULL;

double cLoad, arrRise, a rrF a ll, tranRise, tranFall; 
double tDr.pin, tDr.slop.pin, tD r.itran .p in , tD r.rise; 
double tDf.pin, tDf.slop.pin, tD f.itran .p in , tD f.fa ll; 
double max.aly.rise, max.dly.fall;

double tTr.pin, tTr.slop.pin, tT r.itran .p in , tT r.rise ; 
double tTf.pin, tTf.slop.pin, tT f.itran .p in , tT f .fa ll;  
double m ax.tran.rise, m ax.tran .fa ll;

MapNode *inNode * NULL; 
char *sig.name;

/ /  1) Get current node’s fanout load capacitance
cLoad * gasGetCurrentNodeLoadCap(gChromosome, curNode, cellLibrary);

curMatch ■ curNode->GetMatch(); 
matchPinList = curMatch->pinmap;
curCell * gaGetMatchedLibCell(curMatch, cellLibrary); 
cellPinList * curCell->GetPinList();

/ /  2) for each pins of the current match
max.dly.rise * 0.0;
max.dly.fall * 0.0;
max.tran.rise * 0.0;
m ax.tran.fall * 0.0;
for(matchPinList->Reset( ) ; !matchPinList->EndOfList();matchPinList->Next ()){ 

curPin • matchPinList->Data(); 
sig.name = curPin->net_node; 
if(galsVddGnd(sig.name)) continue;

/ /  2-1) inNode arrival time
inNode -  gasRetrieveMappedNodeFromName(gChromosome, curNode, sig.name); 
if(inNode==NULL){

coutcC'In gasCalculateGlobalGeneDelayO, node 
cc" \'s  fanin("ccsig_namecc") does not exit 

arrRise * arrFall = tranRise = tranFall =0.0;
> else {

arrRise = gaGetRiseArrivalTimeAtNode(inNode); 
arrFall = gaGetFallArrivalTimeAtNode(inNode); 
tranFall = gaGetRiseTransitionTimeAtNode(inNode); 
tranRise = gaGetFallTransitionTimeAtNode(inNode);

>

/ /  3) for each matched c e ll pin,
for(cellPinList->Reset( ) ; ! cellPinLi st->End0fList( ) ;cellPinList->Next()){ 

cellPin = cellPinList->Data();
if(strcmp(curPin->cell.pin, cellPin->GetPinName())==0){ 

break;
>

>

/ /  3-1) get matched c e l l ’s pin delay (in trin sic  delay and load
/ /  dependent slop and input.tran.time
/ /  Rise delay(l)
tDr.pin ■ cellPin->GetTdR();
tDr.slop.pin * cellPin->GetTdR_slop();
tD r.itran .p in  ■ cellPin->GetTdR_itran();
tD r.rise  -  arrRise + tDr_pin*le-12 + tDr_slop_pin*cLoad*le-15 

+ tDr_itran_pin*tranRise; 
max.dly.rise -  Max(max_dly_rise, tD r.rise);

//F a ll  delay(2) 
tDf.pin •  cellPin->GetTdF(); 
tDf.slop.pin ■ cellPin->GetTdF_slop(); 
tD f.itran .p in  -  cellPin->GetTdF_itran();
tD f.fa ll « arrFall + tDf_pin*le-12 + tDf_slop_pin*cLoad*le-15 

+ tDf.ltran_pin*tranFall; 
m ax.dly.fall = Max(max_dly_fall, tD f.fa ll) ;

/ /  Rising Transition time(3) 
tTr.pin ■ cellPin->GetTtR(); 
tTr.slop .p in  = cellPin->GetTtR.slop(); 
tT r.itran .p in  = cellPin->GetTtR.itran(); 
tT r.r ise  ■ tTr_pin*le-12 + tTr_slop_pin*cLoad*le-15 

+ tTr.itran.pin+tranRise; 
max.tran.rise ■ Max(max.tran.rise, tT r.r ise );

/ /  Falling Transition time(4) 
tTf.pin ■ cellPin->GetTtF(); 
tTf.slop.pin » cellPin->GetTtF_slop(); 
tT f.itran .p in  » cellPin->GetTtF_itran()
tT f .fa ll  > tTf pin*le-12 + tTf slop.pin*cLoad*le-15 

+ t T I . ^ - -
max.tran.f a ll

_itran_pin*tranRise;
■ Max(max.tran.fall, tT f .fa ll) ;

y / /  f o r . e a c h . p i i i ( c u r r e n t  n o d e ’ s  m atch )

/ /  4) set delay (max.dly.rise) of curNode
(void)gasSetDelayOfCrossChromosomeNodes(gChromosome, curNode, 

m ax.dly.fall, m ax.tran.rise, m ax.tran.fall.
max.dly.rise, 
gch.pos);

/ /  Check foNode’s fanin, and insert foNode into Q if  Q !■ NULL 
in t gasCheckFaninVisitAndEnQueue(MapNode *foNode, Queue<MapNode *> *Q=NULL) 
<

int count, a ll .v is ite d  ■ 0;
MapNode *finNode;
LinkedListcMapNode *> *finList;
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finList = foNode->GetFaninList();
count =* 0;
for.each(finList){

finNode ■ finList->Data():
i f  (finNode->GetVisit ()M1) count++;

>

if(count ■■ finList->ListSize()){ 
a l l  v isited = 1; 
if(Q !■ NULL){

Q->QInsert(foNode);

>
return a ll  visited;

>

/ /  Returns Primary Ouput node which has max delay among POs 
MapNode *gasEvaluateFindMaxDelay(Graph *origNet,

LinkedListCMapGraph *> *gChromosome, double *max_dly)
•C

LinkedList<Node *> *oPoList;
MapGraph *subChrom;
LinkedListcMapNode *> *subChrGList;
MapNode *curNode, *cpNode=»NULL; 
char *cur_node_name;

double fDelay, rDelay, arrTime; 
in t pos;

oPoList = origNet->GetPoList();
*max_dly » 0 .0 ;

for(gChromosome->Reset();!gChromosome->EndOfListO;gChromosome->Next()){ 
subChrom = gChromosome->Data(); 
subChrGList « subChrom->GetGateList(); 
for.each(subChrGList){

curNode = subChrGList->Data(); 
cur node.name ■ curNode->GetName();
i f ( (pos*origNet->FindNode(oPoList, cur.node.name)) !» -l){ 

rDelay ■ curNode->GettDR(); 
fDelay -  curNode->GettDF(); 
arrTime = Max(rDelay, fDelay); 
if(arrTime > *max_dly){

*max_dly * arrTime; 
cpNode = curNode;

>
break;

return cpNode;
>

/ /  Check i f  allnodes in gChromosome are v isited , i f  yes return TRUE, else (0) 
in t gasAreAHNodesInGlobalChromosomeVisited(LinkedList<MapGraph *> ^gChromosome) 
{

MapGraph *subChrom;
LinkedList<MapNode *> *gateList, *piList;
MapNode *curNode, *tmpNode; 
in t a ll .v is ite d  * 1;

for(gChromosome->Reset( ) ; ! gChromosome->EndOfList();gChromosome->Next()){ 
subChrom = gChromosome->Data(); 
i f ( !subChrom->GetUsed()) continue: 
gateList -  subChrom->GetGateList();
for(gateList->Reset(); !gateList->EndOfList();gateList->Next()){ 

curNode -  gateList->Data();
//if(curNode->GetNodeFunc()!-NODE.PO){ 

if(curNode->GetVisit() !- 1){ 
a ll .v is ite d  -  0;
/ / / *
cout«"Node "«curNode->GetName()«', is  not v isited .\n"; 
piList * curNode->GetFaninList(); 
f or.each(piLi s t ){

tmpNode * piList->Data(); 
cout«"piNode "«tmpNode->GetName()«"

) / • /
(void)gasPrintGlobalChromosome(gChromosome,
//break;

\n";

l ) ;

ex it(0 );

//>
i f  (all_visited»“OM 

break;

> }
return a l l  visited;

>

/ /  Clear used sub-chromosome flaged 04-23-01
void gasClearSubChromUsedFlag(LinkedList<MapGraph *> *gChrom)
<

MapGraph *subChrom;

for(gChrom->Reset( ) ; !gChrom->End0fList( ) ;gChrom->NextOX 
subChrom * gChrom->Data(); 
subChrom->SetUsed(0);

> }
/ /  Set used sub-chromosome flaged 04-23-01
in t gasSetSubChromUsedFlaglnGChrom(LinkedList<MapGraph *> *gChrom) 
{

MapGraph *rsubChrom, *csubChrom;
LinkedListcMapNode *> *rsubPoList, *csubPiList;
MapNode *rsubPoNode, *csubPiNode; 
char *rsubPoName, *csubPiName;
in t index ■ -1, c.index ■ -1, used.sub.chrom -  0; 
in t pos;

(void)gasClearSubChromUsedFlag(gChrom); / /  Celar used flag 
for(gChrom->Reset();! gChrom->End0f ListO;gChrom->Next()X 

index++; c.index ■ -1; 
rsubChrom ■ gChrom->Data(); 
rsubPoList = rsubChrom->GetPoList(); 
rsubPoNode ■ rsubPoList->Data(0); 
rsubPoName = rsubPoNode->GetName(); 
i f  CrsubPoNode->GetNodeFunc() !»N0DE_P0){

for(gChrom->Reset(); !gChrom->End0fList( ) ;gChrom->Next()){ 
c_index++;
csubChrom ■ gChrom->Data();
if(index !■ c.index kk csubChrom->GetUsed()*“0X 

csubPiList ■ csubChrom->GetPiList();
i f ( (pos*csubChrom->FindNode(csubPiList, rsubPoName)) !*-l){ 

rsubChrom->SetUsed(l); 
used_sub_chrom++; 
break;

>
>

}
> else {

rsubChrom->SetUsed(l); 
used.sub chrom++;

>
gChrom->Reset(index); / /  get back to  the orig pos

>

return used.sub chrom;
>

/ /  Calculate delay at every node (mod • 04-19-01)
double gasEvaluateGlobalChromosomeDelay(Graph *origNet, GlChrom *globalChrom,

LinkedListCLibCell *> *cellLib)

QueueCMapNode *> *Q = new QueueCMapNode *>; 
in t nstart.node;
double tDr, tDf, tTr, tTf, delay;

MapNode *curNode, *finNode, *cfoNode;
MapNode *cpNode;
LinkedListcMapNode *> *finList, *curFoList;
LinkedListCMapGraph *> *gChrom;
MapGraph *subChrom;
in t gflag=0, itr .c n t  -  -1;

in t gch.pos * -1, cfoVisit, a ll.v is ite d ;
NodeType curType;

gChrom = globalChrom->gChromosome;
(void)gasInitNodesVisitFalg(origNet, gChrom);
(void) gasSetSubChromUsedFlaglnGChrom(gChrom);

for(gChrom->Reset(); !gChrom->End0fList();gChrom->Next()X 
gch_pos++;
subChrom * gChrom->Data(); 
i f ( !subChrom->GetUsed()) continue;
//v is ited  PI nodes
nstart.node * gasGetSubB2TStartingNodes(subChrom, Q); 
while ( !Q->QEmpty OX

curNode » Q->DeQueue(); 
curType * curNode->GetNodeType(); 
i f  (curNode->GetNodeFunc () —NODE.PO) { 

finList » curNode->GetFaninList();
if(finL ist->L istS ize()—1){ 

finNode » finList->Data(0): 
if  (finNode->GetVisit()—l ) i  

tDr * finNode->GettDRQ; 
tDf ■ finNode->GettDF(); 
tTr ■ finNode->GettTR(); 
tTf » finNode->GettTF();
(void)gasSetDelayOfCrossChromosomeNodes(gChrom,curNode, 

tDr, tD f,tTr, tTf, gch.pos);
> else {

c o u t« MIn gasEvaluateGlobalChromosomeDelayO,\n"; 
coutcc"P0 node ("cccurNode->GetName()cc") fanin ("

ccfinNode->GetName()cc" is  not v isited  ..........\n";
e x it( l) ;

curNode->MarkVisit();
> else {

(void)gasCalculateGlobalGeneDelay(gChrom,curNode,cellLib, 
gch.pos);

>
curFoList * curNode->GetFanoutList(); 
if(curFoList->ListSize() >»1 kk curType - -  INTERNALX 

for_each(curFoList){
cfoNode ■ curFoList->Data();
CfoVisit * cfoNode->GetVisit();
if(gasCheckFaninVisitAndEnQueue(cfoNode)feft (cfoVisitCl)){
 ̂ Q->QInsert(cfoNode);

gChrom->Reset(gch_pos); //recover gChrom pos in for.loop
>
gflag ■ gasAreAHNodesInGlobalChromosomeVisited(gChrom);

/ /  find max.delay of a gChromosome and set chromosome delay 
cpN ode •  g a s E v a lu a te F in d M a x D e la y (o r ig N e t, gChrom , f c d e la y ) ; 
globalChrom->cp_delay * delay;

delete Q; 
i f  (gflag—0){ 

return (-1);
>else {

return delay;
>

double gasEvaluateGlobalChromosomeArea(GlChrom *globalChrom) 
{
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LinkedListCMapGraph *> *gChromosome;
MapGraph *subChrom;
double sub_chrom_area, total_area * 0; 

gChromosome * globalChrora->gChromosome; 

(void)gasSetSubChromUsedFlaglnGChrom(gChromosome);

for(gChroraosome->Reset( ) ;!gChromosome->EndOfList( ) ;gChromosome->Next 0 ){  
subChrom = gChromosome->Data(); 
i f (subChrom->GetUsed()){

sub_chrom_area “ subChrom->GetArea(); 
to ta l area += sub_chrom_area;

> }
globalChrom->area -  to ta l.area; 
return to ta l.area;

>
/ /  Returns c r itic a l path delay
double gasEvaluateGlobalChromosome(Graph *origNet, GlChrom *globalChrom, 

LinkedListcLibCell *> *cellLibrary, 
double *gChromArea*NULL)

double cp_dly=0.0, global_chrom_area;

//12-24-00
cp_dly = gasEvaluateGlobalChromosomeDelay(origNet,globalChrom,cellLibrary); 
global_chrom_area » gasEvaluateGlobalChromosomeArea(globalChrom); 
if(gChromArea? =NULL){

*gChromArea = global_chrom_area;
>
return cp.dly;

>
/ / ---------------- Global Chromosome Levelizing ----------------
/ /  10-28-01
void dlyResetVisitFlag(LinkedList<MapGraph *> *gChromosome)

MapGraph *subChrom;
MapNode *subNode;
LinkedListcMapNode *> *subGateList;

for(gChromosome->Reset(); !gChromosome->EndOfList();gChromosome->Next()H 
subChrom * gChromosome->Data(); 
subGateList ■ subChrom->GetGateList(); 

for_each(subGateList){
subNode = subGateList->Data(); 
subNode->MarkVisit(-1);
//subNode->SetLevel(-l); 
subNode->SetGLevel(-l); 

if(subNode->GetNodeFunc()—N0DE.P0){ 
subNode->SetLevel(0);

subNode->SetLevel(-l);

>

/ /  10-28-01
in t dlyIsCurrentMapNodeInQueue(Queue<MapNode *> *Q.MapNode *foNode)

LinkedList<MapNode *> *qList;
MapNode *qNode;
char * q.name, *fo.name;
in t return.val =0;

if(Q->QEmpty()) return (0); 
fo.name “ foNode->GetName(); 
qList -  Q->QList();
for(qList->Reset(); !qList->End0fList();qList->Next()){ 

qNode ® qList->Data(); 
q.name ■ qNode->GetName(); 
i f (strcmp(q.name, fo.name)-»0){ 

re turn .val » 1; 
break;

return return.val;
>

/ /  10-28-01
/ /  Q contains a ll  primary input’s fanout node
/ /  to traverse the global chromosome form bottom to  top.
void dlyInitGlobalDepth(LinkedLlst<MapGraph *> *gChromosome, Graph *origNet, 

Queue<MapNode *> *Q)

LinkedList<Node *> *orgPiList;
MapGraph *subChrom;
MapNode *subNode, *foNode;
LinkedList<MapNode *> ^subGateList, *foList; 
in t used.sub.chrom,pos, num.fanout;

char *subName;

orgPiList ■ origNet->GetPiList();
(void)dlyResetVlsitFlag(gChromosome);

for(gChromosome->Reset();!gChromosome->End0fListO;gChromosome->Next()){ 
subChrom * gChromosome->Data(); 
used.sub.chrom * subChrom->GetUsed(); 
i f (!used.sub.chrom) continue; 
subGateList * subChrom->GetGateList();
for(subGateList->Reset(); !subGateList->EndOfList();subGateList->Next())-( 

subNode ■ subGateList->Data(); 
subName -  subNode->GetName();

i f ( (pos-origNet->FindNode(orgPiList, subName)) !» - ! ){
/ /  more than one d ifferent subChromosome can have same 
I f  node(PI in origNet) as th e ir  input node. 

subNode->SetGLevel(0); 
subNode->MarkVi s i t (1); 

i f ( (num.fanout*subNode->GetNumFanout())==0){

cout<<"fanout is  zero\n";
/ /  This "if" is  not necessary because the node whose inputs 
/ /  are connected to PI (at least one) goes to Q.
> else { 

f oList=*subNode->GetFanoutList ( ) ; 
for_each(foList){

foNode ■ foList->Data();
i f (!dlylsCurrentMapNodelnQueue(Q, foNode)){ 

Q->QInsert(foNode);

}/ ise {

subNode->SetGLevel(-l);

>

/ /  10-29-01
/ /  Check i f  a ll  the fanins are v isited  and maximum fanin depth(gLevel) 
in t dlyAreAHFaninsVisitedAndMaxInDepth(MapNode *qNode, in t fcmax depth)

LinkedListcMapNode *> *finList;
MapNode *inNoae;
in t count=0, v isited , gLevel, num.fanin; 
in t return.val =0;

max.depth =0;
finList ■ qNode->GetFaninList(); 
num.fanin = finList->L istSize(); 
for_each(finList){ 

v isited  ■ -1; 
inNode * finList->Data(); 
v isited  ■ inNode->GetVisit(); 
gLevel * inNode->GetGLevel(); 
if (v is ited  == 1){ 

count++;
max.depth « Max(max_depth, gLevel);

if(num.fanin count){ 
return val *1;

>
return return.val;

>

/ /  10-29-01
void dlyGetGlobalFanoutNodes(LinkedList<MapGraph *> *gChromosome,

MapNode *qNode, QueueCMapNode *> *foutQ)

LinkedListcMapNode *> *foList;
MapNode *foNode;
NodeType qType;

qType * qNode->GetNodeType(); 
if(qType INTERNAL){

foList * qNode->GetFanoutList(); 
for_each(foList){ 

foNode = foList->Data(); 
foutQ->QInsert(foNode);

> else i f  (qType —PRIMARY.OUTPUT) {
f f  Returns a l i s t  of fanout nodes of the qNode 
I I  crossing the sub-graph boundary
(void)gasGetFanoutListAcrossChromosome(qNode, gChromosome, foutQ);

>

>

/ /  10-29-01
/ /  Set v is i t  flag on curNode fanout’s fanin (may cross-chromosome)
void dlySetVisitFlagCurNodeOutsInNode(MapNode *curNode,MapNode *fanoutNode)

LinkedListcMapNode *> *foInList;
MapNode *foInNode; 
string curName; 
char *foInName; 
in t comp.value;

curName * (string)curNode->GetName();

foInList » fanoutNode->GetFaninList(); 
for.each(foInLi s t ){

foInNode « foInList->Data();
//foInName » (string)foInNode->GetName(); 
foInName ■ foInNode->GetName(); 
i f  ( (comp_value*curName. compareCf olnName) )” 0) ■( 

foInNode->MarkVisitQ;
foInNode->SetGLevel(curNode->GetGLevel());

> y
U  10-28-01
/ /  Global Chromosome Levelizing
11 Calculate Global Depth for the Global Chromosome
void dlySetGlobalDepth0fGlobalChromosome(LinkedLi8tcMapGraph *> *gChromosome, 

Graph *origNet)
MapGraph *subChrom;
MapNode *subNode, *finNode, *qNode, *qfoNode;
LinkedListcMapNode *> *subGList, *finList; 
char *cur.node.name, *fo_fin.name; 
in t used.sub.chrom, v isited  *0; 
in t a ll .v is ite d , max.depth, glevel, count«0;

string  tmp.str;

QueueCMapNode *> searchQ, foutQ;

/ /  In itia liz e  Global depth, 0 for a ll  PI Node(orgNet), -1 otherwise 
(void)dlylnitGlobalDepth(gChromosome, origNet, fcsearchQ);
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while(!searchQ.QEmpty OX 
qNode = searchQ.DeQueue(); 
tmp.str * (string)qNode->GetName(); 
count++;

v isited  * qNode->GetVisit();
all_visited*dlyAreAllFaninsVisitedAndMaxInDepth(qNode, max.depth); 
i f ( a l l  v isited kk v isited  ~  -IX  

if(qNode->GetNodeFunc() ~  NODE.POX
/ /  Since a node whose function is  NODE.PO doesnot have any 
/ /  logic function, the glevel shold the same i ts  fanin node. 
qNode->SetGLevel((glevel=max_depth));

> else {
qNode->SetGLevel( (glevel*max_depth+l));

>
qNode->MarkVisit();

(void)dlyGetGlobalFanoutNodes(gChromosome, qNode, ftfoutQ); 
while(!foutQ.QEmpty 0 ){

qfoNode ■ foutQ.DeQueueO ;

/ /  Set v is it  flag on qNode fanout’s fanin (if  cross-chromosome) 
(void)dlySetVisitFlagCurNodeOutsInNode(qNode,qfoNode);

i f (!dlyIsCurrentMapNodeInQueue(ftsearchQ,qfoNode)){ 
searchQ.Qlnsert(qfoNode);

>
>

> else {
i f ( !dlyIsCurrentMapNodeInQueue(ftsearchQ,qNode) kk v isited  ~  -1){ 

searchQ.QInsert(qNode);
>

>

//Debug
if(count > 100000){

(void)gasPrintGlobalChromosome(gChromosome); 
e x it(1);

 ̂ }//while

/ /  10-31-01
void dlyGetGlobalChromosomePoList(LinkedListCMapGraph *> *gChrom,

Graph *origNet, QueueCMapNode *> *poQ)
{

LinkedListcNode *> ♦poList;
MapGraph *subChrom;
MapNode ♦subNode, ♦tmpNode;
LinkedListcMapNode ♦> ♦subGateList; 
in t used.sub.chrom,pos, num.fanout; 
in t curGLevel, oldGLevel;

char *subName;
NodeFunc subFunc;

/ /  Clear poQ 
while( !poQ->QEmpty() X 

(void)poQ->DeQueue();
>
poList -  origNet->GetPoList();
for(gChrom->Reset(); !gChrom->End0fList();gChrom->Next())-( 

subChrom * gChrom->Data(); 
used.sub.chrom * subChrom->GetUsed(); 
ifdused.sub.chrom) continue;

subGateList * subChrom->GetGateList(); 
for_each(subGateListX

subNode = subGateList->Data(); 
subName » subNode->GetName(); 

subFunc » subNode->GetNodeFunc(); 
curGLevel ■ subNode->GetGLevel();

-1 kk subFunc—N0DE.P0Xi f ( (pos«origNet->FindNode(poList,subName)) \ 
i f ( IdlylsCurrentMapNodelnQueue(poQ,subNode)){ 

poQ->QInsert(subNode);

} > / /  i t  
>// for

/ /  10-31-01
MapNode *dlyGetFaninNodesCrossChromosome(LinkedListCMapGraph ♦> ♦gChromosome,

MapNode ♦curNode)

MapGraph ♦subChrom;
//MapNode *subNode, *finNode;
//LinkedListcMapNode *> *subGateList, ♦finList;
//char ♦cur.node.name, ♦fo.fin.name;
MapNode ♦subNode~NULL;
LinkedListcMapNode ♦> ♦subPoList; 
char ♦cur.node.name; 
in t used.sub.chrom, pos;
cur node.name ■ curNode->GetName();
for(gChromosome->Reset( ) ; !gChromosome->End0fList( ) ;gChromosome->Next()){ 

subChrom ■ gChromosome->Data(); 
used.sub.chrom ■ subChrom->GetUsed(); 
i f (!used.sub.chrom) continue;

subPoList -  subChrom->GetPoList();
if((pos*subChrom->FindNode(subPoList,cur.node.name))!■ -1){ 

subNode ■ subPoList->Data(pos); 
subNode->SetLevel(curNode->GetLevel()); 
break;

* 8subNode -  NULL;

return subNode;
>

/♦ Sort P0 nodes in descending order.
♦ Assume gLevel(P0[i]) c» gLevel(P0[i+l]).
♦ In order to  re lfect the path length form P0[i+1]
♦to P0[i] when the traversal goes from P 0 [i].
♦/

void dlySortByGLeveKQueueCMapNode ♦> ♦poQ)

LinkedListcMapNode ♦> ♦queueList, tmpList;
MapNode ♦curNode, ♦oldNode; 
in t pos, cur.level, o ld.level;

queueList = poQ->QList(); 
while( !poQ->QEmpty())-(

curNode ■ poQ->DeQueue(); 
cur.level « curNode->GetGLevel(); 
if(tm pList.ListSize()“=0){ 

tmpList.InsertRear(curNode);
> else { 

pos -  tmpList.ListSize()-l; 
while(pos>*0){

oldNode = tmpList.Data(pos);
old.level * oldNode->GetGLevel(); 

if(cu r.lev e l > o ld .level){ 
if(pos — 0){ 

tmpList.InsertFront(curNode); 
break;
}else{ 

pos—;
>

} else {
tmpList. InsertRight(curNode); 

break;
>

>

> }
for(tmpList.Reset() ;! tmpList.EndOfList( ) ; tmpList.Next()){ 

curNode ■ tmpList.DataO ; 
poQ->QInsert(curNode);

>
>

/ /  10-31-01
//void dlyFanoutNodesDepthFromPO(LinkedListCMapGraph ♦> ♦gChrom,
/ /  Graph ♦origNet,
/ /  MapNode ♦mfpNode, QueueCMapNode ♦> +Q)
void dlyGlobalNodesDepthFromPO(LinkedListcMapGraph ♦> ♦gChrom, Graph ♦origNet)

QueueCMapNode ♦> poQ, searchQ;
MapNode ♦poNode, ♦sNode, ♦finNode;
LinkedListcMapNode ♦> ♦finList; 
char ♦finName; 
in t sLevel, pos;

LinkedListCNode ♦> ♦orgPiList;

orgPiList ■ origNet->GetPiList();

(void)dlyGetGlobalChromosomePoList(gChrom, origNet, ftpoQ);
(void)dlySortByGLevel(ftpoQ);

while( !poQ.QEmpty()){
poNode * poQ.DeQueueO; 
searchQ.QInsert(poNode);

while(!searchQ.QEmpty()H //BFS 
sNode -  searchQ.DeQueueO: 
sLevel ■ sNode->GetLevel(); 
finList -  sNode->GetFaninList(); / /  (1) 
for.each(finListX

finNode * finList->Data(); / /  (2)
finName * finNode->GetNameO; / /  (3)

if((pos“origNet->FindNode(orgPiList, finName)) !» -IX  
finNode->SetLevel(sLevel);

> else {
/♦ Since the "finNode" can be a mfp and i ts  fanout’s
♦ depth from P0 can be d ifferen t,
♦ depth(finNode) •  max(level(F0(i), i» l . .n ) ,  level(finNode)).

♦/
finNode->SetLevel(Max(sLevel+l,flnNode->GetLevel()));

/♦ i f  fanin node is  a NQDE.PI of a sub-shromosome, faninList(l)
♦ size is  "0", and get an error a t (2) or (3).
♦ If  finNode is  N0DE.PI, get real node which is  in another
♦ sub-chromosome so that we can traverse down.

♦/
if(finNode->GetNodeFunc()~N0DE.PI){ 

finNode ■ dlyGetFaninNodesCrossChromosome(gChrom,finNode);
>
i f (!dlyIsCurrentMapNodeInQueue(ftsearchQ, finNode))<
^ searchQ.QInsert(finNode);

} //  for
/ /  bfs while

/***♦♦♦♦***♦♦**♦♦****♦*****♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦♦*♦**♦♦****♦****##*
♦ Gacover_sub_dPTL.cc

♦ This Pgm allows following PTL structure during covering stage.
♦ 1) PTL2 + PTL1, or PTL3 + PTL1
♦ 2) PTL1 + PTL2, or PTL1 + PTL3
♦ This means max transisto rs in series throuth PTL are 3.
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*#**#****!**#*###*#***#******!**# ************** *********** ****##**/

#include
#include
#include
ttinclude
#include
#include
#include
^include

#include
#include
#include
ttinclude
#include

#include
#include

ftinclude 
#include 
#include 
#include

<fstream.h>
<stdlib.h>
<ctype.h>
<stnng.h>
<stdio.h>
<math.h>
<new.h>
<time.h>

"eqn_stack.h" 
"eqn_opr.h" 
"Node.n" 
"LinkedList.h" 
"Graph.h"

"MapNode.h" 
"MapGraph.h"

'Queue.h" 
'Stack.h" 
'u til.h "  
'cuddlnt.h"

/ / ------------------------- In itia liz e  Genetic Population--------------------
/ /  subOutList w ill be used to determine the inputs of a MapGraph.
/ /  The reson of using th is  info is  that mapped graph may introduce new Pis
/ /  which were not PI in a subject graph. (04-26-01)
void gaEnumerateSubgOutNodes(LinkedList<Graph ♦> *subGList,

LinkedList<Node ♦> ♦subOutList)

Graph *sGraph;
LinkedList<Node ♦> ♦sPoList;
Node ♦curPoNode, *prevPoNode;
in t index, pos, cur_depth, prev.depth;

index = -1;
for(subGList->Reset( ) ; ! subGList->EndOfList0 ;subGList->Next()H 

index++;
sGraph = subGList->Data(); 
sPoList ■ sGraph->GetPoList(); 
if(sPoList->ListSize() *■« 1){

curPoNode = sPoList->Data(0); 
cur.depth * curPoNode->GetGLevel(); 
if  (index—OH

subOutList->InsertRear(curPoNode);
> else {

pos = subOutList->ListSize()-l; 
while(pos>=0){

prevPoNode = subOutList->Data(pos); 
prev.depth * prevPoNode->GetGLevel(); 
if(prev.depth > cur.depth){ 

if(pos — 0){
subOutList->InsertFront(curPoNode); 
break;

} else { 
pos—;

> else {
subOutList->InsertRight(curPoNode); 
break;

} >

prin tf ("SubGraph[7.d] does not have ONLY one PO nodes\n",index), 
p rin tf ("In %s at line  7,d\n" ,__FILE__, ..LINE..);

/ /  Returns the starting  node and the #of node(except PI ft PO) in the subGraph 
Node *gaGetStartingNode(Graph *sGraph, in t ♦size, Node QfoNode)

LinkedList<Node ♦> ♦gateList, ♦poList, ♦piL ist, *finList;
Node *curNode; 
char ♦curnodeName;

♦size * 0;

p iL ist * sGraph->GetPiList(); 
poList « sGraph->GetPoList(); 
gateList * sGraph->GetGateList();
for(gateList->Reset(); !gateList->EndOfList();gateList->Next()M 

curNode * gateList->Data(); 
cumodeName “ curNode->GetName(); 
if(curNode->GetNodeType() •» INTERNAL il

(curNode->GetNodeType()—PRIMARY.OUTPUT ftft
curNode->GetNodeFunc()!“NODE.PO ftft 

(sGraph->FindNode(piList,curnodeName)— 1)) 11 
( sGraph->FindNode(poList,curaodeName)!“- l  ftft 
curNode->GetNodeFunc()!“NODE.PO ftft 
sGraph->FindNode(piList,curnodeName)““- l )  H  

■ ♦size + 1 ; / /  number of nodes in the Sgraph except Input♦size -
>

/ /  Returns starting  node for further processing from top to  bottom, 
if(poList->ListSize() I* 1) {

cout «  "In "«._FILE « "  at line  " «  LINE__«" :\n";
cout «  sGraph->GetName() «  "does not have one OUTPUT nodeAn"; 
cout «  "Nodemally a subGraph has olny one output ndoe....\n"; 
cout «  "Program is  terminating . . . .\n " ; 
e x it ( l ) ;

) else {
poList->Reset(0); 
curNode « poList->Data(); 
foNode “ NULL;
/ / i f  (cuiNode->GetNodeType()— PRIMARY.OUTPUT ftft

i f  ( curNode->GetNodeFunc () —NODE.PO) { 
finList * curNode->GetFaninList(); 
if(finList->ListSize() ““ 1){ 

finList->Reset(0); 
foNode » curNode; 
curNode “ finList->Data();
//re tu rn  finList->Data();

cout «  "In " «  FILE « "  at line  " «  LINE « "  ;\n";
cout «  sGraph->GetName() «  " \ ’s primary output node has more" 

«  " one fanin nodes.\n"; 
cout «  "curNode ■ "«curNode->GetName()«"\n"; 
cout «  "curFunc ■ "<<(int)curNode->GetNodeFunc()<<"\n"; 
cout «  "Program is  terminating ...A n " ; 
ex it(0 );

>
>// else {

>
return curNode;

>

/ /  generate random # between 0 ~ max.val 
double gaGenRandomNumber(double max.val)

//srand(time(NULL));
return (max val+rand()/(RAND MAX + 1.0));

>
/ /  Coin flipping to get root node’s ce ll type 
CellType gaFlip(int index, double probability)

double tmp.random;

tmp.random “ gaGenRandomNumber(l.O); 
if((tmp.random - probability)<0) {

#ifdef GA.FLIP.DEBUG
cout «  tmp.random ; 
cout «  " : STATIC ";

#endif
return STATIC;

#ifdef GA.FLIP.DEBUG
cout << tmp.random ; 
cout << " : PTL

#endif
return PTL;

> }

/ /  Decide current node type by searching P0, PI, and Gate List of sGraph 
/ /  Not using —> 04-26-01
NodeType gaGetCurrentNodeTypeX(Graph ♦sGraph, Node ♦curNode)
{

LinkedList<Node ♦> ♦piList, ♦poList, ♦gateList; 
char ♦cName; //current node name

piList “ sGraph->GetPiList(); 
poList “ sGraph->GetPoList(); 
gateList “ sGraph->GetGateList(); 
cName * curNode->GetName();

if(sGraph->FindNode(poList,cName)!“- l  ftft
sGraph->FindNode(gateList, cName)!« -l){

return PRIMARY.OUTPUT;
> else if(sGraph->FindNode(piList,cName)!“- l  ftft

sGraph->FindNode(gateList, cName) !“- lH
return PRIMARY.INPUT;

> else if(sGraph->FindNode(poList,cName)— l ftft
sGraph->FindNode (p iL ist, cName) — 1 ftft 
sGraph->FindNode(gateList, cName)!*-l){

return INTERNAL;
> else {

return UNASSIGNED;

> }

/ /  Decide current node type by searching P0, PI, and Gate List of sGraph 
/ /  »Important for deciding PI nodes«, a l l  nodes, Vn, Vn (- subOutList are PI 
/ / —> 04-26-01 NodeType gaGetCurrentNodeType(Graph ♦sGraph, Node ♦curNode) 
NodeType gaGetCurrentNodeType(Graph ♦sGraph, LinkedList<Node ♦> ♦subOutList, 

Node ♦curNode)

LinkedList<Node ♦> ♦piList, ♦poList, ♦gateList; 
char ♦cName; //current node name

♦piNodeFoList;
Node ♦piNode, ♦piONode;
LinkedList<Node ♦> ♦piN 
in t pos;

piList “ sGraph->GetPiList(); 
poList “ sGraph->GetPoList(); 
gateList “ sGraph->GetGateList(); 
cName * curNode->GetName();

if(sGraph->FindNode(poList,cName)!«-l ftft
sGraph->FindNode(gateList,cName)!« - l){

return PRIMARY.OUTPUT;
> else if(sGraph->FindNode(subOutList,cName)!*-l ftft

sGraph->FindNode(poList, cName)— l ftft
sGraph->FindNode(gateLlst,cName)!—1){ 

/♦ added for c c .s lif  aO “t ’ situation  05-08-01V 
pos “ sGraph->FindNode(gateList, cName); 
if(pos !- -1){

piNode “ gateList->Data(pos); 
piNodeFoList “ piNode->GetFanoutList(); 
piONode * piNodeFoList->Data(0); 
i f  (piONode->GetNodeFunc ( ) —NODE.PO ftft

piNode->GetNodeFunc () —NODE. INV) {
return INTERNAL;

) else {
return PRIMARY.INPUT;
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> else ■{
/* end of addition 05-08-01*/ 

return PRIMARY.INPUT;

} else i f  (sGraph->FindNode (poList,cName)—-i ftft
sGraph->FindNode(piLi s t , cName)— 1 kk 

sGraph->FindNode(subOutList,cName)=

return INTERNAL;
> else {

return UNASSIGNED;
}

sGraph->FindNode(gateList,cName)!*-!){

/ /  Returns the functon type of a matched cell(04-26-01)
NodeFunc gaGetMatchedCellFunc(Graph *sGraph, LinkedList<Node *> *subOutList, 

Node *curNode, Match *aMatch)

NodeType curType;
NodeFunc curFunc; 
char *matchName;

matchName = aMatch->cell_name;
curType * gaGetCurrentNodeType(sGraph, subOutList, curNode); 
i  f (curType—UN ASSIGNED){

cout«"Node("«curNode->GetName()«")Vs node type is  "
«  ( in t) curType«  endl;

cout«"In " «  FILE <<"at line  "<< LINE <<endl;
ex it(0 );

>
curFunc * curNode->GetNodeFunc(); 
if(curType““INTERNAL II curType==PRIMARY_OUTPUT){ 

if(strncmp(matchName, "ptl.y l" 
return N0DE.PTL1; 

else if(strncmp(matchName, 
return N0DE.PTL2;

else if(strncmp(matchName 
 .PTL3;

,6)—OX

"ptl_y2",6)*=Q){

Mptl_y3",6)—OX
"and" ,3)==0)-(

"or",2 )—OX

return NODE ,
else if(strncmp(matchName 

return NODE.AND; 
else if(strncmp(matchName 

return NODE.UR;
:mp(mat 

return NODE.NAND;
> else i f  (strncmp(matchName,"nor",3)—OX

return NODE.NOR;
> else if  ((strncmp(matchName,"aoi",3)—0) 11

( strncmp (matchName,"oai",3)—0 )11(strncmp(matchName,"oa2",3)—0 )I I 
(strncmp(matchName,"ao2",3)—0 )11(strncmp(matchName, "mux",3)—0 )I I 
(strncmp(matchName,"xnor",4)—0 )I I (strncmp(matchName,"xor",3)—0)H 
return N0DE.C0MPLEX;

> else if(strncmp(matchName,"inv",3)—OX
return NODE.INV;

> else i f  (curType—PRIMARY INPUT) { //04-26-01
return N0DE.PI;

> else i f  (curType—PRIMARY.OUTPUT kk curFunc—NQDE.POX
cout «  "In gaGetMatchedCellFunc(), PO node is  processing . . .\n " ;
cout << "It is  stran g e .... Check i t . . . . \ n " ;
cout «  "node.name is  " «  curNode->GetName() « " \n " ;
return NODE.PO;

>
return NODE.UNDEFINED;

>

/ /  Check i f  mached c e l l ’s output is  inverted (except Inverter) 
in t gaIsMatchedCellQutputInverted(char *cName)

if  ((stmcmp(cName,"nand" ,4)—0) 11 (strncmp(cName,"nor" ,3)—0) 11
(strncmp(cName,"aoi",3)—0) 11 (strncmp(cName>"oai" ,3)—0)X 

return (1);
> else {

return (0);
>

>

/ /  is  Cell name inverted and fanins are not in oGraph?
in t gaMatchedCellHaveMissingSignals(Graph *orgNet, Match *aMatch)

char *match_name, *sig.name;
LinkedList<pinMap *> *pinList;
EinMap *pinSet;

inkeaList<Node *> *oGateList; 
in t pos * -1;

oGateList * 
match_name

orgNet->GetGateList(); 
■ aMatch->cell_name;

pinList * aMatch->pinmap;
for(pinList->Reset(); !pinList->EndOfList();pinList->Next()X 

pinSet -  pinList->Data(); 
sig.name -  pinSet->net.node; 
if(IsConstant(sig.name)) continue; 
i f ( (pos*orgNet->FindNode(oGateList, sig.name))—-1){
^ return (1);

return(O);
>

/ /  Check i f  a l l  net signals can be found in the original network.
in t gaAreSignalsLegal(Graph *origNet, Graph *sGraph, CellType ctype,

Match *aMatch, Node *curNode*NULL)
{

LinkedList<pinMap *> *pMapList;

LinkedList<Node *> *oGateList, 
pinMap *curPin; 
char *cell_name, *net_name; 
in t legal.signal * 1;

*sGateList;

cell.name “ aMatch->cell_name;

/ /  is  Cell name inverted and fanins are not in oGraph? 
if(gaMatchedCellHaveMissingSignals(origNet, aMatch)X  

return (0);
>

pMapList * aMatch->pinmap; 
oGateList = origNet->GetGateList(); 
sGateList * sGraph->GetGateList();
for(pMapList->Reset(); !pMapHst->EndOfList() ;pMapList->Next()H 

curPin * pMapList->Data(); 
net.name * curPin->net.node;
i f  (strcmp (net _name,"GND")—0 | | strcmp(net .name, "VDD")— OX 

continue;

i f  ((ctype—PTL) && (origNet->FindNode(oGateList, net.name)— 1)){ 
legal.signal * 0;

> else if((ctype—STATIC)&&(origNet->FindNode(oGateList,net.name))*
legal signal * 0;

> }
return legal.signal;

>

/ /  Returns node type fo a input pin (04-26-01)
NodeType gaGetlnPinNodeType(Graph *origNet, Graph *sGraph,

LinkedList<Node *> *sub0utList, char *pinName, 
CellType ctype)

LinkedList<Node *> *sGpiList, *sGpoList, *sGgateList;
LinkedList<Node *> *oGpiList, *oGgateList;

oGpiList * origNet->GetPiList(); 
sGpiList * sGraph->GetPiList(); 
sGpoList ■ sGraph->GetPoList(); 
sGgateList = sGraph->GetGateList();

if(sGraph->FindNode(sGpoList,pinName)!*-l &&
sGraph->FindNode(sGgateList.pinName)!=-lH

return PRIMARY.OUTPUT;
> else if((sGraph->FindNode(subOutList,pinName)!*-l kk

sGraph->FindNode(sGpoList, pinName)**-!) II 
sGraph->FindNode(oGpiList, pinName)!“-l){

return PRIMARY.INPUT;
> else if(sGraph->FindNode(sGpoList,pinName)—  1 kk

sGraph->FindNode (sGpiList .pinName)—-1 kk
sGraph->FindNode (subOutList .pinName)— 1 kk 
sGraph->FindNode(sGgateList.pinName)!*-lH

return INTERNAL; 

return UNASSIGNED;
>

>

void gaCreateGaGraphPoNode(Graph *sGraph, Node *bNode, MapGraph *gaGraph)

LinkedList<Node *> *foutList, *poList;
Node *outNode;
char *bnode_name, *outnode_name;

MapNode *mapNode, *finNode; 
in t position»-l;

poList * sGraph->GetPoList(); 
bnode.name * bNode->GetName();
if(sGraph->FindNode(poList, bnode.name)!■-!){ //bNode is  P0 of sGraph 

mapNode * gaGraph->FindOrCreateNode(bnode.name, position,
PRIMARY.OUTPUT);

> else {  / /  bNode is  not a P0 node of sGraph(of origNet). 
foutList * bNode->GetFanoutList(); 
i f  (foutList->ListSize() !*1M

cout«  "Dring Processing " «  sGraph->GetName() « " ,  \n"; 
cou t«  "In gaCreateGaGraphPoNodeO "

<< bnode.name « " \* s  fanout ndoe is  more than ONE !! \n " ; 
e x it( l) ;

> else <
foutList->Reset(0); 
outNode * foutList->Data(); 
outnode.name * outNode->GetName();
mapNode * gaGraph->FindOrCreateNode(outnode.name, position,

PRIMARY.OUTPUT, NODE.PO); 
finNode * gaGraph->FindOrCreateNode(bnode.name, position); 
mapNode->InsertFanin(finNode); 
finNode->InsertFanout(mapNode);

„ >

CellType gaGetMappedCellType(MapNode *curNode)
{

NodeFunc curNodeFunc;

curNodeFunc ■ curNode->GetNodeFunc(); 
if  (curNodeFunc—N0DE.PTL1 II curNodeFunc—N0DE.PTL2 I I

curNodeFunc—N0DE.PTL3) {
r e t u r n  PTL;

> else if  (curNodeFunc—NODE OR 11 curNodeFunc—NODE NOR I I
curNodeFunc—NODE.AND 11 curNodeFunc—NODE.NAND 11 
curNodeFunc—N0DE.C0MPLEX 11 curNodeFunc—N0DE.INVX 

return STATIC;

return UNKNOWN;
>

/ / l )  get curNode’s fanout l i s t ,  and get fanout node (only one node)
/ /  2) Find cur fanout node’s mapped function type (N0DE.PTL1, N0DE.0R, . . . )  
/ /  3) i f  curnode’s fanout is  NODE.PO, return NULL
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MapNode *gaP21GetFanoutNodeMapFunc(MapNode *curMapNode, NodeFvmc *cfo_mapFunc) 
{

NodeType curMapType;
LinkedListcMapNode *> *cfoList;
MapNode * curFoMapNode; 
in t num.fo;

if(curMapNode !• NULL){
/ /  INTERNAL, PRINARY_(IN/OUT)PUT 
curMapType=curMapNode->GetNodeType();

*cfo_mapFunc -  NODE.UNDEFINED; 
return NULL;

>

if(curMapType — INTERNAL){
cfoList -  curMapNode->GetFanoutList(); 
nuin_fo * cfoList->ListSize(); 
if(num_fo > 0 kb num.fo—1 ){ 

cfoList->Reset(); 
curFoMapNode * cfoList->Data(); 
if(curFoMapNode->GetNodeFunc()—NODE.PO){

CurFoMapNode * NULL;
*cfo.mapFunc = NODE.UNDEFINED;

} else {
*cfo mapFunc * curFoMapNode->GetNodeFunc();

>
return curFoMapNode;

> else { / /  Since num.fanout = 0 I I 2 11 .. ( 11-08-00 ) 
curFoMapNode * NULL;
*cfo.mapFunc = NODE.UNDEFINED; 
return curFoMapNode;

//s ince we are processing sub-Graph
> else if(curMapType — PRIMARY.OUTPUTI IcurMapType—PRIMARY.INPUT) {

curFoMapNode * NULL;
*cfo.mapFunc = NODE.UNDEFINED; 
return curFoMapNode;

> else {
cout«"\nError :: Cannot be processed. . .\n"

«"Because current mapped node("<<curMapNode->GetName()
« " )  type is  " <<(int)curMapType<<endl;

c o u t« ,,In "<<_ FILE <<", at line "<<( LINE _-4)«endl;
e x it(0);

return (NULL); //dummy
>

/ /  0 1 - 1 1 -0 1
in t gaGetINVmatchIfExist(LinkedList<Match *> *matchList)

in t index=-l, found.invO;
Match *aMatch®NULL; 
char ’•■matchName;

for(matchList->Reset();matchList->End0fListO;matchList->Next()){ 
index++;
aMatch 3 matchList->Data(); 
matchName ■ aMatch->cell_name; 
if(strncmp(matchName, "inv", 3)—0){ 

found.inv «1; 
break;

i f  (f ound.inv—1) { 
return index;

> else <
return (-1);

>

curNode->SetMatchType(ctype); 
matchList ■ curNode->GetSMatchList();

> else i f  (fo .f o Func—N0DE.PTL1I I fo .f  o.Func—N0DE.PTL2I
f O.f o.Func—N0DE.PTL3) { 

ctype = STATIC; 
curNode->SetMatchType(ctype); 
matchList * curNode->GetSMatchList();

> else {
matchList -  curNode->GetPMatchList(); 
if  (matchList->ListSize()—0) { 

ctype ■ STATIC; 
curNode->SetMatchType(ctype); 
matchList ■ curNode->GetSMatchList();

>

> else
matchList ■ curNode->GetPMatchList(); 
if(mat chList->List Size 0 —0){ 

ctype * STATIC; 
curNode->SetMatchType(ctype); 
matchList * curNode->GetSMatchList();

>

> else {
ctype ■ STATIC; 
curNode->SetMatchType(ctype); 
matchList * curNode->GetSMatchList();

> else {
if  (ctype—PTL) { 

matchList 
} else {

matchList
>

>

curNode->GetPMatchList(); 

curNode->GetSMatchList();

/ /  • option (NAND+INV) and (PTL2+PTL1)
Match *gaGetALegalMatch(Gragh *origNet, Graph *sGraph

 edList<Node *> *sub0utList, Node *curNode,
CellType ctype, MapNode *foMapNode»NULL)

LinkedList<Match *> *matchList;
Match *aMatch“NULL; 
char *matchName;
NodeFunc matchFunc, fo.fo.Func, fo3Func, 
in t m listSize, matchlndex, count;

fo.Func » NODE.UNDEFINED;

MapNode *fofoMapNode 
CellType fo.fo.Type-UNKNOWN

*fo3mapNode; //fo r  P21 
 ... f o3Type-UNKN0WN;

if(foMapNode\-NULL){ / /fo r  P21
fo.Func » foMapNode->GetNodeFunc();
fofoMapNode * gaP21GetFanoutNodeMapFunc(foMapNode, ftfo.fo.Func); 
if(fofoMapNode!-NULL){

fo.fo.Type -  gaGetMappedCellType(fofoMapNode);

fo3mapNode -  gaP21GetFanoutNodeMapFunc(fofoMapNode, ftfoSFunc); 
if(fo3mapNode!-NULL){

fo3Type -  gaGetMappedCellType(fo3mapNode);

i f  (ctype—PTL) ■(
i f  (fo Func—NODE PTL3 I I f o.Func—NODE PTL2){ 

i f  (fo fo.Type — PTLH 
ctype -STATIC; 
curNode->SetMatchType(ctype); 
matchList -  curNode->GetSMatchList();

matchList -  curNode->GetPMatchList(); 
if(matchList->ListSize()»®0){ 

ctype -  STATIC; 
curNode->SetMatchType(ctype); 
matchList -  curNode->GetSMatchList();

>

/ /  generate random number to get a match from the matchList 
/ /  and finds legal mapping., to  guarantee that map graph is  legal 
mlistSize - matchList->ListSize(); 
count -  0;
while(l){

matchlndex -  (int)gaGenRandomNumber((double)mlistSize); 
i f  (matchList->ListSize () —0) {

cout«"Error : current node does not have any match...\n"; 
cou t« ';curNode -  "«curNode->GetName()«" may be logically ZER0.\n"
cout« " In "<< FILE « "  at line  " «  LINE <<"\n";
ex it(0 );

>
matchList->Reset(matchIndex); / /  set position of matchlndex 
aMatch -  matchList->Data();

matchFunc -  gaGetMatchedCellFunc(sGraph, subOutList, curNode, aMatch); 
i f  (ctype—PTL) {

i f  (matchFunc—N0DE.PTL211 matchFunc—N0DE.PTL3) { 
if(fo.Func—N0DE.PTL3 I! fo.Func— N0DE.PTL2M 

goto loop;
> else i f  (fo.Func—N0DE.PTL1 && fo.fo.Type — PTLH

goto loop;
>

}else i f  (mat chFunc—N0DE.PTL1) ■( 
i f  (fo.Func—N0DE.PTL1X

if  (fo .f o.Func—N0DE.PTL21 I fo .f o.Func—N0DE.PTL3) { 
goto loop;

> else i f  (fo fo Func—NODE PTL1 ftft f o3Type—PTL) { 
ctype -  STATIC; 
curNode->SetMatchType(ctype); 
matchList -  curNode->GetSMatchList(); 
mlistSize -  matchList->ListSize(); 
count -  0; 
goto loop;

if(gaAreSignalsLegal(origNet, sGraph, ctype, aMatch, curNode)—1){ 
#ifdef GA.LEGALMATCH.DEBUG

cout«curNode->GetNaine()«" ";
(void) gaPrintPinMap(aMatch);

#endif

matchName - aMatch->cell name; 
i f  (ctype—STATIC) {

i f  (matchFunc—NODE.NAND | |  
matchFunc—NODE.AND 11 
matchFunc—N0DE.0R I 
matchFunc—NODE.INV 11 
matchFunc—N0DE.C0MPLEX ){ 

break;
}else if  (matchFunc—N0DE_N0R){

if(strcmp(matchName, "nor2")—0) break;

> else i f  (foMapNode—NULL) ■(
i f  (matchFunc—N0DE.PTL111 matchFunc—N0DE.PTL2 11 

matchFunc—N0DE.PTL3 | (matchFunc—NODE.NAND i I 
matchFunc—N0DE.C0MPLEX | ( 
matchFunc—NODE.INV) < 
break;

Jelse i f  (matchFunc—NODE.NOR) {
i f  (s trc m p (m atch N a m e, " n o r 2 " ) — 0 ) b r e a k ;

}else{
break;

> }
loop:

> else i f  (fo Func—NODE PTLlH
if(fo.fo.Func — N0DE.PTL2)Ifo.fo.Func 

ctype -  STATIC;
■ N0DE.PTL3){

count++; 
if(count > 50){

if(ctype - PTL){ 
ctype -  STATIC; 
curNode->SetMatchType(ctype); 
matchList -  curNode->GetSMatchList(); 
mlistSize -  matchList->ListSize();
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count -  0;
> else {

ctype = PTL;
curNode->SetMatchType(ctype); 
matchList •  curNode->GetPMatchList(); 
mlistSize = matchList->ListSize(); 
count -  0:

>
>

>
return aMatch;

>

MapNode *gaFindFanoutNodeInGaGraph(MapGraph *gaGraph, char *curName)

LinkedListcMapNode *> *gateList, *foList;
MapNode *curMapNode, #foMapNode; 
in t cur_pos, foListSize;

gateList = gaGraph->GetGateList();
cur.pos -  gaGraph->FindNode(gateList, curName);
if(cur_pos !» -1){

gateList->Reset(cur_pos); 
curMapNode = gateList->Data(); 
foList * curMapNode->GetFanoutList(); 
foListSize -  foList->ListSize(); 
if(foListSize «  1 M 

foList->Reset(); 
foMapNode -  foList->Data(); 
i f  (foMapNode->GetNodeFunc()—NODE POX 

foMapNode = NULL;

> else if(foListSize > 1){
foMapNode -  NULL;

> else {
foMapNode = NULL;

> else {
foMapNode = NULL;

>
return foMapNode;

/ /  Decide curNode’s fanin celltype that allows 3 Trs in series for PTLs.
/ /  1) PTL2 + PTL1, or PTL3 + PTL1
/ /  2) PTL1 + PTL2, or PTL1 + PTL3
/ /  3) PTL1 + PTL1 + PTL1
CellType gaDetermineFaninCellType(MapNode *cmapNode.Node *curNode, Node *inNode)

LinkedList<Match *> *tmpMList;
NodeType curMapType;
NodeFunc curMapFunc, cfo.mapFunc, cfo_fo.mapFunc;
CellType ctype, faninType * UNKNOWN, cfo.Type-UNKNOWN, cfo_fo_Type;
MapNode *cfo_Node, *cfo.fo_Node;

/ /  Current node Cell Type and curNode’s fanout cellType ft matchedCell
/ /  l ) i f  curNode’s fanout is  not NODE.PO (means fanout node has at least one
/ /  match), and curNode is  not MFP node, get curNode’s fanout type and cell,
ctype -  curNode->GetMatchType(); /*  PTL or STATIC */

curMapType -  cmapNode->GetNodeType(); /* INTERNAL or PRINARY_(IN/OUT)PUT */ 
curMapFunc * cmapNode->GetNodeFunc0 ;  /* NODE.... */

cfo.Node * gaP21GetFanoutNodeMapFunc(cmapNode, ftcfo.mapFunc); 
if(cfo.Node !- NULLH

//cout «  "cMapNode -  "«cmapNode->GetName()«,,\n " ; 
cfo Type * gaGetMappedCellType(cfo Node);

>
cfo.fo.Node -  gaP21GetFanoutNodeMapFunc(cfo.Node, ftcfo.fo.mapFunc); 
if(cfo.fo.Node !« NULLX

cfo.fo.Type ■ gaGetMappedCellType(cfo.fo.Node);
>

i f  UnNode->GetNodeFunc O—NODE.INV) {
i f  (ctype—PTLH / /  Current node type

if  (curMapFunc—N0DE.PTL3 11 curMapFunc—N0DE.PTL2) { 
if(cfo  Type — PTLX 

faninType -  STATIC;
> else {

tmpMList* inNode->GetPMatchList( ) ; / /  PtlList
if(tmpMList->ListSize()!*0){ / / -

faninType ■ PTL;
> else {

faninType » STATIC;
>

> else i f  (curMapFunc — N0DE.PTL1H
i f ( (cfo_Type**PTLftftcfo_mapFunc**NODE_PTLl)I|cfo_Type»-STATIC){ 

tmpMList- inNode->GetPMatchList(); / /  P tlL ist 
i f  (tmpMList->ListSize() !-0){ //*• 

faninType -  PTL;
> else {

faninType » STATIC;

’ e lfLlnType -  STATIC;

inNode->SetMatchType(faninType) ; 
return faninType;

tmpMList- inNode->GetPMatchList(); / /  P tlL ist 
if(tmpMList*>ListSize()!-0){ / / -  

faninType -  PTL;

} SlfaninType -  STATIC;
>
inNode->SetMatchType(faninType); 
return faninType;

} else { / /  Inverter doesn’t  have P tl match, 
i f  (ctype—PTL) {

if(curMapFunc==N0DE_PTL3 It curMapFunc—N0DE.PTL2){ 
if(cfo.Type — PTL){ 

faninType * STATIC;
> else {

tmpMList- inNode->GetPMatchList(); / /  PtlList 
if(tmpMList->ListSize()‘-0){ / / -  

faninType -  PTL;
> else {

faninType * STATIC;

> else if  (curMapFunc «  N0DE.PTL1X
i f  ((cfo.Type—PTLftftcfo_mapFunc*“NODE_PTLl) 11 cfo.Type—STATIC) { 

tmpMList- inNode->GetPMatchList(); / /  PtlList 
if(tmpMList->ListSize()!-0){ / / -  

faninType -  PTL;

} SlfaninType -  STATIC;

> e l s e  {
faninType -  STATIC;

>
>
inNode->SetMatchType(faninType); 
return faninType;

> else {
fa n in T y p e  = PTL;
inNode->SetMatchType(faninType); 
return faninType;

/ /  Sets curNode’s fanin cellType based on curNode’s cell type 
void gaSetFaninCellType(Node *curNode, Node *inNode)

LinkedList<Match *> *tmpMList;
CellType ctype;

ctype = curNode->GetMatchType(); /*  PTL or STATIC #/

i f  ( inNode->GetNodeFunc ( ) —NODE.INV) {
if  (ctype—PTLH / /  Current node type 

inNode->SetMatchType(STATIC);
> else {

tmpMList- inNode->GetPMatchList(); / /  PtlList 
if(tmpMList->ListSize()!-0){ / / -  

inNode->SetMatchType(PTL);
> else { / / -

inNode->SetMatchType(STATIC); / / -

} else { / /  Inverter doesn’t  have P tl match, 
i f  ( ctype—PTL) {

inNode->SetMatchType(STATIC);
> else {

inNode->SetMatchType(PTL);

//legalSol -  gaGetChromosome(sGraph, bNode, STATIC/PTL);
/ / in t  gaGetChromosome(Graph *origNet, Graph *sGraph, Node *bNode,
/ /  Construct a sub.graph circu it by checking a legality  of a mapped node’s 
I f  input signals.
void gaGetChromosome(Graph *origNet, Graph *sGraph,

LimcedList<Node *> *subOutLlst.
Node *bNode, MapGraph *gaGraph)

{
LinkedListCpinMap *> *pMapList; 
pinMap *pin_map; 
int pos -  -1;

Match *aMatch;
QueueCNode *> Q;
MapNode *mapNode, *finNode, *foMapNode;

Node *curNode, ♦sfinNode; 
char *curName, *netpinName;
NodeType curNodeType;
NodeFunc matchFuncType;
LinkedList<Node *> *sGateList; 
int pos.sgate—1;

NodeType curPinNodeType;
CellType ctype, finType;

Q.QInsert(bNode); / /  Only Internal or Output node w ill be inserted in Q 
(void)gaCreateGaGraphPoNode(sGraph, bNode, gaGraph);

while (!Q. QEmpty ()X
curNode -  Q.DeQueueO; 
curName -  curNode->GetName(); 
ctype -  curNode->GetMatchType();
/ /  PTL2 + PTL1
foMapNode -  gaFindFanoutNodeInGaGraph(gaGraph, curName); 
aMatch -  gaGetALegalMatch(origNet, sGraph, subOutList, 

curNode, ctype, foMapNode);

/ /  Find or create mapped ndoe 
//in te rn a l or out
curNodeType -  gaGetCurrentNodeType(sGraph, subOutList, curNode); 
i f  (curNodeType—UNASSIGNED) {

c o u t« ,,Node(,,«curName«,,) \ ’s node type is  "
«  ( int) curNodeType«endl; 

cout«"In " «  FILE « " a t  line  " «  LINE_.«endl;
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ex it(0);>
matchFuncType = gaGetMatchedCellFunc(sGraph,subOutList,curNode,aMatch); 
mapNode = gaGraph->FindOrCreateNode(curName, pos,

curNodeType, matchFuncType);
mapNode->SetMatch(aMatch);
if((pos!=-l) kk mapNode->GetNodeFunc()“ NODE_UNDEFINED){ 

mapNode->SetNodeType CcurNodeType); 
mapNode->SetNodeFunc(matchFuncType);

>
pMapList = aMatch->pinmap;
for(pMapList->Reset( ) ; !pMapList->EndOfList( ) ;pMapList->Next()){ 

pin.map * pMapList->Data(); 
netpinName * pin_map->net_node;
i f  ((strcmp(netpinName,"GND")»=0)I I(strcmp(netpinName,"VDDM)**0)){ 

continue;
>

curPinNodeType =gaGetInPinNodeType(origNet, sGraph,subGutList, 
netpinName,ctype);

if  (curPinNodeType **= UNASSIGNED) {
p rin tf ("Input of cur_node(‘/,s) , ‘/.s, has UNASSIGED NodeType. \n" , 

curNode->GetName(), netpinName); 
p rin tf ("In Is  at line  7.d\n" , __FILE__, __LINE__) ; 
sGraph->PrintPoNodes(); 
sGraph->PrintPiNodes(); 
sGraph->PrintAHNodes(); 
e x i t ( l ) ;

> else if(curPinNodeType == PRIMARY.INPUTH
finNode = gaGraph->FindOrCreateNode(netpinName, pos,

curPinNodeType, N0DE_PI);
> else {

finNode -  gaGraph->FindOrCreateNode(netpinName, pos,
curPinNodeType);

>

/ /  Insert finNode into current mapNode’s fanin
//if(pos==-l){

mapNode->InsertFanin(finNode); 
finNode->InsertFanout(mapNode);

//>
/ /  Insert newly created node into Queue to reaverse network 
i f (curPinNodeType*=INTERNAL){

sGateList = sGraph->GetGateList(); 
pos_sgate*sGraph->FindNode(sGateList, netpinName); 
sGateList->Reset(pos.sgate); 
sfinNode =» sGateList->Data();
Q.QInsert(sfinNode);

//(void)gaSetFaninCellType(curNode, sfinNode);
/ /  Allow PTL2+PTL1, i . e . ,  3 t r s  in series
finType-gaDetermineFaninCellType(mapNode, curNode, sfinNode);

> / /  end for.loop
>
//re tu rn  (1);

MapGraph *gaCreateMapGraph(void)
{

MapGraph *aLegalSol 3 new MapGraph; 
char *graph_name « new char[10];

strcpy(graph.name,""); 
aLegalSol->SetName(graph.name); 
return aLegalSol;

/ /  1) In itia liz e  Population for a sub.graph (returns legal mapping solutions) 
/ /  a) traverse network sta rting  from a root node of a sub-tree 
/ /  b) generate a random number to select logic type (p tl or sta tic )
/ /  c) generate a random number to  select a MATCH from the match
/ /  l i s t  (at th is  point p t l  or s ta tic  is  already decided by step b)
/ /  d) traverse the tree  by looking a t the inputs of the selected MATCH.
/ /  the logic type of input node is  the oppposite type of the parent
/ /  node, (e .g ., i f  root is  s ta tic  input node type is  p t l ,  and so on)
/ /  e) repeat step c) to  select a match
LinkedList<MapGraph *> *gaInitPopulation(Graph *origNetwork, Graph ‘ sGraph, 

LinkedList<Node *> ‘ subOutList, int subPopSize)

Node *bNode, *foNode«NULL;
char *bnode_name:
in t n.node, popSize, i;
CellType root_type;
LinkedList<Matcn *> *ptlMatchList;

/ /  th is  is  a tree  because there is  no node whose out deg>l 
MapGraph *aLegalSol:
LinkedList<MapGraph *> *popList * new LlnkedList<MapGraph *>;

bNode -  gaGetStartingNode(sGraph, ftn.node, foNode); 
bnode.name -  bNode->GetName(); 
if(bNode->GetNodeFunc()—NODE.INV kk n_node—l)-[

popSize ■ 1; / /  sGraph has only one node (INV)
> else {

popSize * subPopSize;
>

/ /  Create LinkedList match.Graph based on the match l is ts  at each node 
ptlMatchList » bNode->GetPMatchList(); 
for(i*0; KpopSize; i++){

/ /  coin f l ip  to get root node’s (bNode) gate type (0:s ta tic , l :p tl)  
//root_type = gaFlip(0.5);

/*
if(bNode->GetNodeFunc()««N0DE_INV ){ 

root.type * STATIC;
}else if(popSize!»l){

root_type = gaFlip(i, 0.5);
if(root_type»=PTL kk (ptlMatchList->ListSize()-*0 II 

bNode->GetNumFanout() >*2 II foNode !* NULL)){ 
//bNode->GetNumFanout() > 2) ){ 
root.type -  STATIC;

> else {
root_type = STATIC; / /  for sub-graph which has only one INV node

>
* /
root.type = STATIC; / /  for sub-graph which has only one INV node 

bNode->SetMatchType(root_type); 

aLegalSol ■ gaCreateMapGraphO;
(void)gaGetChromosome(origNetwork,sGraph,subOutList,bNode,aLegalSol);

popList->InsertRear(aLegalSol);
#ifdef GA_INIT_POP_DEBUG

aLegalSol->PrintPoNodes(); 
aLegalSol->PrintPiNodes(); 
aLegalSol->PrintAHNodes();

#endif
>
return popList;

/ / -------------------------Cross Over-------------------------
void gaPrint2Parents(MapGraph fparen tl, in t id l, MapGraph *parent2, in t id2)

c o u t« " \n   Parent 1  " «"Index = " « id l« " \n " ;
cout«" Area Cost = "«parentl->GetArea() « " \n " ; 
parentl->PrintPoNodes(); 
parentl->PrintPiNodes(); 
parentl->PrintAHNodes();
cou t«"\n  —  Parent 2 ------ " «"Index * "« id 2 « "\n " ;
cout«" Area Cost * "«parent2->GetArea() « " \n " ; 
parent2->PrintPoNodes(); 
parent2->PrintPiNodes(); 
pau-ent2->PrintAHNodes();

>

/ /  returns fitness sum of a l l  chromosome in the population 
double gaGetFitnessSum(LinkedList<MapGraph *> *aPopulation)

double fitness.sum * 0.0, aChroArea;
MapGraph *aChromosome;

if  (aPopulation->ListSize()s,»0){ 
return fitness.sum;

for(aPopulation->Reset(); !aPopulation->EndOfList( ) ;aPopulation->Next()){ 
aChromosome ■ aPopulation->Data(); 
aChroArea * aChromosome->GetArea();

^ fitness.sum * fitness.sum + (1/aChroArea);

return fitness.sum;
>

11 Returns single individual’s (MapGraph) via Roulette Wheel selaction 
/ / in t  gaSelectlParent(LinkedList<MapGraph *> *gaPop)
MapGraph * gaSelectlParent(LinkedList<MapGraph *> *gaPop, in t *index)

/ / in t  pop.size * 0;
/ / in t  index » -1;
MapGraph *aChromosome;
double rand, fitnessSum, revArea, partSum -  0.0;

*index * -1;
fitnessSum gaGetFitnessSum(gaPop);
//pop.size -  gaPop->ListSize();

/ /  Wheel point calculation [0,1]
rand M fitnessSum*gaGenRandomNumber(1.0);

/ /  Find wheel slot 
i f  (gaPop->ListSizeO— 0){ 

return NULL;

for(gaPop->Reset(); lgaPop->End0fList() ;gaPop->Next()){
♦index * *index + 1; 
aChromosome * gaPop->Data();
revArea -  (1.0/aChromosome->GetArea()); / /  the fitness of a individual 
partSum * partSum + revArea; 
if(partSum >■ rand){ 

break;
>

>
//re tu rn  index: 
gaPop->Reset(*index); 
return gaPop->Data();

MapNode * gaGetAParentNode(MapGraph ‘parent, in t *node pos)

LinkedList<MapNode *> ‘parGateList; 
in t parent.size; 
double par.node.posD;
MapNode ‘parNode;
NoaeType parNodeType;
NodeFunc parNodeFunc;
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parGateList = parent->GetGateList(); 
parent.size » parGateList->ListSize(); 
while(l){

par_node_posD = gaGenRandomNumber(parent.size); 
*node_pos = (int)par.node.posD; 
parGateList->Reset(*node_pos); 
parNode ■ parGateList->Data();

parNodeType = parNode->GetNodeType(); 
parNodeFunc ■ parNode->GetNodeFunc(); 
if(parNodeType !■ PRXMARY_INPUT kk parNodeFunc 

break;
>

> NODE.POH

MapGraph *P1, MapGraph *P2) 

*p2nInList;

return parNode;
>
/ /  Check cross-over target node’s func type and i ts  fanins,
/ /  returns 1 i f  same type and fains, and parent2 doen’t  have target.node 
/ /  1 i f  plNode is  PRIMARY.OUTPUT or i ts  fanout is  N0DE_P0
/ /  If 0 is  returned cross-over can be applied, 
in t gaCheckTargetNodeTypeAndFanins(MapNode *plNode

LinkedList<MapNode *> *p2GateList, *plnInList,
LinkedList<MapNode *> *plfanoutList;
MapNode *p2Noae, *plfanoutNode;
NodeFunc plFunc, p2Func, plfanoutFunc;
NodeTvpe plType; 
in t p2_pos; 
char *tgt_name;

tgt_name = piNode->GetName(); 
plType ■ piNode->GetNodeType(); 
plfanoutList ■ plNode->GetFanoutList(); 
if(pifanoutList->ListSize()==l){ 

plfanoutList->Reset(); 
plfanoutNode * plfanoutList->Data(); 
plfanoutFunc ■ plfanoutNode->GetNodeFunc();

} else {
return (1);

if(plType==PRIMARY_OUTPUT I I plfanoutFunc==NQDE_PO){ 
return (1);

>
p2GateList = P2->GetGateList();
if((p2_pos“P2->FindNode(p2GateList, tgt_name))==-1){ 

return (1);

p2GateList->Reset(p2_pos); 
p2Node ■ p2GateList->Data();
if((p2Func ■ p2Node->GetNodeFunc())!=(plFunc ■ plNode->GetNodeFunc())X 

return (0);
> else {

/ /  nodes input check 
plnlnList = plNode->GetFaninList(); 
p2nInList ■ p2Node->GetFaninList(); 
i f  (plnInList->ListSize() »*p2nInList->ListSize()H 

return (0);
> else {

return (1); / /  may need to modify. Q<-plinlist, comp with p2L

/ /  i f  era !■ NU11, copy parent nodes from bNode to era Node to the child,
/ /  ■■ NULL, copy parent nodes from bNode to PI to  the child
void gaCopyPartialChromosome(MapNode *bNode, MapGraph *child, char *crn * NULL)

^ MapNode *pCurNode, *chCurNode, *pcInNode, *chInNode;
NodeType nodeType;
NodeFunc nodeFunc;;
char *pCurName, *inNodeName;

Match *mapped_cell;
LinkedList<MapNode *> *finList; 
in t pos;

chInNode->InsertFanout(chCurNode); 
if  (cm !* NULL) {

i f (strcmp(inNodeName.crn)!-0 kk nodeFunc!«N0DE_PI){
Q.QInsert(pcInNode);

^ e l if  (nodeFunc !=*N0DE_PI){
Q.QInsert(pcInNode);

>

 ̂ > / /  while

void gaCrossOver(MapGraph *parentl, MapGraph *parent2, MapNode *crosslNode,
MapGraph *childl, MapGraph *child2)

<
LinkedList<MapNode *> *plPoList, *plgateList, *p2PoList, *p2gateList; 
MapNode *plRootNode, *p2RootNode, *plCrossNode, *p2CrossNode; 
char *cross_node_name; 
in t pos = -1;

cross_node_name * crosslNode->GetName(); 
plPoList « parentl->GetPoList(); 
p2PoList ■ parent2->GetPoList();
i f  (plPoList->ListSize() !=1 I I p2PoList->ListSize() !*l)-(

cout«"In function gaCrossOverO, Parent(s) has more than one output\n" 
cout«"Check the Parentl (a Chromosome). .. An"; 
e x it ( l ) ;

} else {
plPoList->Reset(0); 
plRootNode ■ plPoList->Data(); 
p2PoList->Reset(0); 
p2RootNode ■ p2PoList->Data();

cross_node_name); 
cross_node_name);

"«pos«endl;

>
(void)gaCopyPartialChromosome(plRootNode, childl 
(void)gaCopyPartialChromosome(p2RootNode, child2

pIgateList * parentl->GetGateList(); 
pos * parentl->FindNode(plgateList, cross_node_name);
//®cout «  "Cross_node_name ■ "«cross_node_name«" Pos 
plgateList->Reset(pos); 
plCrossNode * plgateList->Data();

p2gateList •  parent2->GetGateList();
pos « parent2->FindNode(p2gateList, cross_node_name);
//cout «  "Cross.node.name * "<<cross_node_name<<" Pos * "«pos«endl; 
p2gateList->Reset(pos); 
p2CrossNode * p2gateList->Data();

(void)gaCopyPartialChromosome(plCrossNode, child2); 
(void)gaCopyPartialChromosome(p2CrossNode, c h ild l);

>

/ /  Select crossNode’s fanoutNode’s MatchList to merge crossNode and foNode 
LinkedList<Match *> *gaCrossNodeFanoutMatchListX(Graph *sGraph,

MapNode *crossNode, CellType crossType,
MapNode *foNode, CellType foType, Node *sNode)

LinkedList<MapNode *> *fo_fanoutList;
MapNode *fo_foNode;

NodeFunc cross.Func, fo.Func; 
char *crossNode.name, *fo.name;

LinkedList<Match *> *sMatchList » NULL;

cross.Func • crossNode->GetNodeFunc(); 
crossNode.name ® crossNode->GetName();

fo.Func
fo.name

foNode->GetNodeFunc(); 
foNode->GetName();

Queue<MapNode *> Q; 

Q.QInsert(bNode); / /  parent begin node

whi le  (! Q. QEinpt y () ) {
pCurNode -  Q.DeQueueO; / /  parent current node 
pCurName -  pCurNode->GetName(); 
nodeType * pCurNode->GetNodeType(); 
nodeFunc ■ pCurNode->GetNodeFunc(); 
mapped.cell * pCurNode->GetMatch();

//chCurNode » child->FindOrCreateNode(pCurName, pos,nodeType, nodeFunc); 
chCurNode ■ child->FindOrCreateNode(pCurName, pos, nodeType); 
chCurNode->SetNodeType(nodeType); 
chCurNode->SetNodeFunc(nodeFunc);

/ /  copy mapped ce ll pointer to  child node 
chCurNode->SetMatch(mapped.cell);

finList * pCurNode->GetFaninList();
for(finList->Reset(); !finList->EndOfList();finList->Next()){ 

pcInNode * finList->Data(); 
inNodeName * pcInNode->GetName(); 
nodeType ■ pcInNode->GetNodeType(); 
nodeFunc * pcInNode->GetNodeFunc(); 
chlnNode -  child->FindOrCreateNode(inNodeName, pos,

nodeType, nodeFunc);
chCurNode->InsertFanin(chInNode);

/* To merge fo.node k cross.node, both ce ll type should be same type 
* Modified on 08-01-00 
* /

i f  (fo.Func — N0DE.INVX
fo„fanoutList -  foNode->GetFanoutList(); 
if(fo_fanoutList->ListSize()“*i){ 

fo.fanoutList->Reset(); 
fo,foNode ■ fo_fanoutList->Data(); 
if(gaGetMappedCellType(fo.foNode)■■PTL){ 

sMatchList ■ sNode->GetSMatchList();
> else {

sMatchList ■ sNode->GetPMatchList();

> else if(foNode->GetNodeFunc( ) !*N0DE UNDEFINED){ 
sMatchList « sNode->GetPMatchList();

cou t«  FILE « "  line  "<<__LINE «endl:
cout«"Error :: node("«foNode->GetName()

« " )  ’s func is  not defined\n";

> else {
(foType»*PTL) ? sMatchList ■ sNode->GetPMatchList() : \

 ̂ sMatchList ■ sNode->GetSMatchList();

return sMatchList;

/ /  Find a match from "sMatchList" that covers the childNode rooted a t foNode. 
Match * gaFindMergedMatch(LinkedList<Match *> *sMatchList, MapNode *foNode, 

MapNode «childNode)

char *child_name, *net_pin_name, *sm_pin_name; 
char *cur_pin_nane, ♦new.pin.name;
LinkedList<MapNode *> *foFaninList, *chFaninList;
MapNode *curNode;
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LinkedList<char *> newPinList;
Queue<char *> Q;

Match *snodeMatch;
LinkedList<pinMap *> *smatchPins; 
pinMap *pin_map; 
in t count;

child_name ■ childNode->GetName(); 
foFaninList * foNode->GetFaninList();

/ /  Insert pins of fanout (of cross node) into temp nameList 
for(foFaninList->Reset(); !foFaninList->EndOfList();foFaninList->Next()){ 

curNode * foFaninList->Data(); 
net.pin.name =» curNode->GetName();
if(strcmp(net_pin_name,child_name)!=0 kk !gaIsVddGnd(net_pin_name))-( 

newPinList. InsertRear(net_pin_name);
>

>
/ /  Insert input pins of cross node into temp nameList 
chFaninList ■ childNode->GetFaninList();
for (chFaninList->Reset( ) ; ! chFaninList->EndOfList( ) ;chFaninList->Next OH 

curNode ** chFaninLlst->Data() ; 
net_pin_name * curNode->GetName(); 
newPinList. InsertRear(net_pin_name);

>
/ /  finds new merged match
for(sMatchList->Reset();!sMatchList->EndOfList();sMatchList->Next()){ 

snodeMatch = sMatchList->Data(); 
smatchPins = snodeMatch->pinmap; 
for.each(smatchPins){

pin.map = smatchPins->Data(); 
sm_pin_name -  pin_map->net_node; 
i f (!galsVddGnd(sm_pin_name))< 

q.QInsert(sm_pin_name);
>

>
count = 0;
i f  (Q.QLengthO !* newPinList .L istSizeO){ 

while(! Q.QEmpty()){ (void)Q.DeQueueO ; > 
continue;

while(!q.qEmpty 0  ) {
cur_pin_name * q.DequeueO;
for(newPinList.ResetO;!newPinList.EndOfList( ) jnewPinList.Next()){ 

new.pin.name = newPinList.DataO ; 
if(strcmp(cur.pin.name, new_pin_name)==0){ 

count++;
>

>
i f  (newPinList.ListSizeO — count){ 

return snodeMatch;

> }
return (NULL);

>
/ /  delete remove childNode from childl MapGraph, and modify foNode fanins 
void gaMergeSameTypeNodes(MapGraph *child, MapNode *foNode, MapNode *childNode, 

Match *mergedMatch, NodeFunc new_fo_func)

LinkedList<MapNode *> *foutList, *finList;
MapNode *curNode; 
char *childNode_name; 
in t pos;

childNode.name ■ childNode->GetName();

/ /  find fanins of the childNode, and delete i t s  fanout nodes 
finList * childNode->GetFaninList();
fo r(f inList->Reset(); !finList->EndOfList() ;finList->Next()){ 

curNode •  finList->Data(); 
foutList -  curNode->GetFanoutList();
if((pos » child->FindNode(foutList, childNode_name))!*-!){ 

foutLiSt->Reset(pos); 
foutList->DeleteCurrent(); / / —

> else {
cout<<"In gaMergeSameTypeNodes0 ,  "

<<childNode_name«" can’t  be found in childNode’s fanoutList\n"

> }
finL ist ■ foNode->GetFaninList();
if((pos ■ child->FindNode(finList, childNode.name))!»-l){ 

finList->Reset(pos); 
finList->DeleteCurrent();

> else {
cout«"In gaMergeSameTypeNodesO, "

«childNode name«" can’t  be found in foNode’s faninList\n";
>

/ /  delete childNode
child->DeleteGate(childNode_name);

LinkedList<pinMap *> *pMapList; 
pinMap *curPin; char *not_name;
MapNode *faninNode;

foNode->SetNodeFunc(new.fo.func); 
foNode->SetMatch(mergedMatch); I f  06-24

pMapList « mergedMatch->pinmap;
for(pMapList->Reset(); !pMapList->EndOfList();pMapList->Next()){ 

curPin -  pMapList->Data(); 
net.name ■ curPin->net node; 
if(galsVddGnd(net.name) 11

(pos*child->FindNode (finList ,net_name)) f —1) { 
continue;

fo .cell.type){

faninNode a child->FindOrCreateNode(net.name, pos); 
i f  (pos*—1){

cout«"In gaMergeSameTypeNodesO, "
«net_name«" is  created. Strange... Check it . \n " ;

foNode->InsertFanin(faninNode): 
faninNode->InsertFanout(foNode);

/ /  returns 1 i f  the child Chromosome has valid structure, and i f  possible
/ /  merge the node (crossovered node) and i ts  fanout node
in t gaCheckValidityOfChildAndMerge(MapNode *crossNode, MapGraph *child,

Graph *sGraph, LinkedList<Noae *> *subOutList, 
in t num.merge)

{
LinkedList<Node *> *sgraphGateList;
LinkedList<MapNode *> *childGateList, *foList; 
char *crossNoae_name, *fo_name; 
int child.pos, sg.pos;
MapNode *childNode*NULL, *foNode*NULL, *fofoNode;
Node *sNode;

CellType fo .ce ll.ty p e , c ross.cell.type, fo.fo.Type;
NodeFunc new.fo.func, fo.Func, fo.fo.Func;

LinkedList<Match *> *sMatchList;
Match *mergedMatch;

crossNode.name ■ crossNode->GetName(); 
childGateList ■ child->GetGateList();
if((child .pos ■ child->FindNode(childGateList, crossNode.name))!■-!){ 

childGateList->Reset(child.pos); 
childNode ■ childGateList->Data();

foList = childNode->GetFanoutList(); 
i f  (foList->ListSize()—1){ 

foList->Reset(); 
foNode ■ foList->Data(); 
fo.Func = foNode->GetNodeFunc(); 
fo.name * foNode->GetName();

> else {
return (0);

/ /  returns PTL or STATIC
cross.cell.type -  gaGetMappedCellType(childNode); 
fo .cell.type * gaGetMappedCellType(foNode);

if (c ro ss .ce ll.ty  
num.merge ■ 
return (1);

>

sgraphGateList ■ sGraph->GetGateList();
if((sg_pos = sGraph->FindNode(sgraphGateList, fo.name))!*-l){ 

sgraphGateList->Reset(sg.pos); 
sNode * sgraphGateList->Data();

) else {
cout«" In gaCheckValidityOfChildAndMergeO, crossNode("

«crossNode_name«") ’s fanout("«fo_name«") cannot find.A n"; 
e x it( l) ;

sMatchList-gaCrossNodeFanoutMatchListX(sGraph, childNode, c ross.cell.type, 
foNode, fo .cell.type , sNode);

mergedMatch ® gaFindMergedMatch(sMatchList, foNode, childNode);

if(mergedMatch !* NULL){
new_fo_func«gaGetMatchedCellFunc(sGraph,subOutList, sNode,mergedMatch);

/ /  check i f  the mergedMatch is  PTL, ( if  PTL2 + PTL1 mode is  enabled)
/ /  then check new fo.func and fo.foFunc are PTL2.3 + PTL1...
/ /  i f  not return (0), i f  OK do next routine
fofoNode » gaP21GetFanoutNodeMapFunc(foNode, ftfo.fo.Func);
if(fofoNode!- NULL){

fo.fo.Type -  gaGetMappedCellType(fofoNode);

i f  (new.fo.func—N0DE.PTL2) {
/ /  Since merging ce ll w ill be ptl_y2 or ptl_y3. 
if(fo.fo.Func — N0DE.PTL2 II fo.fo.Func — N0DE.PTL3X 

return (0);

> else if(new fo.func—N0DE.PTL1H
return (0):

>

(void)gaMergeSameTypeNodes(child, foNode, childNode, mergedMatch, 
new.fo.func);

> else {
return (0);

return (1);

void gaDeleteAChroMosome(MapGraph *child) 

delete child;
>

/ /  Evaluate cost of the each child, and replace these i f  there is  any 
/ /  chromosome that has more expensive cost than ch ild (s). 
void gaUpdatePopulation(LinkedList<MapGraph *> *gaPop,

LinkedList<LibCell *> *celiLibrary,
MapGraph *childl, in t v a lid l, MapGraph *child2, in t valid2)

{
double areaCost, delayCost, maxArea;
int pop.index; I I  index of gaPop which has max cost value 

if  (validl—IX
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maxArea 9 gaEvaluateGetMaxAreaCost(gaPop, fcpop.index); 
(void)gaEvaluateChromosome(childl, cellLibrary, feareaCost, ftdelayCost); 
if(areaCost < maxArea){

gaPop->Reset(pop_index);
delete gaPop->DeleteCurrentElem(); / / "
gaPop->InsertRear(childl);

} else {
delete childl;

>

if(valid2*=l){
maxArea 9 gaEvaluateGetMaxAreaCost(gaPop, ftpop.index); 
(void)gaEvaluateChromosome(child2, cellLibrary, feareaCost, ftdelayCost); 
if(areaCost < maxArea){

//de lete  a chromosome which has max.area
gaPop->Reset(pop_index);
delete gaPop->DeleteCurrentElem(); / / "
//in se r t
gaPop->InsertRear(child2);

> else {
delete child2;

>
>

>

void gaSelectCrossover(LinkedList<MapGraph *> *gaPop,
LinkedListCLibCeli *> ^cellLibrary, Graph *sGraph, 
LinkedList<Node *> *subOutList)

in t indexPl, indexP2;
MapGraph *parentl, *parent2;

in t parl_node_pos, type_fanin, i t r  9 0, itr.max * 10;
MapNode *parlNode; 
char *target_name;
in t valid l * 0, valid2 =0, num.merge 9 0;

double area, delay;

while(l){
/ /  returns (-1) i f  Pop.size = 0 
itr++;
parentl 9 gaSelectlParent(gaPop, feindexPl); 
parent2 * gaSelectlParent(gaPop, &indexP2);

#ifdef GA.SELECT.DEBUG
(void)gaPrint2Parents(parentl, indexPl, parent2, indexP2);

#endif

/ /  get the chromosomes by indexing indexPl and indexP2
/ /  using p aren t.l,se lect a gene(internal node) and identify i ts  fanout
/ /  node and i ts  matched type. Then goto parent_2, find same node which
/ /  has same matched ce ll type. And perform corssover

parlNode * gaGetAParentNode(parentl, &parl_node_pos); 
target_name = parlNode->GetName();

type fanin9gaCheckTargetNodeTypeAndFanins(parlNode, parentl, parent2); 
#ifdef GA.SELECT.DEBUG

cout <<"Target Node Name 9 "<<target_name<<" St * "«type fanin«"\n";
#endif

if(itype .fan in  | |  i t r  > itr.max){ 
break;

> / /  while

i f  (type.f anin99l) { 
return;

>

MapGraph *childl * new MapGraph;
MapGraph *child2 * new MapGraph;
(void)gaCrossOver(parentl, parent2, parlNode, ch ild l, child2); 

ftifdef GA.CROSS.DEBUG
cout «  "\n Crossovered Two Childs \n " ;
(void)gaPrint2Parents(childl, 101, child2, 102);

#endif

validl-gaCheckValidityOfChiIdAndMergeCparINode,childl,sGraph,
subOutList, num_merge); 

if(v a lid l)  gaEvaluateChromosome(childl, cellLibrary, ftarea, Scdelay);

valid2*gaCheckValidity0fChildAndMerge(parlNode, child2, sGraph,
subOutList, num.merge); 

if(valid2) gaEvaluateChromosome(child2, cellLibrary, ftarea, ftdelay); 
#ifdef GA.CROSS.DEBUG

cout «  "\n\nChild 1 vadli -  ,f« v a lid l« "  Child 2 valid 9 "« v alid 2 « "\n " ; 
(void)gaPrint2Parents(childl, 201, child2, 202);

#endif

/ /  Evaluate Cost function and replace i f  the is  less tha max cost 
(void)gaUpdatePopulation(gaPop,cellLibrary, ch ild l,v a lid l, child2,valid2);

>

/ / --------  Mutation —--------------------
void gaResetMapGraphVisitedFlag(LinkedList<MapGraph *> *gaPop)

MapGraph *aChromosome;

for(gaPop->Reset( ) ; !gaPop->End0fList( ) ;gaPop->Next()){ 
aChromosome -  gaPop->Data(); 
aChromosome->SetVisited(0);

>

/ /  select random parent from the population, and select random node 
/ /  do mutation and evaluate i f  i ts  cost ???
void gaDoRandomMutation(LinkedList<MapGraph *> *gaPop, double mutation rate)

>

MapNode *gaMutateSelectANode(MapGraph *aChromosome,CellType *cType, in t *flag)

in t chroSize, genePos, itr_cnt»0;
LinkedList<MapNode *> *chroGateList;
MapNode *curNode;
NodeFunc curFunc;
NodeType curType;

chroGateList ■ aChromosome->GetGateList(); 
chroSize * chroGateList->ListSize(); 
whileQH

itr_cnt++;
genePos 9 (int)gaGenRandomNumber( (double)(chroSize));
chroGateList->Reset(genePos);
curNode = chroGateList->Data();
curFunc 9 curNode->GetNodeFunc();
curType 9 curNode->GetNodeType();
if(curFunc != NODE PI && curFunc !» NODE P0 II i t r  cnt>30){ //0720 

*flag 9 1;

> } ”  :
♦cType 9 gaGetMappedCellType(curNode); 
if(itr_cnt>30) *flag90; 
return curNode;

>

/ /  for PerformMutation for only NAND.N0R.INV
Node *gaFindsubGraphNode(Graph fsGraph, MapNode *curMapNode)
{

char *mG_node_name; 
int pos;

LinkedList<Node *> *sGateList;
Node *sNode;

mG.node.name 9 curMapNode->GetName(); 
sGateList 9 sGraph->GetGateList();
if((pos 9 sGraph->FindNode(sGateList, mG.node.name))!9-l){  

sGateList->Reset(pos); 
sNode 9 sGateList->Data();

} else {
cout «  "In gaGetUnMappedNode(), cannot find "«mG_node name«".. . .\n" 
sNode 9 NULL;

>
return sNode;

LinkedList<Match *> *gaGetUnMappedGraphNode(MapNode *curNode, Graph *sGraph,
Node * sNode)

char *mG_node_name; 
in t pos;

LinkedList<Node *> *sGateList;
LinkedList<Match *> *mapList;
CellType cType;
NodeType nodeType; //0720

mG.node.name 9 curNode->GetNameO; 
sGateList 9 sGraph->GetGateList();
if((pos 9 sGraph->FindNode(sGateList, mG.node.name))!9-l){  

sGateList->Reset(pos); 
sNode 9 sGateList->Data();

> else {
cout «  "In gaGetUnMappedNode(), cannot find "«mG node name«"... An"
sNode 9 NULL;
exit(0);

cType 9 gaGetMappedCellType(curNode); 
nodeType 9 curNode->GetNodeType(); / /  0720 
if(nodeType !- PRIMARY.OUTPUT){ //0720 

i f (cType—PTL) {
mapList 9 sNode->GetPMatchList();

> else {
mapList 9 sNode->GetSMatchList();

> else < / /  0720
if  (cType—PTL) {

mapList 9 sNode->GetSMatchList();
> else {

mapList 9 sNode->GetPMatchList();

return mapList;
>

void gaMutateDeleteAMapNdoe(MapGraph *aChrom, MapNode *curNode)

LinkedList<MapNode *> *piList, *poLlst, *gateList, *finList, *foList; 
MapNode *finNode, *foNoae, *no.foNode;
NodeType cType; 
in t pos;
char *fojiame, *cur_name, *no_fojiame;

Queue<MapNode *> Q;

gateList 9 aChrom->GetGateList(); 
p iL ist 9 aChrom->GetPiList(); 
poList 9 aChrom->GetPoList();

cType 9 curNode->GetNodeType(); 
cur.name 9 curNode->GetName();

/ /  1) delate current node in current fanin’s fanout l i s t  
finList 9 curNode->GetFaninList(); 
if(finList->ListSize()>0){

for(finList->Reset(); !finList->End0fList();finList->Next()){ 
finNode 9 finList->Data(); 
foList 9 finNode->GetFanoutList(); 
if(foList->ListSize()>0){ 

for_each(foList){
foNode 9 foList->Data();
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fo name -  foNode->GetName(): 
i f  (strcmp(cur_name, f o.name) **=0){

//foList->DeleteCurrent(); 11 11-13-00 
(void)foList->DeleteCurrentElem(); / /  
break:

>
>

/ /  2) i f  foList is  0, enQueue Q to delete a fte r for.loop 
if(foList->ListSize()==0){

Q.QInsert(finNode);

/ /  3) c u rr e n t  node’s fa n in  node, which d o esn ’t  have any fa n o u t,  d e le te  
w h ile  (! Q. QEmptyO ) {

no.foNode * Q.DeQueueO;
no fo.name ■ no_foNode->GetName();
i f  ( (pos=aChrom->FindNode(gateList,no_fo.name))!» -l){ 

gateList->Reset(pos); 
gateList->DeleteCurrent(); / /  
aChrom->SetNumGate(aChrom->GetNumGate()-l);

if((pos=aChrom->FindNode(piList,no_fo.name))!®-l){ 
piList->Reset(pos); 
piList->DeleteCurrent () ; //**■ 
aChrom->SetNumPi(aChrom->GetNumPi()-l);

>
>
/ /  4) delete current node
i f ( (pos»aChrom->FindNode(gateList, cur.name))!*-!){ 

gateList->Reset(pos); 
gateList->DeleteCurrent(); //== 
aChrom->SetNumGate(aChrom->GetNumGate()-l);

> else { I I  Possible 
#ifdef GA.MUTATE.DEBUG

cout << "In gaMutateDeleteNodesO, "«cur_name 
<<" is  not in GATE L is t...\n " ;

#endif
>

>
/ /  Delete a l l  node sta rting  from bNode to the PI nodes in a Chromosome 
void gaMutateDeleteNodes(MapGraph ♦aChromosome, MapNode *beginNode)
{

Queue<MapNode ♦> Q, Ql;
MapNode ♦curNode, *fiNode; 
char ♦cur.name;
LinkedList<MapNode *> *fin L ist; 
in t pos;

/ /  1) Delete beginNode and i ts  fanins while travsersing down the network 
Q.QInsert(beginNode); 
while (! Q. QEmptyO) {

curNode ■ Q.DeQueueO; 
cur.name * curNode->GetName();

finList ■ curNode->GetFaninList(); 
if(finL ist->L istS ize()!—0){ 

for.each(finList){
fiNode * finList->Data();
i f (fiNode->GetNodeType( ) I»PRIMARY_INPUT){

Q.QInsert(fiNode); / /  To traverse down the network

(void)gaMutateDeleteAMapNdoe(aChromosome, curNode);
>
/ /  2) Delete begin node’s fanins to use current node during mutated 
/ /  slegal solution creation 
finList ■ beginNode->GetFaninList(); 
i f  (finList->ListSize()>OH

for(finList->Reset(); !finList->EndOfList();finList->Next()){
^ Ql.QInsert(finList->Data());

whi le  (! Q1. QErapty O H
curNode -  Ql.DeQueueO;
cur name -  curNode->GetName();
if((pos * aChromosome->FindNode(finList, cur.name))!**-l){ 

finList->Reset(pos); 
finList->DeleteCurrent(); / / - -
beginNode->SetNumFanin(beginNode->GetNumFanin()-l);

>
>

>
void gaMutateBuildALegalSol(Graph *origNet, Graph ♦sGraph,

LinkedList<Noae ♦> ♦subOutList,
MapGraph ♦gaGraph, MapNode ♦bNode, Match ♦sMatch)

LinkedList<pinMap *> ♦pMapList; 
pinMap ♦pin.map;
Match ♦aMatch;

MapNode *mapNode, * finN ode, *foMapNode;

LinkedList<Node *> *sGateList;
Queue<Node *> Q;
Node *curNode, *sfinNode, *bNode_in_sGraph; 
char tbnode.name, *curName, ^netpinName; 
in t pos, begin»l;
CellType ctype, finType;

NodeType curNodeType, curPinNodeType;
NodeFunc matchFuncType, bNode.newjnatch.Func;

//LinkedList<Node *> *sGateList; 
in t pos.sgate ■ -1;

/ /  1) Set begin node’s match which is  d ifferent from old(delated) match 
/ /  and i ts  Node Function(NODE_ADN or . . . )  
bNode->SetMatch(sMatch); 
bnode.name ** bNode->GetName();

sGateList * sGraph->GetGateList();
if((pos“sGraph->FindNode(sGateList, bnode.name))!■-!){ 

sGateList->Reset(pos); 
bNode.in.sGraph ■ sGateList->Data(); 

bNode.new.match.Func -  gaGetMatchedCellFunc(sGraph, subOutList,
bNode.in.sGraph, sMatch);

bNode->SetNodeFunc(bNode.new.match.Func);
> else {

cout «  "In gaMutateBuildALegalSol() , " «  bnode_name« " cannot be"
«  " found in  sGraph(un_mapped curciut)\n";

>

11 2) Update begin node’s new mapped cell type 
if((po5=sGraph->FindNode(sGateList, bnode.name))!“-l){  

//sgateList->Reset(pos); 
sGateList->Reset(pos); 
curNode ■ sGateList->Data();
curNode->SetMatchType(gaGetMappedCellType(bNode));

>
/ /  3) Build new legal solotion 
Q.QInsert(curNode): 
while(!Q.QEmpty()){

curNode * Q.DeQueueO; 
curName * curNode->GetName(); 
ctype ■ curNode->GetMatchType(); 
i f  (begin“ lH

aMatch = bNode->GetMatch(); 
gaGraph->InsertGate(bNode); 
begin—;

> else {
foMapNode * gaFindFanoutNodeInGaGraph(gaGraph, curName); 
aMatch»gaGetALegalMatch(origNet,sGraph,subOutList,

curNode,ctype, foMapNode);
>

curNodeType = gaGetCurrentNodeType(sGraph, subOutList, curNode); 
if(curNodeType==UNASSIGNED){

cout«"Node("«curName«")\’s node type is  "
<<(int)curNodeType<<endl;

cout«"In " «  FILE « " a t  line  " «  LINE «endl;
e x it(0);

>
matchFuncType * gaGetMatchedCellFunc(sGraph,subOutList.curNode,aMatch); 
mapNode * gaGraph->FindOrCreateNode(curName, pos, curNodeType,

matchFuncType);
raapNode->SetMatch(aMatch);
if(pos!»-1 kk mapNode->GetNodeFunc()*»N0DE.UNDEFINED){ 

mapNode->SetNodeType(curNodeType); 
mapNode->SetNodeFunc(matchFuncType);

>

pMapList » aMatch->pinmap;
for(pMapList->Reset( ) ; !pMapList->End0fList( ) ;pMapList->Next()){ 

pin.map * pMapList->Data(); 
netpinname «• pin.map->net_node;
if  ((strcmp(netpinName,"GND")“"0) 11 (strcmp(netpinName,"VDD")"0)){ 

continue;
>

curPinNodeType “gaGetInPinNodeType(origNet,sGraph,subOutList, 
netpinName,ctype); 

if(curPinNodeType — PRIMARY.INPUT){
finNode -  gaGraph->Find0rCreateNode(netpinName, pos,

curPinNodeType, N0DE.PI);
> else {

finNode * gaGraph->FindOrCreateNode(netpinName, pos,
curPinNodeType);

>

/ /  Insert finNode into current mapNode’s fanin 
mapNode->InsertFanin(finNode); 
finNode->InsertFanout(mapNode);

/ /  Insert newly created node into Queue to reaverse network 
i f  (curPinNodeType—INTERNALH

pos_sgate-sGraph->FindNode(sGateList, netpinName); 
sGateList->Reset(pos.sgate); 
sfinNode -  sGateList->Data();
Q.QInsert(sfinNode);

/ /  Allow PTL2+PTL1, i . e . ,  3 t r s  inseries
finType«gaDetermineFaninCellType(mapNode, curNode, sfinNode);

>
> / /  end for.loop

^ > // while()

/ /  perfrom mutation, updates a chromosome in the population 
/ /  Select a node in the MapGraph, and identify the current mapping. Then go 
/ /  to  sGraph and find the the same node selected in the MapGraph, and find 
/ /  a d ifferent match from the current mapping in the node. Map the selected 
/ /  match to  the node and make the sub-tree rooted at selected node legal, 
in t gaPerformMutation(Graph *origNet, Graph ♦sGraph,

LinkedList<Node ♦> ♦subOutList, MapGraph ♦gaGraph)
{

MapNode ♦curNode;
CellType cType;
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Node *subNode, *dummyNode=NULL; 
LinkedList<Match *> *matchList;
Match *curCellMatch, *sMatch; 
char *cur_match_name, *smatch_name;

in t flag= 0, found.different.match * 
in t numMatchs, match.pos, count;

MapNode *foMapNode; 
NodeFunc fo.Func, mmatchFunc;

curNode = gaMutateSelectANode(gaGraph, fccType, ftflag);

//For mapping only NAND.ONR.INV (09-30-00)
foMapNode * gaP21GetFanoutNodeMapFunc(curNode, ftfolFunc);

if(flag ““0){
return flag;

curCellMatch “ curNode->GetMatch(); 
cur_match_name “ curCellMatch->cell_name;

matchList = gaGetUnMappedGraphNode(curNode, sGraph, dummyNode);
subNode ■ gaFindsubGraphNode(sGraph,curNode);//curNode=current mapped Node
if(matchList == NULL) return (0);
numMatchs * matchList->ListSize();
if(numMatchs““0) return (0);

count = 0; 
while(l){ 

count++;
match_pos = (int)gaGenRandomNumber((double)numMatchs); 
matchList->Reset(match.pos); 
sMatch « matchList->Data();

//fo r  NANDNOR
matchFunc = gaGetMatchedCellFunc(sGraph, subOutList, subNode, sMatch);

smatch.name = sMatch->cell_name; 
if(strcmp(cur_match_name, smatch.name)!=0){

if(gaAreSignalsLegaMorigNet, sGraph, cType, sMatch)){
#ifndef ONLY.NOR.NAND.INV

found.different.match = 1; 
break;

ttelse
if(subNode->GetMatchType()““STATIC){

if((matchFunC““N0DE_NAND I ImatchFunc==N0DE_INVI I 
matchFunc=“NODE_NOR)) {

found.different.match = 1; 
break;

>
> else i f  (foMapNode==NULL){

if(matchFunc==NODE_PTLl1 ImatchFunc**N0DE_PTL2 I I 
matchFunc==N0DE PTL3 I ImatchFunc““N0DE_NAND II 
matchFunc““N0DE_INVI I matchFunc»*N0DE.N0R){ 

found.different.match * 1; 
break;

>

if(count >“ 10*numMatchs) 
return (0);

>

if(found.different.match»“0){ 
flag -  0; 
return flag;

>

/ /  If  a d ifferent match type was not found, go to the fanout node of 
/ /  curaode and find
if(strcmp(cur_match_name, smatch.name)““0){

(void)gaMutateDeleteNodes(gaGraph, curNode); 
(void)gaMutateBuildALegalSol(origNet, sGraph, subOutList, 

gaGraph, curNode, sMatch);
flag -  1;

> else {
/ /  1) delete the cone from cur node’s fanin and i t s  transitive  fanins 
(void)gaMutateDeleteNodes(gaGraph, curNode);

#ifdef GA.MUTATE.DEBUG
cout «  " **** Current Node ■ ,f«curNode->GetName()«" *****\n"; 
gaGraph->PrintPoNodes(); 
gaGraph->PrlntPiNodes(); 
gaGraph->PrintAllNodes();

#endif
/ /  2) build new legal cone from the cur.ndoe 
(void)gaMutateBuildALegalSol(origNet, sGraph, subOutList, 

gaGraph, curNode, sMatch);
#ifdef GA.MUTATE DEBUG

cout «  " Recovered Chromosome .. . . \n " ;  
gaGraph->PrintPoNodes(); 
gaGraph->PrintPiNodes(); 
gaGraph->PrintAllNodes();

#endif

>

flag -  1;
>
return flag;

double min.cost, max.cost;
int m in.first.index, m ax.first.index, pop.size, numMutate;

MapGraph *aChromosome; 
double chroCost; 
int n, v is it.f la g , n.min.chrom; 
int flag;

min.cost * gaEvaluateGetMinAreaCost(gaPop, ftmin.first.index, ftn.min.chrom); 
pop.size * gaPop->ListSize();
numMutate “ (int)(pop_size*mr); / /  mr is  mutation.rate 
if((pop.size - n.min.chrom) > numMutate){ 

numMutate -  pop.size - n_min_chrom;
>
for(n “ 0; n < numMutate; n++){

max.cost ■ gaEvaluateGetMaxAreaCost(gaPop, femax.first.index, 1);
gaPop->Reset(max.first.index);
aChromosome * gaPop->Data();
chroCost = aChromosome->GetArea();
v is i t.f la g  “ aChromosome->GetVisited();
i f ( ’v is it.f la g  kk (chroCost > min_cost)){

flag“gaPerformMutation(origNet, sGraph, subOutList,aChromosome); 
if(flag=*l){

aChromosome->SetVisited(l); 
break;

> >
>
(void)gaResetMapGraphVisitedFlag(gaPop);

/ / - In itia liz e  Global Chromosome

/ /  Seletct chormosomes that does not have best cost. The number of chromosomes 
/ /  to  be mutated is  determined by the "mutation.rate", which represent the 
/ /  fraction of the population.
void gaDoRateMutation(Graph *origNet, Graph *sGraph,

LinkedList<Node *> *sub0utList,
LihkedList<MapGraph *> *gaPop, double mr)

/ /  returns multiple fanout node l i s t  of a and2orNetwork excluding
/ /  mfp node whose fanin is  MFP node or PRIMARY.INPUT
void gasGetMfpNodeList(Graph *origNet, LinkedList<Node *> *mfpList)
■C

Node *mfpNode, *mfp_fiNode;
LinkedList<Node *> JoGateList, *mfpn_foList, *mfpn_fiList; 
int num.fanout, num.mfp.fiNode.fanout;
NodeFunc node.func, mfpn.finode.func; 
char *mfp.name;

//mfp.poList “ GetMultiFanoutAndPoNode(origNet); / /  in  Subgraph_Bdd.ee 
oGateList * origNet->GetGateList();
for(oGateList->Reset(); !oGateList->EndOfList();oGateList->Next()){ 

mfpNode ■ oGateList->Data(); 
mfpn.foList ■ mfpNode->GetFanoutList(); 
num.fanout “ mfpNode->GetNumFanout() ;
if(num.fanout != mfpn_foList->ListSize() && num_fanout>l){ 

mfp.name ■ mfpNode->GetName();
cout«"Error:Num fanout !» foList size at Node "«mfp_name«" An";
cout«"In " «  FILE « " a  a t " «  LINE « " .\n " ;
ex it(0 );

>
node.func “ mfpNode->GetNodeFunc(); 
if(mfpNode->GetNodeFunc()!“N0DE_P0 num_fanout>l k k

node.funci-NODE.INV k k  node.func!-N0DE.PI){ 
> else if(node.func ■■ N0DE.INV k k  num_fanout>i){ 

mfpn.fiList ■ mfpNode->GetFaninList(); 
i f  (mfpn.f iHst->ListSize ()>1) {

cout«"Error ; In " «  FILE « " a t  line  "«..LINE « " .\n " ;
ex it(0 );

} else {
mfpn_fiList->Reset(); 
mfp.fiNode » mfpn_fiList->Data(); 
num.mfp.fiNode.fanout “ mfp_fiNode->GetNumFanout(); 
mfpn.finode.func ■ mfp_fiNode->GetNodeFunc(); 
if(mfpn.finode.func!“NODE.PI k k num.mfp.f iNode.fanout““l ){ 

mfpList->InsertRear(mfpNode);
>

11 popIndexCO] contains subGRaph[0]*s index from subPopulation, and so on.. 
MapNode *gasGetMapNodeFromIndexForGchrom(

LinkedList<LinkedList<MapGraph *> *> +subPList, 
in t poplndex[], char *mfpName,
CellType *mfpCellType, in t get po node ■ 1)

LinkedList<MapGraph *> *subPop;
MapGraph *subChrom;
LinkedList<M^>Node *> *subGateList;
MapNode *mapNode“NULL;
NodeType map.node.type; 
int chrom.pos, n;

chrom.pos ■ -1;
for(subPList->Reset(),n“0;!subPList->EndOfList(); subPList->Next( ) ,n++){ 

subPop ■ subPList->Data(); 
subPop->Reset(poplndex[n]);

subChrom “ subPop->Data();
subGateLiet » subChrom->GetGateList ();
chrom.pos ■ subChrom->FindNode(subGateList, mfpName);
if(chrom.pos !■ -1){

subGateList->Reset(chrom.pos);
mapNode * subGateList->Data();
map.node.type ■ mapNode->GetNodeType();
i f  (map.node.type—PRIMARY.OUTPUT kk get.po.node —1 I I

map_node_type-“PRIMARY.INPUT I Iget.po.node ““0){ 
*mfpCellType ■ gaGetMappedCellType(mapNode); 
break;

> else {
mapNode •  NULL;
♦mfpCellType -  UNKNOWN;
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} else i
mapNode = NULL; 
♦mfpCellType = UNKNOWN;

>
>
return mapNode;

int gasGetFanoutListFromGIndex(LinkedList<LinkedList<MapGraph *> *> *subPList, 
in t poplndex [], MapNode *mapNode, Queue<MapNode *> *Q)

LinkedList<MapGraph *> *subPop;
LinkedList<MapNode *> *subGateList, *fin_foList;
MapGraph *subChrom;
MapNode *subG.map_Node;

char *map_node_name, *fin_name; 
in t chrom.pos, k, num.fanout = 0;

i f  (mapNode“ NULL) return (0); 
map.node.name -  mapNode->GetName();
for(subPList->Reset( ) ,k=0;!subPList->EndOfList(); subPList->Next( ) ,k++){ 

chrom.pos = -1; 
subPop = subPList->Data(); 
subPop->Reset(poplndexCk]);

subChrom ■ subPop->Data(); 
subGateList * subChrom->GetGateList(); 
for.each(subGateList){

subG.map.Node = subGateList->Data(); 
i f  (subG_map_Node->GetNodeType()“ PRIMARY_INPUT){ 

fin.name ■ subG_map_Node->GetName(); 
if(strcmp(map.node.name, fin.name)==0){ 

Q->QInsert(subG_map_Node);
fin .foL ist = subG_map_Node->GetFanoutList(); 
nura fanout = num fanout + fin .foList->L istSize();

>
>

>
>
return num fanout;

>

/ /  Returns inverted signal name
char *gasGetInvertedSignalName(char *sig_name)
{

in t name.len; 
char *sig_name_b;

name.len “ strlen(sig.name); 
if(sig.name[name_len-l]==’\ ’ ’){

sig.name.b ■ (char *)calloc(name_len+l, sizeof(char)); 
strncpy(sig.name_b, sig.name, name_len-l);

} else {
sig.name.b * (char *)calloc(name_len+2, sizeof(char)); 
strcpy(sig_name_b, sig.name); 
strcat(sig_name_b, "V ");

>
return sig.name.b;

>
in t gasCheckvalidityFanoutCellTypex(CellType mnCellType,

Queue<MapNode *> *foQ,
LinkedList<LinkedList<MapGraph *> *> *subPList, 
in t poplndex[J)

<
CellType mfp.outCellType -  UNKNOWN;
LinkedList<MapGraph *> *subPop;
MapGraph *subChrom;
LinkedList<MapNode *> *subGateList;
MapNode *rofoNode, *mapNode=NULL; 
in t n, chrom.pos, valid*l; 
char *foName;

while( IfoQ->QEmpty( ) ) {
mfoNode » foQ->DeQueue(); 
foName * mfoNode->GetName(); 
chrom.pos * -1;
/ /  gChrom is  a global chromosome ( L<L MapNode *> > ) 
for(subPList->Reset(),n-0;!subPList->EndOfList();

subPList->Next(),n++){
subPop * subPList->Data(); 
subPop->Reset(poplndex[n]);

subChrom * subPop->Data();
subGateList * subChrom->GetGateList();
chrom.pos * subChrom->FindNode(subGateList, foName);
if(chrom.pos !• -1M

subGateList->Reset(chrom_pos); 
mapNode -  subGateList->Data(); 
mfp.outCellType * gaGetMappedCellType(mapNode); 
break;

if((m nC ellT ype--m fp_outC ellT ype) && mapNode->GetNodeFunc()!“NODE.INV){ 
v a l id  ■ 0 ; 
b reak ;

return valid;
>
in t gasCheckvalidityFanoutCellType(CellType mnCellType, Queue<MapNode *> *foQ, 

LinkedList<LinkedList<MapGraph *> *> *subPList, 
in t poplndex[])

{
CellType foCellType, mapCellType;
LinkedList<MapNode *> * iiL is t, *foList;

MapNode *mfoNode, *mapNode, *inNode; 
int valid“l;

while(!foQ->QEmpty()){
mfoNode * foQ->DeQueue(); 
i f  (mf oNode->GetNodeFunc () “ N0DE.P0){ 

fiL ist = mfoNode->GetFaninList(); 
inNode -  fiList->Data(0); 
mapCellType -  gaGetMappedCellType(inNode);

> else {
mapCellType * mnCellType;

>
if(mfoNode->GetNodeFunc() “  NODE.INV) continue; 
foList * mfoNode->GetFanoutList();
for(foList->Reset(); !foList->EndOfList();foList->Next()){ 

mapNode * foList->Data();
if  (mapNode->GetNodeFunc()“ NODE.INV) continue; 
foCellType * gaGetMappedCellType(mapNode); 
if  (f oCellType“ mapCellType) { 

valid ■ 0; 
break;

r e tu r n  v a lid ;

//C1355 has reconvergent fanout
in t utilChecklfReconvergence(Graph *origNet, Node *mfpNode) 
{

LinkedList<Node *> *mfoList, *foL istl, *foList2;
Node *foNodel, *foNode2; 
char *namel, *name2; 
int recon “ 0;

mfoList ■ mfpNode->GetFanoutList(); 
if  (mfoList->ListSize()“ 2X

foNodel ■ mfoList->Data(0); 
foNode2 = mfoList->Data(l);

foListl « foNodel->GetFanoutList(); 
foNodel * foListl->Data(0); 
namel ■ foNodel->GetName(); 
foList2 ■ foNode2->GetFanoutList(); 
foNode2 ■ foList2->Data(0); 
name2 -  foNode2->GetName(); 
if(strcmp(namel, name2)“ 0){ 

return (1);
} else {

foListl * foNodel->GetFanoutList();
foNodel * foListl->Data(0);
namel -  foNodel->GetName();
foList2 = foNode2->GetFanoutList();
foNode2 * foList2->Data(0);
name2 ■ foNode2->GetName();
i f  (strcmp (namel, name2)“ 0) return (1);

>
} else if(mfoList->ListSize()**3){ 

return (1);

return recon;

/ /  returns TRUE if  the gChromosome has valid c ircu it structure (P-S) 
in t gasCheckGlobalChromosomeValidity(Graph *origNet,

LinkedList<LinkeaList<MapGraph *> *> *subPList, 
LinkedList<Node *> *mfpList, in t poplndex[])

{
Node *mfpNode;
char *mfpName, *mfpName.b-NULL;

int num.fo.mfpNode, num.fo.mfpNode.b, num.fo.inSub; 
int num.fo.inMap, valid l -1, valid2 ” 1, valid-1; 
in t fanout.not.matched -  0, recon »0;
MapNode *mapNode, *mapNode_b;
CellType mnCellType, mnbCellType;

Queue<MapNode *> +f oQ“ new Queue<MapNode *>;
Queue<MapNode *> *fobQ- new Queue<MapNode *>;

#ifdef GCHROM.VALIDITY 
ttendif

if(mfpList->ListSize()>0){ 
f or.each (mfpList)-C

num.fo.mfpNode ** num_fo_mfpNode_b ■ 0;

mfpNode * mfpList->Data(); / /  Nodes in sGraph (Graph) 
recon -  utilCheckIfReconvergence(origNet, mfpNode); 
num.fo.inSub “ mfpNode->GetNumFanout0 ;  
mfpName * mfpNode->GetName(); 
mfpName.b* gasGetlnvertedSignalName(mfpName);

/ /  retrieve mfpNode from gChromosme and 
/ /  get i ts  mapped ce ll type(P or S)
mapNode - gasGetMapNodeFromIndexForGchrom(subPList, poplndex,

mfpName, ftmnCellType);
num.fo.mfpNode *

gasGetFanoutListFromGIndex(subPList,poplndex, mapNode,foQ);

if(foQ->QLength()!«num_fo_inSub II foQ->QBnpty()X
mapNode_b"gasGetMapNodeFromIndexForGchrom(subPList, poplndex, 

mfpName.b, fambCellType, 0);
num.fo.mfpNode.b -

gasGetFanoutListFromGIndex(subPList,poplndex,mapNode b.fobQ);
>

num.fo.inMap “ num.fo.mfpNode + num.fo.mfpNode.b; 
if(num.fo.mfpNode •» 0 k k  num.fo.mfpNode.b!-0){

if((num.fo.mfpNode.b -1) !* num.fo.inSub k k !recon){ 
fanout.not.matched » 1;

>
}else if(num.fo.mfpNode !«0 k k  num.fo.mfpNode_b**0){ 

if(num.fo.mfpNode !■ num.fo.inSub k k  IreconX
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fanout_not.matched = 1;

Jelse if(num.fo.mfpNode !=0 && num.fo.mfpNode.b!=0){ 
if((num.fo.inMap -1) != num.fo.inSub && !recon){ 

fanout.not.matched = 1;

> else {
fanout.not.matched ■ 1;

if(fanout.not.matched — 1){
#ifdef GCHROM.VALIDITY.DEBUG

cout«"Error: # of fanouts of mfp node "«mfpName 
« "  are not match in Global Chromosome.\n " ; 

cout«"num_fo_inSub = "«num_f o.inSub«"\n"; 
cout«"num_fo_mfpNode = "«num_fo_mfpNode«''\n"; 
cout«"num_fo_mfpNode_b = "«num_fo_mfpNode_b«"\n";
cout<<"In "<< FILE <<" at line "<< LINE «endl;
cout<<"mapNode ■ "<<mapNode->GetName()<<" "

«"mapNode_b ■ "«mapNode_b->GetName()«"\n";
cout«" mapNode Fanouts...............\n";
w iile (!foQ->QEmpty()){

tmpNode ■ foQ->DeQueue(); 
cout«tmpNode->GetName()«" : 
tmpList ■ tmpNode->GetFanoutList(); 
for.each(tmpList){

tmpNode = tmpList->Data(); 
cout«tmpNode->GetName()«" ";

>
cout«endl;

cout<<" mapNode.B Fanouts.............. \n" ;
while(!fobQ->QEmpty()){

tmpNode ■ fobQ->DeQueue(); 
cout«topNode->GetName()«" : 
tmpList = tmpNode->GetFanoutList(); 
for.each(tmpList){

tmpNode * tmpList->Data(); 
cout«tmpNode->GetName()«" ";

>
cout«endl;

>
#endif

valid -  0; 
break;

>

/ /  check i f  a l l  the nodes in foutList has d ifferent 
11 mapped cell type
validl=gasCheckvalidityFanoutCellType(mnCellType, foQ,

subPList, poplndex); 
valid2=gasCheckvalidityFanoutCellType(mnCellType, fobQ,

subPList, poplndex);
>

delete [] mfpName.b; 
while(! foQ->QEmpty()){

(void)foQ->DeQueue();

while(!fobQ->QEmpty()){
(void)fobQ->DeQueue();

delete foQ; 
delete fobQ;

> / /  if(mfpList->Size()>0) 
return valid;

>

/ /  11-03-2000, to calculate cost(area) accurately
/ /  I f  any of the sub-chromoBme’s output in GlChrom is  not used in  global
/ /  chromosome delete the sub-chromosoem from the L ist.
void gasRemoveUnUsedSubChromosome(LinkedList<MapGraph *> *gChrom)
{

MapGraph *tgtChrom, *subChrom;
LinkedList<MapNode *> *poList, *piList, *doList;
Queue<MapGraph *> grQ;
Queue<MapNode *> nQ;
MapNode *curNode, *doNode;
char *curName, *doName;
in t gchromLSize, found » 0, pos;

gchromLSize * gChrom->ListSize();
for(gChrom->Reset();!gChrom->End0fList( ) ;gChrom->Next()){ 

subChrom -  gChrom->Data(); 
grQ.QInsert(subChrom);

>

while(1grQ.QEmpty()){
tgtChrom " grQ.DeQueueO;

foList ■ tgtChrom->GetPoList(); 
ound » 0; 

i f  (poList->ListSize () “ 1) {
curNode * poList->Data(0); 
if(curNode->GetNodeFunc()!-N0DE_P0){ 

curName ■ curNode->GetName();

/ /  Check If "curName" is  in any of the p i nodes, i f  yes,
/ /  found”1.
for(gChrom->Reset();!gChrom->End0fList();gChrom->Next0 ){  

pos * -1;
subChrom * gChrom->Data(); 
piList -  subChrom->GetPiList();
if((pos*subChrom->FindNode(piList, curName))!*-l){ 

found “ 1;

J /  if  found « 0;
/ /  for.each graph find the graph whose output name is  curNode, 
/ /  and delete

i f (!found){
for(gChrom->Reset(); !gChrom->End0fList();gChrom->Next()){ 

subChrom * gChrom->Data(); 
doList * subChrom->GetPoList(); 
doNode ■ doList->Data(0); 
doName * doNode->GetName(); 
if(strcmp(curName, doName)*”0){

(void)gChrom->DeleteCurrentElem();
/ / (void)gChrom->DeleteCurrent(); 
break;

>
>

>

> e l> {
cout«"Num po is  one in " «  FILE <<" at line  "<< LINE <<endl;
ex it(0 );

>
>

>

/ /  return and set the global depth of the P0 node of a subChromosome 
/ /  04-19-01
in t gasGetGlobalDepthOfPoNode(MapGraph *subChrom, Graph *origNet, in t index)
{

LinkedList<MapNode *> *subPoList, *subPoInList * NULL;
MapNode *subPoNode, *subPoInNode; 
char *subPoName, *subPoInName;

LinkedList<Node *> *origGateList;
Node *origNode;
int max.glevel ■ 0, glevel, pos -  -1;

subPoList = subChrom->GetPoList(); 
if(subPoList->ListSize() ** 1){

subPoNode * subPoList->Data(0); 
subPoName ® subPoNode->GetName(); 
subPoInList * subPoNode->GetFaninList();

> else {
printf("Error !!!\n");
p r in tf ("sub-Chromosome[%d] has more than one P0 nodes\n", index);
p rin tf ("In ‘/.s a t line  */Cd\n", FILE ,  LINE );
ex it(0 );

>

origGateList * origNet->GetGateList();
for(subPoInList->Reset( ) ; ! subPoInList->End0fList( ) ; subPoInList->Next()){ 

subPoInNode * subPoInList->Data(); 
subPoInName * subPoInNode->GetName(); 
pos « origNet->FindNode(origGateList, subPoInName); 
if(pos !■ -1){

origNode * origGateList->Data(pos); 
glevel ■ origNode->GetGLevel();

> else {
printf("Error ! ! !\n");
p rin tf ("PO node C/,s) in sub-Chrom[*/,d] doesn’t  exit in origNet\n", 

subPoName, index);
p rin tf ("In ’/.s at line  ’/^ l\n " , FILE ,  LINE );
ex it(0 );

>
max.glevel -  Max(max_glevel, glevel);

>
subPoNode->SetGLevel(max_glevel+l); 
return (max.glevel+1);

#ifdef oldO
in t gasGetNewInsPos(LinkedList<MapGraph *> *gChrom,MapGraph *csubChrom, 

in t pos, in t cur.depth)

MapGraph *osubChrom;
LinkedList<MapNode *> *osubPoList, *osubPiList;
MapNode *osubPoNode, *piNode;
char fpiName;
int osub.depth, new.pos;

LinkedList<MapNode *> *csubPoList;
MapNode *csubPoNode;
char *csub_poName;
in t csub.po.name.found ■ 0;

csubPoList •  csubChrom->GetPoList(); 
csubPoNode ■ csubPoList->Data(0); 
csub.poName -  csubPoNode->GetName();

/ /  Backward search for finding cur.subPO name 
new.pos ■ pos; 
vhile(new_pos >■ 0){

osubChrom “ gChrom->Data(new.pos); 
osubPoList •  osubChrom->GetPoList(); 
osubPoNode •  osubPoList->Data(0); 
osub.depth ■ osubPoNode->GetGLevel(); 
i f  (osub.depth cur .depth) •(

osubPiList ■ osubChrom->GetPiList(); 
for.each(osubPiList){

piNode * osubPiList->Data(); 
piName « piNode->GetName(); 
i f  (strcmp (csub.poName, piName)— OH 

c s u b .p o .n a m e .fo u n d  -  1; 
break;

>
>
if(csub.po.name.found — 1) break; 
new.pos—;

> else {
new.pos—;

>
>

if(csub.po.name.found){ 
if(nev_pos >«1){

return new.pos-l;
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> else {
return new pos;

>
} else {

return pos;
>

>
#endif

in t gasGetNewInsPos(LinkedList<MapGraph *> *gChrom,MapGraph *csubChrom, 
in t pos, in t cur.depth)

{
MapGraph *osubChrom;
LinkedList<MapNode *> *osubPoList, *osubPiList;
MapNode *osubPoNode, *piNode;
char *piName;
in t osub.depth, new.pos;

LinkedList<MapNode *> *csubPoList;
MapNode tcsubPoNode;
char *csub_poName;
in t csub.po.name.found = 0;
in t ins.pos, ins.pos.updated = 0;

csubPoList * csubChrom->GetPoList(); 
csubPoNode = csubPoList->Data(0); 
csub.poName * csubPoNode->GetName();

/ /  Backward search for finding cur.subPO name 
new.pos = pos; 
while(new_pos >= 0){

osubChrom = gChrom->Data(new.pos); 
osubPoList ■ osubChrom->GetPoList(); 
osubPoNode = osubPoList->Data(0); 
osub.depth = osubPoNode->GetGLevel(); 
if(osub.depth - -  cur.depth){

osubPiList * osubChrom->GetPiList(); 
for_each(osubPiList)-(

piNode = osubPiList->Data(); 
piName = piNode->GetName(); 
if(strcmp(csub.poName, piName)=*0H 

csub.po.name.found = 1;
break;

1Hif(csub.po.name.found * 
ins_pos_updated++; 
ins.pos = new.pos; 
csub po name.found * 0;

>
new.pos—;

} else if  (osub.depth > cur.depth){ 
new.pos—;

> else {
break;

>
>
if(ins.pos.updated > 0){ 

if(ins.pos >*1){
return ins_pos-l;

> else ■{
return ins.pos;

> else {
return pos;

/ /  04-19-01
void gasBuildSortedGChromsosome(LinkedList<MapGraph *> *gChrom,

MapGraph *subChrom, in t cur.depth)

MapGraph *oldSChrom;
LinkedList<MapNode *> *oldSPoList;
MapNode *oldSPoNode;
in t old.depth, pos ■ -1, new_pos®-l;

i f  (gChrom->ListSize() «® OH
gChrom->InsertRear(subChrom);

> else if  (gChrom->ListSize()>®lH 
pos ■ gQirom->ListSize()-l;
/* Insert in ascending order */ 
while(pos>*0){

oldSChrom * gChrom->Data(pos); 
oldSPoList ® oldSChrom->GetPoList(); 
oldSPoNode » oldSPoList->Data(0); 
old.depth * oldSPoNode->GetGLevel(); 
if(old.depth > cur.depth){ 

if(pos ®® OH

fChrom->InsertFront(subChrom); 
reak;

> else {
pos—;

> else if(old.depth < cur.depth){ 
gChrom->InsertRight(subChrom); 
break;

new.pos * gasGetNewInsPos(gChrom, subChrom, pos, cur.depth); 
if(new.pos > -1){

gChrom->Reset(new.pos); 
i f  (new.pos ■■ OH

gChrom->InsertFront(subChrom);
> else {

gChrom->InsertRight(subChrom);
>
break;

> else {
printf("Error ! !\nSubChromosome Insertion failed H !\n");

p rin tf("In  */,s a t line 7,d\n", FILE ,  LINE );
p rin tf ("new.pos ® '/,d, old.pos ■ 7,d\n", new.pos, pos); 
e x it ( l ) ;

/ /  returns a global chromosome by randomly selecting a sub-chrom
/ /  and i f  any of the sub-chromosme’s output in GlChrom is  not used global
/ /  chromosome delete the sub-chroraosoem from the L ist.
GlChrom *gasGetRanGlobalChromosome(Graph *origNet 

LinkedList<Link<  ------edList<MapGraph *> *> *subPList, 
LinkedList<Node *> *mfpList, in t wheel ■ 0)

LinkedList <MapGr̂ >h *> * subPop; 
in t sub.pop.size, sub.pos, n, k; 
in t num.subg; 
in t poplndex[num_subg+l];
LinkedList<MapGraph *> *gChromosome; 
double rand, fitnessSum, revArea, partSum;
MapGraph *subChromosome; 
nt valid , gd, idx 1 - l ;

num.subg * subPList->ListSize(); 
for(subPList->Reset( ) ,n=0;!subPList->End0fList(); 

subPop =* subPList->Data(); 
sub.pop.size ® subPop->ListSize();

subPList->Next(),n++){

i f  (wheel! »0)-( / /  roulette wheel
fitnessSum * gaGetFitnessSum(subPop); / /  to ta l area of the sub Pop 
rand =» fitnessSum+gaGenRandomNumber(1.0); / /  Wheel point cal. [0,1] 
i f (subPop->Li stSize()==0){

cout«"In gasGetRanGlobalChromosomeO , subPop("«n<<") "
<<"\’s size ■ 0, CHeck i t  . .An"; 

ex it(l) ;
>
partSum * 0 .0 ;
for(subPop->Reset(),k=0;!subPop->End0fList();subPop->Next(),k++H 

subChromosome * subPop->Data();
revArea * (1.0/subChromosome->GetArea()); / /f itn e ss  of ind iv i.. 
partSum += revArea; 
if(partSum > rand){ 

poplndex[n] * k; 
break;

>
> else {

sub.pos * (int)gaGenRandomNumber(sub.pop.size); 
poplndex[n] * sub.pos;

>
>

valid *1;
#ifdef GCHROM.VALIDITY

valid*gasCheckGlobalChromosomeValidity(origNet.subPList.mfpList,poplndex); 
#endif

if(valid“*l){
GlChrom *globalChrom ■ new GlChrom; 
gChroroosome » globalChrom->gChromosome;

for(subPList->Reset(),n®0;!subPList->EndOfList(); subPList->Next( ) ,n++H 
idx++;
subPop * subPList->Data(); 
subPop->Reset(poplndex[n]); 
subChromosome * subPop->Data();

/* sort subChrom based on global depth of i t s  out node in orgNet */ 
gd -  gasGetGlobalDepthOfPoNode(subChromosome, origNet, idx);
(void)gasBuildSortedGChromsosome(gChromosome,subChromosome,gd);

>
return globalChrom;

> else  {
return NULL;

>
>

/ /  returns a global chromosome by selecting a minimum sub-chrom from each subpop 
LinkedList<MapGraph *> *gasGetMinGlobalChromosome( \

LinkedList<LinkedList<MapGraph *> *> *subPopList)

LinkedList<MapGraph *> *subPop; 
in t sub.pos, numjnin.chrom; 
double min.cost;

LinkedList<MapGraph *> *gChromosome ; 
MapGraph *subChromosome;

new LinkedList<MapGraph *>;

for(subPopList->Reset(); !subPopList->EndOfList();subPopList->Next()){ 
subPop ■ subPopList->Data();
min.cost * gaEvaluateGetMinAreaCost(subPop, fcsub.pos, ftnum.min.chrom); 
subPop->Reset(sub.pos); 
subChromosome * subPop->Data(); 
gChromosome->InsertRear(subChromosome);

>
r e t u r n  gChromosome;

d gasInitGlobalPopulation(Graph *origNet, LinkedList<GlChrom *> *globalPop, 
LinkedList<LinkedList<MapGraph *> *> *subPopList, 
LinkedList<Node *> *mfpList,
LinkedList<LibCell *> *cellLibrary, 
double gPopSize, double tReq)

in t index, valid , wheel * 1;
GlChrom *globalChrom;
LinkedList<MapGraph *> *gChromosome; 
double dly;
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index » 0;
cout << "\n .........
while(l){

valid = 0; 
globalChrom 1

I i tia liz in g  Global Population ............ \n";

gasGetRanGlobalChromosome(origNet, subPopList, 
mfpList, wheel); 

if(globalChrom != NULLH
gChromosome = globalChrom->gChromosome;
dly *gasEvaluateGlobalChromosome(origNet,globalChrom,cellLibrary); 
if(d ly  <= tReq&ft dly >*0){

#ifdef GLOBAL.CKROM.PRINT.DEBUG
cout«"\n  ===== Global Chromosome # ["«index«"] ========\n";
(void) gasPrintGlobalChromosome(gChromosome);

void spiceIncludeCells(int dual * 0)

char *cell_dir; 
if(dual == OH

ce ll .d ir  -  u"/MCNC/TSMC/STD_CELL.LIB/Sch/CellNet/";

ce ll .d ir  -  "-/MCNC/TSMC/STD.CELL.LIB/DualRail/dCellNet/"

•endif
globalPop->InsertRear(globalChrom); 
index++;

> else {
globalChrom->area * 100000.0+(dly-tReq)*lel3; 
globalPop->InsertRear(globalChrom); 
index++;
cout « "  gPop # = "« in d ex -l«  " is  processed.\n"; 
>}

if(index > (gPopSize-i)H 
break;

>

'globalPop, double *maxCost)in t gasGetGlobalMaxCostChrom(LinkedList<GlChrora *>

in t index * -1, max_pos=-l; 
double cost, max.cost = 0 .0 ;
GlChrom *globalChrom;

for(globalPop->Reset( ) ; !globalPop->End0fList( ) ;globalPop->NextOH 
mdex++;
globalChrom = globalPop->Data(); 
cost » globalChrom->area; 
if(cost > max.costH 

max.cost = cost; 
max.pos * index;

> }
*maxCost = max.cost; 
return max pos;

>

void gasPrintGlobalPopPrintShort(LinkedList<GlChrom *> *globalPop, double popS, 
char *with pin map=NULL)

{
GlChrom *globalChrom;
in t index = -1, min.pos = -1;
double area, to ta l.co s t = 0.0, max_cost=0.0, min_cost=100000000; 

co u t«"\n";
for(globalPop->Reset();!globalPop->End0fList( ) ;globalPop->Next OH

!TlHflY++-
3irom = globalPop-> 
globalChrom->area;

•>Data();
index++, 
globalChrom 
area -

if(with_pin_map!=NULL strcmp(with_pin_map, "yes")==0H
(void)gasPrintGlobalChromosome(globalChrom->gChromosome);

>
max.cost = Max(max cost,area);
if(min.cost > areaH

min.cost * area; 
min.pos ■ index;

>
to ta l.cost +■ area;
cout«"GChrom("«index<<") :: Area » f,« a rea

« "  Delay = '' «  globalChrom->cp delay « " \n " ;
>
if(with_pin_map!=NULL kfo strcmp(with.pinjnap, "yes")=*0H 

cout«"\n**** Min cost global chromosome ***\n"; 
globalChrom = globalPop->Data(min_pos);
(void) gasPrintGlobalChromosome(globalChrom->gChromosome); 
area * globalChrom->area;
cout«"GChrom("«min_pos«") :: Area » "«area

« "  Delay ■ " «  globalChrom->cp_delay « " \n " ;

cou t«"\n  Max Cost(area) = "«max_cost«"\n": 
cout«" Avg Cost(area) ■ "«(to tal_cost/popS)«"\n"; 
cout«" Min Cost(area) = "«m in .cost«"\n";

********************************
* Spice.net.cc
* This Pgm generates ELD0 c icrcu it n e tlis t  
*******************************************************************/

c o u t« M*— Incliding sub-circuits\n"; 
if(dual==0){

prin tf (" .INCLUDE 7.s7.s\n", c e ll .d ir , 
p rin tf (" .INCLUDE */,s7,s\n", c e ll .d ir , 
printf(".INCLUDE ’/,s7,s\n", c e ll .d ir , 
printf(".INCLUDE ’/.s’/ .s V , c e ll .d ir , 
p rin tf (" .INCLUDE ‘/.s’/.sVn", c e ll .d ir , 
p rin tf (".INCLUDE ’/.s*/.s\n" , c e ll .d ir , 
printf(".INCLUDE '/,s7.s\n", c e ll .d ir , 
p rin tf (".INCLUDE 7,s7,s\n", c e ll .d ir , 
p rin tf (" .INCLUDE 7«s7.s\n", c e ll .d ir , 
p rin tf (".INCLUDE 7.s7oS\n", c e ll .d ir , 
p rin tf (" .INCLUDE 7«s7.s\n", c e ll .d ir , 
p rin tf (" .INCLUDE 7.s7.s\n", c e ll .d ir , 
p rin tf (" .INCLUDE 7osXs\n", c e ll .d ir , 
p r in tf (" .INCLUDE %s7.s\n", c e ll .d ir , 
p rin tf (" .INCLUDE 7.s7.s\n", c e ll .d ir , 
p rin tf (".INCLUDE 7.s7.s\n", c e ll .d ir , 
p rin tf (" .INCLUDE 7.s7.s\n", c e ll .d ir , 
p rin tf  (" .INCLUDE 7.s7.s\n", c e ll .d ir , 
p rin tf (" .INCLUDE 7.s7.s\n", c e ll .d ir , 
p rin tf (" .INCLUDE 7.s7.s\n", c e ll .d ir , 
p rin tf (".INCLUDE 7ts7.s\n", c e ll .d ir , 
p rin tf (" .INCLUDE 7.s7.s\n", c e ll .d ir , 
p rin tf (".INCLUDE 7.s7.s\n", c e ll .d ir , 
/ /
p rin tf (".INCLUDE 7.s7.s\n", c e ll .d ir , 
p rin tf (".INCLUDE 7.s7.s\n", c e ll .d ir , 
p rin tf (".INCLUDE 7.s7.s\n", cell d ir, 
U
prin tf ("*. INCLUDE 7.s7.s\n”, c e ll .d ir , 
p r in tf ("* .INCLUDE 7.s7.s\n", c e ll .d ir , 

> else {
p rin tf (" .INCLUDE 7.s7.s\n", c e ll .d ir , 
p rin tf (".INCLUDE 7.s7.s\n", c e ll .d ir , 
p rin tf (" .INCLUDE 7.s7.s\n", c e ll .d ir ,

p rin tf (" .INCLUDE 7.s7.s\n", c e ll .d ir , 
p rin tf (" .INCLUDE 7.s7.s\n", c e ll .d ir ,

p rin tf (".INCLUDE 7.s7.s\n", c e ll .d ir , 
p rin tf (".INCLUDE 7.s7.s\n", c e ll .d ir , 
p rin tf (" .INCLUDE 7.s7.s\n", c e ll .d ir , 
p rin tf  (" .INCLUDE Xs7.s\n", c e ll .d ir , 
p rin tf (".INCLUDE 7.s7.s\n", c e ll .d ir ,

"ao22.spi"); 
"aoi22.spi");
"buf1 .sp i");
"buf4. sp i"); 
"mux2.spi");
" invl. sp i" ); 
"nand2.spi")
"and2.spi"); 
"nand3.spi")
"and3.spi"); 
"nand4.spi") 
"and4.spi"); 
"nor2.spi");
"or2.sp i" ); 
"nor3.spi");
"or3.sp i"); 
"nor4.spi");
"or4.spi"); 
"xnor2.spi"); 
"xor2.spi");
" tp t l .y l . sp i" ); 
"tptl_y21. sp i"); 
"tptl_y22.sp i");

" tp tl_y l.op t.sp i"); 
"tptl_y21_opt. sp i" ); 
"tptl_y22_opt. sp i" );

"tptl_y31. sp i"); 
"tptl_y32. sp i");

"dinvl.spi"); 
"dnand2.spi"); 
"dnand3.spi");

"dnor2.spi"); 
"dnor3.spi");

"d p tl.y l.sp i" ); 
"dptl.y21.spi"); 
"dptl.y22.spi"); 
"dptl.y31.spi"); 
"dptl.y32.spi");

#include
#include
#include
tfinclude
#include
#include
#include
#include

<f stream.h> 
<stdlib.h> 
<ctype.h> 
<string.h> 
<stdio.h> 
<math.h> 
<new.h> 
<time.h>

#include "eqn.stack.h" 
#include "eqn.opr.h" 
#include "Node.n" 
#include "LinkedList.h" 
#include "Graph.h"

•include "MapNode.h" 
•include "MapGraph.h"

•include "Queue.h" 
•include "Stack.h"

>

void spicePrintSignaKchar *cur net, in t s ta r t ,  in t end, in t bar=0) 

in t n;
char *tab ■ " ";

if(strcmp(cur_net, "VDD") !« 0 Aft strcmp(cur_net, "GND") !• 0){ 
if ( s ta r t  > 0 ftft s ta r t  •» 1){ 

printf("Xc", ’7,’);

for(n»start; n < end; n++H 
printf("Xc", curjaetCn]);

>
if(bar > 0 ){

p rin tf ("Xc7.s", ’bs, tab);
> else {

printf("Xs", tab);
>

> else if(strcm p(cur.net, "VDD") ■■ OH
if(bar > 0 H

printf("Xs7.s", "GND", tab);

printf("Xs7.s", "VDD", tab);

> else i f  (strcmp(cur_net, "GND") OH
if(bar > 0 H

printf("Xs7.s", "VDD", tab);
> else {

printf("Xs%s", "GND", tab);
>

void spicePrintNodeName(char *cur net, in t dual = 0) 

in t n, len_cur.net; 

len cur.net ■ strlen(cur.net);
i f ((cur.netClen_cur.net -  1] =», \ ” ) fc& (cur_net[0]==,$, )H  

(void)spicePrintSignal(cur_net, 1, len_cur_net-l, 1);

/* printing signal for dual-ra il format */ 
i f  (dualH

(void)spicePrintSignal(cur_net, 1, len cur net-1, 0);
>

Jelse i f ((cur_netClen_cur.net -  1] ! = , \ ,J ) && (cur.netCO]*=,$, ))(  
(void)spicePrintSignal(cur_net, 1, len_cur.net, 0);
/* printing signal.bar for dua l-ra il format ♦/
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if(dual){
(void)spicePrintSignal(cur_net, 1, len_cur.net, 1);

Jelse i f ((cur.net[len_cur_net -  1] ==’\ ” ) ftft (cur_net[0]!=’$’)){ 
(void)spicePrintSignal(cur.net, 0, len_cur_net-l, 1);
/* printing signal for dua l-ra il format */ 
if(dual){

(void)spicePrintSignal(cur.net, 0, len_cur_net-l, 0);

> else {
(void) spicePrintSignaKciir.net, 0, len_cur.net, 0);

/* printing signal.bar for dual-ra il format * /  
if(dual){

(void)spicePrintSignal(cur.net, 0, len_cur.net, 1);

> }
>
11 Printing spice-format sub-ckt that begins with x ...
void spicePrintEldoSubcircuit(MapNode *curNode,Match *curMatch, in t dual=0)

LinkedList<char *> *sortedPinL = new LinkedListcchar *>;
LinkedList<char *> *celPinList = new LinkedList<char *>;
LinkedList<MapNode *> *foList;
MapNode *foNode;
LinkedList<pinMap *> *pMap; 
pinMap *curPin;
char *cur_cell_pin, *prev_cell_pin = NULL, *cur_net;

char *tmp_name; 
char *tab = " "; 
in t pos *0;

#ifdef SPICE.NET.DEBUG
cout « "  "«curMatch->cell_name«"

#endif

/ /  Sort PinList
pMap = curMatch->pinmap;
for(pMap->Reset(); !pMap->EndOfList();pMap->Next()H 

curPin * pMap->Data(); 
cur cell pin -  curPin->cell_pin;

#ifdef SPICE.NET.DEBUG
cout«curPin->cell_pin«" ("«curPin->net_node«")

#endif
i f  (prev.cell.pin-^NULL) {

celPinList->InsertRear(curPin->cell_pin); 
sortedPinL->InsertRear(curPin->net.node); 
prev .cell.p in  = cur.cell.p in ;

> else {
pos » celPinList->ListSize()-l; 
while(l){

celPinList->Reset(pos); 
sortedPinL->Reset(pos); 
prev .cell.p in  = celPinList->Data(); 
if(strcm p(prev.cell.pin, cur.cell.p in) > 0){ 

if(pos*-0){
celPinList->InsertFront(curPin->cell_pin); 
sortedPinL->InsertFront(curPin->net.node); 
break;

> else { 
pos—;

}else {
celPinList->InsertRight(curPin->cell_pin); 
sortedPinL->InsertRight(curPin->net.node); 
break;

> > ■ '
#ifdef SPICE.NET.DEBUG 

cout « " \n " ;
#endif

p rin tf  ("x’/,d \t", ++sub_idx);
for(sortedPinL->Reset( ) : ! sortedPinL->End0fList( ) ; sortedPinL->Next()){ 

cur.net » sortedPinL->Data();
(void)spicePrintNodeName(cur.net, dual);

>

/ /  output node name of a cell 
foList -  curNode->GetFanoutList(); 
i f  (foList->ListSizeO—1){ 

foNode * foList->Data(0);

NULL;

NULL ftft foNode->GetNodeFunc()—NODE.POM 
■ foNode->GetName();

* curNode->GetName();

> else {
foNode -

if(foNode !- 
tmp.name

> else {
tmp.name

>

(void)SpicePrintNodeName(tmp.name, dual); / /  output.name 

printf("VDDXs", tab);
if  (strcmp(curMatch->cell_name, "ptl_ylx")“ 0)-{ 

printf("%s", "p tl.y l" );
> else i f  (strcmp(curMatch->cell_name, "ptl_y2xl") —0) {

p rin tf ("7,s", ,,ptl_y21") ;
> else i f  (strcmp(curMatch->cell_aame, ,,ptl_y2x2")*‘»0){

p rin tf ("7.s", "ptl_y22") ;
) else if(strcmp(curMatch->cell_name, "ptl_y3xl”)**0){ 

p rin tf (''7.s", "ptl_y31’' ) ;
} else if(strcmp(curMatch->celljiame, "ptl_y3x2")®"0){ 

printf("7.s", Hptl_y32");
> else {

p rin tf (H7.s”, curMatch->cell_name);

ftifdef SPICÊ DELAY.DEBUG
prin tf ( Ĥ tr*Xl0.4g f“7»10.4g",

curNode->GettDR() ,curNode->GettDFO);
ffendif

p rin tf(" \n " ); 
delete sortedPinL; 
delete celPinList;

}

//031501
/ /  This routine is  applied only for dua l-ra il format to  avoid errors like  : 
//Single r a i l  format
//x63 7.103 7.105 GND 7.108b GND 7.106b VDD ptl_y21 
//x64 7.103b 7.103 VDD invl
//x67 res ufOpO OVFFLAGOpO VDD DRIVE ROM VDD 7.103b VDD p tl  y21 
/ /
//Dual Rail
//x63 7.103 7.103b 7.105 7.105b GND VDD 7.108b 7.108 GND VDD 7.106b 7.106 VDD ptl_y21 
//x64 7.103b 7.103 7.103 7.103b VDD invl
//x67 res.ufOpO res.ufOpOb OVFFLAGOpO OVFFLAGOpOb VDD GND DRIVE.R0M 
/ /  + DRIVE.ROMb VDD GND 7.103b 7.103 VDD ptl_y21
/ /
/ /  Mod resu lts by CHANGING both (Match->pinMap->net.node) in foNode ft cur.name. 
//x63 7.103x 7.103xb 7.105 7.105b GND VDD 7.108b 7.108 GND VDD 7.106b 7.106 VDD ptl_y21 
//x64 7.103b 7.103 7.103x 7.103xb VDD invl 
/ /
//mod : 120701 
/ /
in t spiceCheckModifyFoName local(MapNode *curNode, char * sfile , in t sline)
{

LinkedList<MapNode ♦> *subGList, *foList, *fiL ist;
MapNode *foNode;
NodeFunc foFunc;
char *cur_name, *fo.name, *net_name, *tmp_name;

Match *foMatch;
LinkedList<pinMap *> *pMap; 
pinMap *curPin;
in t name.len, found*0, ret.value ■ 0; 

string  cur.str.name, tmp.str;

cur.name = curNode->GetName(); 
cur.str.nam e.eraseO; 
cur.str.name += cur.name;

foList “ curNode->GetFanoutList();

if(foList->ListSize()!=1){
p rin tf ("In */s at line  7.d\n",sfile, sline); 
printf("Inv Node (7.s) doesn’t  have " ,curjiame); 
printf("ONE fanout\n");
p r in tf ( " . . .  Program is  terminated ..\n "); 
re tiirn (-l) ;

>
foNode ■ foList->Data(0); 
foFunc * foNode->GetNodeFunc(); 
if(foFunc N0DE.P0){

^ret^n(O );

foMatch « foNode->GetMatch(); 
pMap ■ foMatch->pinmap;
for(pMap->Reset(); !pMap->End0fList();pMap->Next()){ 

curPin « pMap->Data(); 
net.name ■ curPin->net jiode; 
if(strcmp(cur_name, net.name)“«0) { 

found » 1; 
break;

>
>

/ /  Rename cur.node and net.name (120701) 
name.len ” cur.str.nam e.size();
i f  (found »■ 1 ftft ( c u r .s t r .n a m e .  substr(nam e le n -1 ,1 )  !*"7." II 

c u r .s tr .n a m e . s u b s tr  (nam e_len-2 ,2 )  ! *"7. ’ " ) )  { 
t m p . s t r .e r a s e ( ) ;
cur.name » (char *)realloc(cur.name, name_len+2); 
net.name » (char *)realloc(net.name, name_len+2);

if(cur.str.name.substr(nam e_len-l,l) “  " ’"){
tm p .s t r  ■ c u r .s tr .n a m e .s u b s tr ( 0 ,n a m e .le n - l)  + "7.>";

} e lse {
tmp.str * cur.str.name + "7.M;

>

strcpy(cur_name,tmp_str.c_str()); 
strcpy(net.name.tmp.str.c . s t r ());

ret.value •

return ret.value;

/ /  Check and Modify node name
void spiceCheckSubChrom(LinkedList<MapNode *> *subGList) 
{

LinkedList<MapNode *> *fiL ist; 
MapNode *cu rN o d e , * f iN o d e ; 
NodeFunc curnode.func;

for(subGList->Reset( ) ; ! subGList->EndOfList();subGList->Next()){ 
curNode » subGList->Data(); 
curnode.func » curNode->GetNodeFunc();

if(curnode.fxmc!»N0DE.P0 ftft curnode.func!-N0DE_PI){ 
if(curnode_func-*N0DE.INV){

fiL ist » curNode->GetFaninList(); 
fiNode -  fiList->Data(0); 
i  f (f 1Node->GetNodeFunc( ) !-N0DE_PI){

foerr “ spiceCheckModifyFoName.local(curNode, 
—FILE..,..LINE..);
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i f ( fo 0rr==-l) e x it( l) ;

//01-19-01
in t spiceGetFanoutNodesCrossChromosome(LinkedList<MapGraph *> *gChromosome,

MapNode *targetNode, Queue<MapNode *> *Q)

MapGraph *subChrom;
LinkedList<MapNode *> *gateList, *curInList;
LinkedList<MapNode *> *subPoList;
MapNode *curNode, *curInNode;
NodeFunc curFunc;

char *targetName, *curInName;
in t pos, used_sub_chrom, cur.level, max.depth * -1; 

targetName = targetNode->GetName( ) ;
for(gChromosome->Reset(); !gChromosome->EndOfList();gChromosome->Next()H 

subChrom ■ gChromosome->Data(); 
i f ( ! Cused.sub.chrom = subChrom->GetUsed())) continue;

subPoList = subChrom->GetPoList(); 
pos ■ - i;
/* i f  current sub-chromosomes output node is  the same as target

the target node cannot be used as its (c rren t sub-chrom) inputs
*/

-OH

if((pos«subChrom->FindNode(subPoList, targetName))!—!) continue; 
gateList » subChrom->GetGateList();
for(gateList->Reset( ) ; !gateList->EndOfList( ) ;gateList->Next()){ 

curNode ** gateList->Data(); 
curFunc -  curNode->GetNodeFunc(); 
i f  (curFunc !- NODE.PIH

curlnList * curNode->GetFaninList();
f or_each(curinList){

curlnNode * curInList->Data(); 
curlnName ” curInNode->GetNameQ ; 
if(strcmp(targetName, curlnName)=

Q->QInsert(curNode); 
cur.level -  curNode->GetLevel(); 
max.depth = Max(cur_level, max.depth);

>
>

>

return max.depth;

11 110501
void spiceDualrailNodeNameChange(stringfe from.str.name, char *to_char ptr)
{

string  tmp.str; 
in t name.len;

tm p.str.erase();
name.len * from .str.nam e.size(); 
i f  (from_str_name.substr(name_len-l ,1)“ " \ ’"){

tmp.str * from.str.name.substr(0,name.len-l) + "V/,\’";
> else {
tmp s t r  ■ from.str.name + "V/.";
>

to .char.p tr -  (char *)realloc(to_char_ptr, tm p.str.size()+ l); 
strcpy(to char ptr,tmp s tr .c  s trO );

>

/ /  110501
/ /  Modify Node.name and pinMap (A’ -> AX’):
/ /  1) cur.node.name
/ /  2) foNode’s pinMap
/ /  3) foNode’s fanin_name (*cur_node_nme)
/ /  revised from (031501 which uses char * to  modify node.name)
in t spiceModifyCur.and.FoName.global(MapNode *curNode, Queue<MapNode *> *Q)

MapNode *foNode, *foInNode;
LinkedList<MapNode *> *foInList;
NodeFunc foFunc;
char *cur.name, *fo_in_name, *net_name, *tmp_name;

Match *foMatch;
LinkedList<pinMap *> *pMap; 
pinMap *curPin;
in t  name.len,qLength, found*0, ret.value » 0; 
in t po.cnt -  0;

string  cur.str.name, net.str.name; 
string  foin.str.name;

cur.name ” curNode->GetName(); 
cur.str.name +■ curNode->GetName();

qLength -  Q->QLength(); 
while( \Q->QEmpty()){

foNode * Q->DeQueue();

/* 1) foNode’s fanin_name change * /  
foInList * foNode->GetFaninList(); 
for_each(foInList){

folnNode » foInList->Data(); 
fo.in.name “ foInNode->GetName();

f oin.str.name.erase(); 
foin_str_name +■ fo.injiame;
if(fo in .str.nam e.compare(cur.str.name)) continue;

(void)spiceDualrailNodeNameChange(foin.str.name, fo.in.name);

//Since N0DE.P0 doesn’t  have maptch(08-12-01). 
i f  (f oNode->GetNodeFunc () “ N0DE.P0) { 

po_cnt++; 
continue;

>

I *  2) find cur.name in foNode’s pinMap */ 
foMatch * foNode->GetMatch(); 
pMap = foMatch->pinmap;
for(pMap->Reset(); !pMap->End0fList();pMap->Next()){ 

curPin * pMap->Data(); 
net.name * curPin->net_node;

net.str.nam e.erase();
net.str.name +■ curPin->net_node; 
if(cur.str.name.compare(net.str.name)»*0){ 

found++; 
break;

>
>

I *  3) foNode's pinMap change *1 
name.len =* net.str.nam e.sizeO  ;
if(found !■ 0 && net.str.name . substr(name.len-l) ! “"V/."){

(void)spiceDualrailNodeNameChange(net_str_name, net.name); 
ret.value ■ 1;

}
}//while

/* 4) curNode name change *1 
if((found + po.cnt) ■- qLength){

(void)spiceDualrailNodeNaroeChange(cur_str_name, cur.name);
)• else {

cout«"Error :: curNode’s fanout does not match with Q.\n"; 
cout<<''cur_name ■ "«cur_name«"\n"; 
cout<<"found * "«found<<” po.cnt * "

<<po_cnt«" (qLength • "«qLength«"\n";
cout«"in  " «  FILE « "  at line  ,,«__LINE__«" . \n " ;

^ exit(0);

return ret.value;
>

/ /  01-07-02
/ /  Check i f  curNode’s fanin is  in orgPiLIst, i f  yes, return TRUE
in t spiceCheckFaninIsInPiList(MapNode *curNode,LinkedList<Node *> *orgPiList)

LinkedList<MapNode *> *finList;
MapNode *finNode;
Node *opiNode;
int name.match ■ 0;
string  fin.name, org.pi.name;

finList •  curNode->GetFaninList(); 
if(finList->ListS ize() 1){

finNode •  finList->Data(0); 
f in.name.erase(); 
fin.name +» finNode->GetName();

cout «  "Error : at " «  LINE « "  in " «  FILE. «" \n ";
cout «  "INV node has more than one fnain nodes.\n"; 
ex it(0 );

>

for(orgPiList->Reset(); !orgPiList->EndOfList();orgPiList->Next()){ 
opiNode * orgPiList->Data(); 
org.pi.name.erase(); 
org.pi.name +• opiNode->GetName(); 
if(fin.name.compare(org_pi_name)M0){ 

name_match++;
>

if(name.match > 1){
cout «  "Error : at " «  LINE « "  in " «  FILE « ,,\n " ;
cout «  "Name match ocurred more than once.\n"; 
exit(0);

return name.match;
>

void spiceInvNameModifyInGlobalChrom(LinkedList<MapGraph *> *gChromosome,
LinkedList<Node *> *orgPiList)

MapGraph *subChrom;
LinkedList<MapNode *> *gateList, *curInList;
LinkedList<MapNode *> *poList;
MapNode *poNoae;
NodeFunc poFunc; 
char *poName;
in t index, gChromSize, qLength; 
in t used.sub.chrom, in .p il is t ;

Queue<MapNode *> Q;

gChromSize -  gChromosome->ListSize(); 
for(index » 0; index <gChromSize; index++){ 

subChrom » gChromosome->Data(index); 
i f ( ! (used.sub.chrom * subChrom->GetUsed())) continue; 
in .p il is t  -  0;

poList » subChrom->GetPoList(); 
if(poList->ListSize() «» 1){ 

poNode * poList->Data(0); 
poName * poNode->GetName();

> else {
cout«"Mapped Subgrap(final solution) ["«index«"] doesn’t  have" 

« "  only ONE primary output node.\n";
cout«"in " «  FILE « "  a t line  "«__LIN E..«".\n";
e x it(0);
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poFunc = poNode->GetNodeFunc(); 
ifCpoFunc *= NODE.INV) {

/* 01-07-2002
* Check i f  fanin of the poNode is  in primary input l i s t  of
* unMapped graph which is  original graph.
* i f  yes, disable current subChrom By setting  used-flag to  "0"
* use special sub-routine because the nodes(Node) in p i l i s t  have
* different from poNode(MapNode)
* /
in .p il is t  » spiceCheckFaninIsInPiList(poNode,orgPiList); 
i f  ( in .p ilis tH

/ /  do not modify by "spiceModifyCur.and.FoName.global" 
continue;

>
qLength ■ 0;
(void)spiceGetFanoutNodesCrossChromosome(gChromosome, poNode, ScQ);
qLength ■ Q.QLengthO;
if(qLength >= 6){ //need to  match (())

(void)spiceModifyCur.and.FoName.global(poNode, ftQ);

while (IQ.QEmpty O H  
 ̂ (void)Q.DeQueueO;

/ /  Print pin map of a node with library cells
void spiceSubChromosome2EldoNet(MapGraph ^subChromosome, in t dual =0)
{

LinkedList<MapNode *> *subGList, *foList, *fiList;
MapNode *curNode, *foNode, *fiNode;
Match *curMatch;
NodeFunc curnode.func; 
char *cur_name, *fi.name; 
in t foerr, cur.len, f i .le n ;

subGList ■ subChromosome->GetGateList(); 
i f  (dualM

(void)spiceCheckSubChrom(subGList);//0315
>
for(subGList->Reset( ) ; ! subGList->EndOfList();subGList->Next()){ 

curNode ■ subGList->Data(); 
curnode.func ■ curNode->GetNodeFunc();

if(curnode.func!*N0DE_P0 kk curnode func!=N0DE_PI){ 
foList * curNode->GetFanoutListO; 
if(foList->ListSize() > 0){ 

for.each(foList){
foNode * foList->Data();

#ifdef SPICE.NET.DEBUG
cout<<"*—: ("<<foNode->GetName()«")

#endif

#ifdef SPICÊ NET̂ EBUG
c o u t« M*—: ( "« ") ";

#endif

cur.name •  curNode->GetName(); 
cur.len ■ strlen(cur.name);

#ifdef SPICE.NET.DEBUG
cout«" H«curNode->GetName();

#endif
curMatch ■ curNode->GetMatch();

/* F iltering  inverters whose input is  N0DE.PI for dual-ra il */ 
if(curnode.func»*N0DE_INV){

fiL ist ■ curNode->GetFaninList(); 
fiNode ■ fiList->Data(0); 
fi.name ■ fiNode->GetName(); 
f i . le n  ■ strlen(fi.nam e); 
ifTfiNode->GetNodeFunc()~NODE_PlH

(void)spicePrintEldoSubcircuit(curNode, curMatch, dual);
) else {

(void)spicePrintEldoSubcircuit(curNode, curMatch, dual);

> l } e i
/ *  End of F iltering  for dual-ra il */

(void)spicePrintEldoSubcircuit(curNode, curMatch, dual);
>

in t spiceFindMinCostGlobalChromosome(LinkedList<GlChrom *> *globalPop,
double popS)

in t spiceFindMinDelayGlobalChromosome(LinkedList<GlChrom *> *globalPop,
double popS)

0.6, max_cost*0.0, min_cost*100000000;

GlChrom *globalChrom; 
in t index * -1, min.pos ; 
double area, to ta l.co s t ■

for(globalPop->Reset(); !globalPop->End0fList();globalPop->Next()){ 
index++;
globalChrom ■ globalPop->Data(); 
area * globalCnrom->area; 
max.cost » Max(max.cost.area);

if(min_cost > areaX 
min.cost “ area; 
min pos * index;

>

to ta l.co st +■ area;

cout«"* Max Cost (area) 
cout«"* Avg Cost (area) 
cout«"* Min Cost (area)

return min.pos;

"< <max_co s t« " \n "; 
"«(total_cost/popS) « " \n " ; 
,,«min_cost«"Vi't ;

GlChrom *globalChrom; 
int index = -1, min. _ 
double delay, total, 
double area;

lelay
- 1 ;
-  0 . 0 , max.delay ■ 0.0, min_delay*100000000;

for(globalPop->Reset(); !globalPop->End0fList();globalPop->Next()){ 
index++;
globalChrom * globalPop->Data(); 
delay * globalChrom->cp_delay;

max.delay * Max(max_delay,delay);

if(delay < min.delayX 
min.delay * delay; 
area -  globalChrom->area; 
min.pos * index;

>

to ta l.delay  +® delay;
>
cout«"* Max Cost(delay) 
c o u t« M* Avg Cost (delay) 
cout«"* Min Cost(delay)

return min.pos;

"«max_delay«"\n";
" « (total.delay/popS)« " \n "; 
"«m in.delay« " Area * "« area« "\n " ;

>

/ / - -  01-19-01
void spiceFanoutOptMappedCellPinNameChange(MapNode *curNode, char *targetName,

char *12_buf_name)

Match *curMatch;
LinkedList<pinMap *> *pinList; 
pinMap *aPin; 
char *net_name;

string net.str.name 
in t new.len;

ta rg e t.s tr ,  12_buf_str;

curMatch ■ curNode->GetMatch(); 
ta rg e t.s tr.e ra se O ; 12_buf_str.erase(); 
ta rg e t.s tr  +■ targetName;
1 2 .B u f .s tr  += 12_buf_name; 
n ew .len  * 1 2 _ b u f _ s t r .s iz e ( ) ;

pinList = curMatch->pinmap;
for(pinList->Reset( ) ; 1pinList->End0fList( ) ;pinList->Next()){ 

aPin ■ pinList->Data(); 
net.name “ aPin->net_node;

net.str.nam e.erase(); 
net_str name +■ net.name;

i f ( ‘net.str.nam e.compare(target.str)){ 
net.name -  (char *)realloc(net_name, new len+1); 

strcpy(net.name, 12_buf_str.c . s t r ()); 
break;

>
>

>

void spiceHighFanoutReditribution(LinkedList<MapGraph *> *gChrom,
MapNode *targetNode, Queue<MapNode *> *Q,
Queue<char +> *bufListQ, in t nFANOUT, in t max depth*-l)

■C
MapGraph *subChrom;
LinkedList<MapNode *> *gateList, *curInList;
LinkedList<MapNode *> *subPoList;
MapNode *curNode, *tfoNode, *outNode;
NodeFunc curFunc, outFunc; 
double NUM.F0_PER.BUF;

char ^targetName, *curName, *tfoName; 
char * ll_ B u f.name, *12_buf.name; 
double fnura.buf * 0 .0 ;

int pos, num.fanout, inum.buf*0, inum.buf_res*0, n; 
int dis.buf.count, array.index, array.value, index; 
in t cur.depth;

NUM.F0_PER.BUF -  (double)nFANOUT; 
targetName -  targetNode->GetName(); 
num.fanout * Q->QLength();

fnum.buf * num.f anout/NUM.FO.PER.BUF; 
inum.buf » (int)fnum buf;
inum.buf.res » (int)Z(fnum.buf - (double)inum.buf) *NUM_F0.PER_BUF +0.1);

co u t« ,,*inum_buf ■ ,,«inum_buf«'' res -  "«inum .buf.res«endl; 
dis.buf.count -  inum.buf*(int)NUM_FO_PER.BUF+inum_buf_res; 
if(d is .buf count !■ num.fanout){

cout« "Distributed buffer count does not match with num.fanout. .\n"; 
cout«"Distributed buffer count » H«dis_buf.count«endl; 
cout«"Num Fanout * "«num_fanout«endl;

>

in t *numFanout -  new in t [inum.buf]: 
for(n-0; n<inum.buf; n++){ / /  in itia liz e  num.buf 

numFanout[nT -  (in t)NUM.FO.PER.BUF;

/ /  d istribu te  remainder ( if  inum.buf.res < inum.buf) — 102601 
for(n*0; n<inum_buf.res; n++){

/ /  get an index of numFanout using random number (max*inum_buf) 
pos -  (int)gaGenRandomNumber((double)inum_buf); 
numFanout[pos] ■ numFanout[pos]+1;

>

/* th is  if-statement may not needed */
if(num.fanout *■7 1) num.fanout ■■811 num.fanout ■■ 9){ 

delete [] numFanout;
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in t *numFanout -  new in t [2]; 
if(num.fanout == 8){ 

numFanout[0] * 4; 
numFanout[1] = 4;

>else if(num.fanout == 7){ 
numFanout[0] = 4; 
numFanout[1] = 3;

> else {
numFanout[01 = 4; 
numFanout[l] ® 5;

/ /  create a master buffer 
bufListQ->QInsert(targetName);
ll.buf.name * (char *)calloc(strlen(targetName)+2, sizeof(char)); 
if(targetName[strlen(targetName)-1]«® ’ V ’ H

strncpy(li_buf_name, targetName, strlen(targetName)-l); 
strcat(ll_buf.name, "b");

> else {
strcpy(ll_buf.name, targetName);

strcat(ll_buf.name, "p"); 
bufListQ->QInsert(ll.buf.name);

array.index * 0;
array.value - numFanout[array.index];

/ /  in itia liz e  12_buf_name
12 buf name* (char *)calloc(strlen(ll_buf_name)+2,sizeof(char)); 
stfcpyd2_buf_name, ll.buf.name);
sprintf(12_buf.name, "%s7«d", 12_buf_name, array.index); 
bufListQ->QInsert(ll.buf.name); 
bufListQ->QInsert(12_buf.name);

index = -1;
/* Here, Q contains the fanouts of targetNode * /  
while ( !Q->QEinpty()) {

tfoNode -  Q->DeQueue(); 
if((cur.depth = tfoNode->GetLevel())==max_depth) continue;

tfoName * tfoNode->GetName(); 
cout«"*tfoName * M«tfoName«"\n"; 
cout«"*array .value ■ "<<array_value«" "; 
for(gChrom->Reset(); !gChrom->EndOfList();gChrom->Next()){ 

subChrom ® gChrom->Data(); 
subPoList ■ subChrom->GetPoList(); 
pos = -1;

/*  i f  a subChrom’s output name ® tfoName(target’s fanout), skip 
* /

if((pos=subChrom->FindNode(subPoList, tfoName))!®-l){ 
outNode = subPoList->Data(pos);
if((outFunc * outNode->GetNodeFunc())” N0DE_P0) continue;

gateList ® subChrom->GetGateList();
/* i f  tfoName is  in subChrom’s gateList, more specifically,
* i t ’s in subChrom’s p iL ist.

if((pos=subChrom->FindNode(gateList, tfoName))!*-l){ 
curNode ® gateList->Data(pos); 
curName * curNode->GetName();
i f ( (curFunc=curNode->GetNodeFunc() )®«NQDE_PI) continue;
/ /  fanin name change ??

/ /  Global level of mapped node
prin tf ("curNode -  */,s (glevel ■ */,d) (llevel ® 7,d)\n", 

curName, curNode->GetGLevel(),curNode->GetLevel());

curlnList ® curNode->GetFaninList();
if((pos«subChrom->FindNode(curIhList, targetName))!■-!){ 

index++;
cout«"*Index ■ "«index«endl;
(void)spiceFanoutOptMappedCellPinNameChange(curNode,

targetName, 12_buf_name);

i f  ( (array.value-l) ®®0) { 
array.lndex++; 

i f  (array.index >■ inum.buf) break;
cout«"*array_INDEX • "«array_index«endl; 
array.value ® numFanout[array.index];
12_buf.name®

(char *)calloc(strlen(ll.buf.nam e)+2,sizeof(char)); 
strcpy(12_buf_name, ll.buf.name);
sprintf(12_buf.name, "7.s7«d", 12_buf_name, array.index); 
bufListQ->QInsert(ll_buf.name); 
bufListQ~>QInsert(12.buf.name);

> else {
array value—;

>
> / /  i f  tfoName id found

gChromSize ® gChromosome->ListSize(); 
for(index ■ 0; index <gChromSize; index++M 

subChrom = gChromosome->Data(index); 
used.sub.chrom ® subChrom->GetUsed(); 
i f (!used.sub.chrom){ 

continue;
>

poList * subChrom->GetPoList(); 
if(poList->ListSize() ** 1H

sub.o.node * poList->Data(0);
sub out.name ® sub.o_node->GetName();

> else {
cout«"Mapped Subgrap(final solution) ["«index«"] doesn’t  have"

« ” only ONE primary output nodeAn";
cout«"in  " «  FILE « "  at line  " «  LINE «"A n ";
e x it(0);

>

/ /  Find the number of fanouts of sub.o.node (nodeType of 
/ /  sub.o.node is  either N0DE.P0 or N0DE_PTL1,2,3/N0DE_INV...)  
outFunc * sub.o_node->GetNodeFunc(); 
qLength ® 0;

maxDepth=spiceGetFanoutNodesCrossChromosome(gChromosome,sub.o.node,&Q); 
qLength = Q.QLength();

if(qLength >*nFANOUT kk outFunc ?» NODE.INV){
cout«"\n*curNode ® "<<sub_out_name«" : qLength ■ "<<qLength«endl; 

cout «  "*MaxDepth ® "«maxDepth«"\n";
/* After th is  routine, network connectivity is  broken because
* the fanin name of the node in Q is  changed, but a fte r  generating
* Spice net the netwok connectivity is  OK.

*/
(void)spiceHighFanoutReditribution(gChromosome, sub.o.node, &Q, 

bufListQ, nFANOUT, maxDepth); 
while(!Q.QEmpty()H / /  Clear Queue 

(void)Q.DeQueueO;

> else {
while( ! Q. QEmptyO) { / /  Clear Queue 

(void)Q.DeQueueO;

>
>
return bufListQ;

void spiceBufferList2EldoNet(QueueCchar *> *bufListQ, in t dual ■ 0)
■C

int buf.index « -1, name.len; 
char *sig_in, *sig.out, *tmp.name;

cout«"\n* Printing Buffers for fanout re-distribution\n"; 
while(!bufListQ->QEmpty()){ 

buf_index++;
sig .in  ■ bufListQ->DeQueue(); 
sig_out ® bufListQ->DeQueue(); 
name.len * s tr len (s ig .in ) ; 
if(sig.in[nam e_len-l]*■’\ ’ ’){

tmp.name ■ (char *)calloc(name.len, sizeof(char));
strcpy(tmp.name, sig .in );
tmp.name[name.len-1} ® ’\0 ’ ;
p rin tf  ("xb%d\t7,s", buf .index, tmp.name);
printf("'/.s ", "b");
if(dual){

p rin tf ("/Js " ,tmp_name);
>
printf("Xs " .sig .out); 
if(dual) {

prin tf ("7,s", s ig . out); 
printf("7.s ", "b");

>
printf("VDD invl\n"); 
free(tmp.name);

> else {
printf("xb7.d\t7.s ",buf_index, sig .in ); 
i f  (dualM

prin tf ("7.s", s ig .in ) ; 
printf("7.s ", "b");

>
printf("7<s ", sig .out); 
if(dual) {

prin tf ("7.s", s ig .o u t); 
printf("7.s ", "b");

>
printf("VDD invl\n");

Queue<char *>
*spiceGlobalChromFanoutReDistribution(LinkedList<MapGraph *> *gChromosome,

Graph *origNet, in t nFANOUT)
f

MapGraph *subChrom;
LinkedList<MapNode *> *poList;
Queue<MapNode *> Q;
MapNode *sub_o_node; 
char *sub.out_name;
NodeFunc outFunc;
in t index, gChromSize, qLength;
in t maxDeptn, used.sub.chrom ® 0;

Queue<char *> *bufListQ ® new Queue<char *>; / /  return value 

/ /  10-28-01
(void)dlySetGlobalDepthOfGlobalChromosome(gChromosome.origNet); 
(void)dlyGlobalNodesDepthFromPO(gChromosome, origNet);

void spiceGenerateSpiceNet(LinkedList<GlChrom *> *globalPop, double popS,
Graph *origNet, LinkedList<LibCell *> *cellLibrary, 
in t nFout ® 0, in t dual ® 0, in t min.delay®0)

GlChrom *globalChrom;
LinkedList<MapGraph *> +gChromosome;
LinkedList<MapNode *> *subPoList, *subPiList;
MapNode *subPoNode; 
NodeFunc subPoFunc; 
MapGraph *subChrom; 
int g_pos, index ® •

char *network_name; 
LinkedLlst<Node *> *piList 
Node *tmp_Node; 
char *tmp_name;

1. in .p il is t ,  qLength; 

♦poList;
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Queue<char *> *bufListQ;
Queue<MapNode *> Q;

network.name = origNet->GetName(); 
p iL ist * origNet->GetPiList(); 
poList = origNet->GetPoList();

if(min_delay — 1){
p r in tf ("* Min delay Global Chromoaome.\n");

p rin tf  ("\n\n* Eldo net l i s t  for '/,s\n", network_name);

printf("\n*.LIB “geunc/MCNC/TSMC/Eldo_Par/log018.eldo53 TT\n");
p r in tf ("*.LIB -geimc/MCNC/TSMC/Eldo_Par/mix025_l.eldo53 TT\n\n");
(void)spicelncludeCells(dual);

I t  Primary Inputs 
//cou t«"\n*  Primary Inputs : 
cout<<"\n*i
for(piList->Reset(); !piList->EndOfList();piList->Next()H 

prin tf ("‘/,s ", piList->Data()->GetName());
>
co u t«"\n";

/ /  Primary Outputs 
cout«"*o
for(poList->Reset(); !poList->EndOfList( ) ;poList->Next()){ 

printf("%s ", poList->Data()->GetName());

cout<<"\n\n";

if(min_delay == 0){
g.pos « spiceFindMinCostGlobalChromosome(globalPop, popS); 
globalChrom * globalPop->Data(g_pos); 
gChromosome -  globalChrom->gChromosome;

> else {
g_pos = spiceFindMinDelayGlobalChromosome(globalPop, pops); 
globalChrom = globalPop->Data(g_pos); 
gChromosome = globalChrom->gChromosome;
(void)gasEvaluateGlobalChromosomeDelay(origNet, globalChrom,cellLibrary);

>

(void)gasSetSubChromUsedFlaglnGChrom(gChromosome); //check used sub chrom 
if(dual){

(void) spiceInvNameModifyInGlobalChrom(gChromosome, p iL is t); //010702
>

if(nFout > 4) ■{
buf ListQ=spiceGlobalChromFanoutReDistribution(gChromosome,origNet,nFout);

>

for(gChromosome->Reset(); !gChromosome->EndOfList() ;gChromosome->Next()H
index++;

subChrom = gChromosome->Data();
//cou t«"\n*— SubChromosome # ["« index«"]\n";

/* 01-07-02 */
subPoList -  subChrom->GetPoList(); 
subPoNode -  subPoList->Data(0): 

subPoFunc -  subPoNode->GetNodeFunc();

subPiList -  subChrom->GetPiList(); 
in .p il is t  -  0;

qLength « 0; 
if(subPoFunc *« N0DE_INV){

in .p il is t  * spiceCheckFaninlsInPiList(subPoNode,p iL is t) ;
/ /  check faout in global-chromosome, i f  < 7 do not p rin t.

(void)spiceGetFanoutNodesCrossChromosome(gChromosome, subPoNode,&Q); 
qLength * Q.QLength();

//c lea r  Q
while(! Q. QEinpty ()) { (void) Q. DeQueue (); >

01-07(08)-02 */

1 IIi f  ((dual--l ftft (subChrom->GetUsed()“**0 I I in .p il is t '
((qLength < 6) ftft (subPoFunc NODE.INV)))) I I 

(dual“ 0 ftft (subChrom->GetUsed()“*s0)) ){ //01-08-02(())
> else {

cout«"\n*— SubChromosome # ["« in d ex « "]\n " ;
(void)spiceSubChromosome2EldoNet(subChrom, dual);

>
gChromosome->Reset(index); //g e t back to the orig pos 

>

if(nFout > 4) {
(void)spiceBufferList2EldoNet(bufListQ, dual); 
delete DufListQ;

cout«"\n*— Output capacitances\n"; 
in t out.idx -  0;
for(poList->Reset(); SpoList->End0fList () ;poList->Next()H

prin tf ("cXd\t‘/,s\tGND\t20f\n", out_idx++, poList->Data()->GetName()); 
if(dual){

p rin tf ( ,lcXd\tXsb\tGND\t20f\n",out.idx++,poList->Data()->GetName());

> }
co u t«"\n";

cout«"*— Electrical source definition(s)\n";
cout«"v0\tGND\t0\tDC\t0\n";
cout« "vdd\tVDD\tGND\tDC\t2.5v\n";

cout«"\n*— Inputs \n"; 
index -  0;
for(piList->Reset(); JpiList->End0fList();piList->Next()){ 

tmp.Node * piList->Data(); 
tmp.name -  tmp_Node->GetName();

p rin tf ("*v'/,d\t’/,s\tGND\tpulse(", index++, tmp.name); 
p r in tf ("0 2.5 0 lOOp lOOp 5n 13n)\n");

>
co u t«"\n";

cout«"*— Simulation options and defin itions\n";
printf(".tem p 25\n");
p rin tf("* .tran  0.3n 13n\n");
p r in tf (" .plot tran ");
int res * 0;
index ** 12;
for(piList->Reset(); !piList->End0fList();piList->Next()){ 

tmp.Node * piList->Data(); 
tmp.name » tmp_Node->GetName(); 
p r in tf (”v(7,s) ", tmp.name); 
index ■ index+4+strlen(tmp_name); 
res * index'/,80;
if(res>73 ftft res<=79 II res**0){ 

cout«"\n*+ ";

> J
//cout«"\n*+ ";
for(poList->Reset(); !poList->End0fList() ;poList->Next())-( 

tmp.Node = poList->Data(); 
tmp.name ■ tmp_Node->GetName(); 
p rin tf("v (‘/,s) ", tmp.name); 
index -  index+4+strlen(tmp.name); 
res = index’/,80;
if(res>73 ftft res<=79 11 res**0){ 

cout«"\n*+ ";

> }
co u t«"\n"; 

cout«" .END\n\n\n";

* main.cc
********************************************************************/ 

#include <fstream.h>
#include <stdlib.h>
#include <ctype.h>
#include <string.h>
#include <stdio.h>
#include <math.h>
#include <new.h> 
ffinclude <time.h>

#include "eqn.stack.h"
#include "eqn.opr.h"
Sinclude "Node.n"
#include "LinkedList.h"
#include "Graph.h"

ttinclude "MapNode.h"
#include "MapGraph.h"
#include "Utils.h"

#include "Queue.h"
#include "Stack.h" 
ttinclude "util.h"

ttdefine ADD.INVERTER 
ttifdef ADD.INVERTER

ttdefine 0NLY.N0R.NAND.INV 
ttdefine DEPTH.FOR.FUNC 7

ttdefine DEPTH F0R.FUNC 4 
ttendif

ttdefine MAKE.BALANCED.GRAPH 
ttdefine MATCH.BASED.ON.DEPTH 
ttdefine 0UTPUT.L0AD.CAP 3

ttdefine NUM.GL0BAL.CHR0M0S0ME 10 
ttdefine 0UTPUT.L0AD.CAP 3 
ttdefine NUM.GL0BAL CHROMOSOME 10 
ttdefine CHR.RAND0M 0 
//ttdefine READ.EQN DEBUG 
//ttdefine BAL.GRAPH.DEBUG

ttdefine MATCH.PIN.DEBUG

in t sub.idx ~ -1;

ttinclude "Read.eqn.cc" 
ttinclude "Subgraph_Bdd_new.cc" 
ttinclude "Reaa.lib.new.cc" 
ttinclude "Permute.cc" 
ttinclude "Match.depth.cc" 
ttinclude "Delay_cal_new.cc" 
ttinclude "Gacover_sub_dPTL.cc" 
ttinclude "Spice.net.cc"

ttdefine WITH.ARG

in t main(int argc, char *argv[])
{

char *lib_name ■ "/home/cho/Research/Work.dly/CellLib/csu.static.ptl.lib" 
in t dual ■ 0, subPopSize ■ 5;
in t max_gen_count*10, gPopSize ■ SO, nFanout-5; 
double m.rate -  0.35, delta  -  0.25, REQ TIME-30; 
int fDepth « DEPTH.F0R.FUNC;

ttifdef WITH.ARG
char *file_name; 
i f  (argc < 9M

cout«"Error : the tt of arguments must be 9 or i0 .\n"; 
cout«"Use : pgm .s l i f  fDepth pop.size"

« "  num.gen mu.rate delta treq  nFanout Cdual].\n"; 
e x i t ( l ) ;

> else if(argc - -1 0  II argc - -  11){
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file.name ■ argv[l]; 
fDepth = atoi(argv[2]); 
gPopSize = atoi(argv[3]); 
max.gen.count = a toi(argv[4]); 
m.rate * atof(argv[5]); 
delta  ■ atof(argv[6]);
REQ.TIME = atof(argv[7]); 
nFanout * atoi (argv[8] ) ; 
dual = atoi(argv[9]);

if(argc *= 11){
subPopSize * atoi(argv[10]);

>
#endif

LStack<Node *> *nodeStack;
Node ^targetNode;
DdNode *f ■ new DdNode;
DdNode *g ** new DdNode;

Graph *and2orNetwork = new Graph, *sGraph;
LinxedList<LibCell *> *cellLibrary;
LinkedList<Graph *> *subGList;

in t index, gen_count=0;
time_t match.start.TIME, match_end_TIME;
double to ta l.tim e, itr_start_tim e, itr.end.tim e, start_time, end_time; 
time_t start.TIME, end.TIME, itr.start.TIM E, itr_end_TIME; 
double r_val * 0.0;

/ /  Read logic network described in boolean equation, and convert to into 
/ /  a graph
and2orNetwork * Read_eqn(file.name);

/ /  read cell library
cellLibrary = libReadLibrary(lib.name);

/ /  Get subject-graph l is ts  of a graph 
subGList * GetSubjectGraphs(and2orNetwork);

match.start.TIME = time(NULL);

/ /  Matching Stage
cout«"\n---------Num sub-graph * " «  subGList->ListSize()«"\n";
for(subGList->Reset(); ! subGList->EndOfList( ) ; subGList->Next()){ 

sGraph = subGList->Data();
(void) subglnitLevel(sGraph);
cout«"GRAPH :: "<< sGraph->GetName() « " \n ";

//candidate node for match
nodeStack ■ matchGetGateListOfSubGraph(sGraph);
(void)fflush(stdout); 
while(!nodeStack->Empty()){

targetNode ■ nodeStack->Pop(); 
i f  (strcmp(targetNode->GetName() , "$51' ")“ 0){ 

cout « ” $26 \n";

(void)matchDoBooleanMatch(and2orNetwork, sGraph, targetNode, 
cellLibrary, f , g, fDepth);

>
delete nodeStack;

>

match.end.TIME * time(NULL);
printf("*MATCH_Elapsed_TIME(sec) “ 7«f\n",

difftime(time(NULL),match_start.TIME));

/ /  for Genetic Covering 
LinkedList<MapGraph *> *subgPop;
LinkedList<LinkedList<MapGraph *> *> *subPList = \

new LinkedList<LinkedList<MapGraph *> *>;

LinkedList<GlChrom *> *globalPop ■ new LinkedList<GlChrom *>;

/ /  Covering using Genetic Algorithm
LinkedList<Node *> *mfpList -  new LinkedList<Node *>;
(void)gasGetMfpNodeList(and2orNetwork, mfpList);
cout «  M\ n  Printing MFP nodes ........................\n";
(void)and2orNetwork->PrintNodesDfList(mfpList);

start_time * seconds():
startJTCME ■ time(NULL):
p rin tf ("Start time ■ ’/,f\n", s ta r t  _time) ;

/ /  Generate sub-population
LinkedList<Node *> ^subOutList * new LinkedList<Node *>:
(void)gaEnumerateSubgOutNodes(subGList, subOutList); //04-26-01 
index * -1;
for(subGList->Reset(); !subGList->EndOfList();subGList->Next())< 

index++;
sGraph » subGList->Data();
(void) subgInitLevel(sGraph);

/ /  Get in i t ia l  population (genome is  a tree  [graph])
cout «  " \ n -------------Sub-graph Population : r graph # ■ "

<<index<<"\n";
subgPop ■ gaInitPopulation(and2orNetwork, sGraph, subOutList, 

subPopSize);

r .va l ■ gaEvaluatePopulation(subgPop, cellLibrary); / /  ju st for area 
if(r_val ** 0.0){

p rin tf ("In J/.s at line  Xd\n", __FILE__, __LINE_.); 
sGraph->PrintAHNodes();

 ̂ exit(0);

subPList->InsertRear(subgPop);
>

/ /  In itia liz e  Global Population 
GlChrom *globalChrom;
LinkedList<MapGraph *> *gChromosome; 
in t v a lid ,i , num.subg, max.pos;

num.subg * subGList->ListSize(); 
double gDelay;
double old.cost[num.subg], avgPopCost[num.subg]; 
double costDiff;
double gChromArea, maxArea, tReq; 

tReq = REQ.TIME;
//cout «  "\n .......................Printing MFP nodes..........................\n " ;
(void)gasInitGlobalPopulation(and2orNetwork, globalPop, subPList, mfpList, 

cellLibrary, gPopSize, tReq);

/ /  GA
/ /  Select, Crossover, and Mutation 

/ /  Evaluation Subpopulation
for(subPList->Reset() ,i**0;!subPList->End0fList () ;subPList->Next() ,i++H 

subgPop * subPList->Data();
avgPopCost [i] ■ gaEvaluatePopulation(subgPop, cellLibrary); 
cout << "Average Pop Cost ■ "<<avgPopCost[i]<<"\n"; 
old cost[i] * avgPopCost[i];

>
in t gchrom.itr; 
gen.count = 0;
cout << "\n ....................  Optimizing Global Population..............\n";
p rin tf  ("Optimization s ta r t  time -  I t \n " , secondsO); 
while(l){

gen_count++;
i tr .s ta r t .tim e  -  secondsO: 
itr.start.TIM E * time(NULL);

cout «  "\n\n I t r  # — "«gen_count«"\n\n";
for(subPList->Reset( ) ,i=0;!subPList->EndOfList(); subPList->Next( ) ,i++){ 

subgPop * subPList->Data();
subGList->Reset(i); sGraph ■ subGList->Data();
(void) gaSelectCrossover(subgPop, cellLibrary, sGraph,subOutList); 
avgPopCost[i] * gaEvaluatePopulation(subgPop, cellLibrary);

//Percentage Difference
costDiff ■ 100*((old_cost[i]- avgPopCost[i]) /o ld .c o st[i]); 
if(costD iff < delta  ){

(void)gaDoRateMutation(and2orNetwork, sGraph, subOutList, 
subgPop, m .rate);

o ld .co st[i]- avgPopCost[i];
>

/ /  Update Global Population 
gchrom.itr ” -1; 
while(l){

valid * 0;
globalChrom « gasGetRanGlobalChromosome(and2orNetwozk, subPList,

mfpList, CHR.RANDOM);
if(globalChrom !■ NULL){

gChromosome -  globalChrom->gChromosome;
gDelay-gasEvaluateGlobalChromosome(and2orNetwork,globalChrom, 

cellLibrary,ftgChromArea); 
max_pos~gasGetGlobalMaxCostChrom(globalPop, AmaxArea);

#ifdef GL0BAL.ITERATI0N.DEBUG
cout«"—G Chrom Area -"«gChromArea 

<<" Delay ■ "«gDelay«"\n"; 
cout«" G Pop MaxArea - H«maxArea « " \n " ;

ttendif
if(gDelay <• REQ.TIME (maxArea > gChromArea)){ 

globalPop->Reset(max_pos); 
delete globalPop->DeleteCurrentElem();

flobalPop->InsertRear(globalChrom); 
reak;

>else if((gDelay > REQ.TIME) k i  (maxArea > gChromArea)){ 
globalPop->Reset(max_pos); 
delete globalPop->DeleteCurrentElem(); 
globalChrom->area -  100000.0+(gDelay-REQ_TIME)*lel3; 
elobalPop->InsertRear(globalChrom); 
break;

>else <
delete globalChrom; 
break;

itr.end.tim e -  secondsO;

(void)gasPrintGlobalPopPrintShort(globalPop, gPopSize); 
printf("TIM E.for.Iteration » 7,f\n",

di f f t  ime(t  ime(NULL),itr_start_TIME)); 
p rin tf ("TIME.Cover_Acc ■ 7.f\n",

difftime(time(NULL), start.TIME)); 
p rin tf ("TIME.Match.Cover.Acc ■ */,f\n",

difftime(time(NULL),match_start_TIME));

printf("T im e.for.Iteration ■ 7.f\n", (itr.end.tim e - i tr .s ta r t .tim e )) ; 
p rin tf (" Itr .s ta rt.tim e  » 7.f " .i tr .s ta r t.t im e ) ;  
p rin tf ("Itr.end.tim e ■ -  7.f\n", itr.end.tim e);

if(gen.count >- max.gen.count){ 
break;

>
>
end.time -  secondsO;
p rin tf  ("*Elapsed_TIME(sec) ■ 7.f\n", difftime(time(NULL) .start.TIME)); 
printf("*Elapsed_TIME_W_MATCH(sec) ■ 7.f\n",

difftime(time(NULL),match_start.TIME));
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sub.idx = -1; 
dual =0;
(void)spiceGenerateSpiceNet(globalPop,gPopSize,and2orNetwork,cellLibrary, 

nFanout,0):
/*
sub.idx = -1; 
dual =1;
(void)spiceGenerateSpiceNet(globalPop,gPopSize,and2orNetwork,cellLibrary, 

nFanout,dual);
* /

cout«"\n*Circuit * " «  file.name « " \n "; 
cout«"*Library ■ " «  lib.name « " \n " ; 
cout<<"*max_gen_cout = "«max_gen_count 

« "  gPopSize •  "«gPopSize 
« "  nFanout = "«nFanout«"\n"; 

cout«"*m_rate ■ "«m_rate 
« "  delta  * " «  delta 
« "  depth * "«DEPTH_FOR_FUNC «endl;

cout«  "*Start Time ■ "« sta rt_ tim e« ,, : End Time * "«end tim e«"\n"; 
p rin tf ("*Elapsed Time(sec) = */.f\n", (end.time - s ta r t.t im e j) ;

p rin tf ("\n*Elapsed_TIME(sec) * 7,f\n", difftime(time(NULL) ,start_TIME)) ; 
printf("*Elapsed_TIME_W_MATCH(sec) -  '/.f\n",

difftime(time(NULL).match.start.TIME));
delete mfpList; 
delete and2orNetwork; 
ex it(0 );

######################################«###################» 
# Make f i le  for mixed PTL/Static Synthesis package 
###################################& ########fe####8######### 
#— g++ version 2.96 
CC -  g++

CUDD * /home/cho/CUDD/cudd-2.1.3 
WORK * /home/cho/Research/Work.dly

ICUDD = $(CUDD)/include IWORK = $(WORK)/Include

INCLUDE = -I$(IW0RK) -I$(ICUDD)
#ICFLAGS -  -0 
#CCFLAGS = -g -06 -Wall 
CCFLAGS * -g

LIBS * -L$(CUDD)/lib -lcudd -1st - lu t i l  -lmtr -lm 
0BJS1 = main.o 
0BJS2 -
OBJS -  $(0BJS1) $(0BJS2)
SRCS * $(0BJS:.o=.cc)

TARGET -  map
a l l  : $(TARGET) $(TARGET) : $(0BJS)

$(CC) -N -o $0 ${0BJS> ${INCLUDE> $(LIBS) 
main.o : main.cc

$(CC) -c $(SRCS) $(CCFLAGS) $(INCLUDE)
clean :

rm -f  *.o core $(TARGET) map.pure
new :

$(MAKE) clean 
$(MAKE)

############ End of Make File #######################
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