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ABSTRACT OF DISSERTATION

MIXED PTL/STATIC LOGIC SYNTHESIS USING GENETIC ALGORITHMS:
THEORY AND APPLICATIONS

With 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 (Ultra Deep-SubMicron) regimes. As
the complexity of a chip increases almost exponentially as CMOS (Complementary
Metal-Oxide Semiconductor) technology scales to under 100nm, 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 Automation) solutions have become more and more relevant in
ensuring successful chip designs and time-to-market.

Static CMOS logic style has long been used widely to realize a VLSI system
because of ease to use and well-developed synthesis methods. With 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 without sacri-
ficing performance. Pass-transistor logic (PTL) is being considered as an alternative
logic style of static CMOS because static logic consumes a large amount of power due
to large short circuit current. Generally, PTL 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.

1l
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In this dissertation, a new mixed pass-transistor logic (PTL) and static CMOS
logic synthesis method is presented. The main advantage of mixed PTL/Static cir-
cuits is that the static CMOS acts as a buffer as well as performs a logic function. The
proposed synthesis method searches for possible matches between a logic structure and
a set of predefined PTL/Static logic gates using Binary Decision Diagrams (BDDs).
This proposed mixed PTL/Static synthesis method also optimizes the final mapped
circuits on a global level by using genetic algorithms (GAs). Our experimental results
demonstrate that circuits synthesized using our proposed mixed PTL/Static synthe-
sis method outperform their static counterparts in delay or power consumption, or
both in various CMOS technologies. The impacts of technology scaling on mixed
PTL/Static circuits in terms of performance and power consumption are also exam-
ined by means of both theoretical projections and experiments. The projection and
experimental results give more evidence that the mixed PTL/Static 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

Department of Electrical and Computer 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. With 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-
‘mg 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 that a system consumes can
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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 Architecture or behavioral level

Architecture 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 primarily 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 that the literal counts are reduced. When targeting power consumption,
because the cost function is not only the literal count, but also the switching activity,
modified kernel extraction methods that target switching activity are proposed in [5].
After a technology-independent optimization of a set of logic equations takes place,
the results generally must be mapped in a feasible circuit that optimizes power while

it also meets delay constraints.
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Don’t care optimization is a component of technology-independent optimization.
The don’t care optimization method exploits controllability and observability don’t
cares associated with a combinational circuit. Don’t cares can be exploited to improve
delay[6] or to reduce switching activity and power consumption[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 that
of static CMOS logic, PTL generally consumes less power than static CMOS logic.
The fact that 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 that 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 PTL/Static CMOS circuit. Unlike
conventional PTL design, where dedicated buffers are inserted in pass-transistor trees
to restore driving strength, the mixed PTL/Static circuit allocates a certain number of

static gates at optimal locations within pass-transistor trees to boost driving strength
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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 PTL/Static 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 mature in comparison to static
synthesis environments. However, mixed PTL synthesis remains very important 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 impacts 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 output signal is re-
stored by the extra level restoring logic at the output of a PTL gate. The existence of
level-restoring logic at the output of PTL gates not only slows down the PTL gates
due to potential drive-fights, but also increases their power consumption.

During logic synthesis, technology mapping play an important role in reducing
power. Because the technology mapping process is to select the best match among
the possible different matches at each node of a given decomposed circuit using base

functions such as NANDs and INVs, the applied selection method is very important.
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The objective function of the mapping process can be area or power under delay
constraints, or vice versa.

Dynamic programming[17] has been widely used to solve the technology mapping
problem[18, 19, 20, 21]. This method is efficient for an area optimization. The
method’s main drawback, however, is that it does not guarantee the optimality for
timing or power because the load capacitance of a node is not determined yet when
a match is considered. Therefore, the delay cannot be calculated at the time of the
mapping. In [19], an improved method has been proposed to estimate 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 that 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 that utilizes only
non-inferior area-delay points, but 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 attempt was made to
optimize the overall circuit at the global level. A greedy search algorithm proposed
in [13] to determine the best mappings for mixed PTL/Static circuits also ignores
global level optimization.

The limitations of the existing methods can be summarized as follows: (1) The
use of PTL cells with nMOS or pMOS only in the signal path significantly impacts
power consumption and circuit performance. (2) Technology mapping 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 terms of power consumption and performance.
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1.3 Research Objectives and Organization of the
Dissertation

1.3.1 Objectives

The objectives of this research are to explore appropriate PTL cell types for
mixed PTL/static logic and to develop a new technique for mixed PTL/Static CMOS
circuit synthesis method that can optimize the circuits at global level. Also, the
scalability of mixed PTL, including performance, dynamic power consumption, and
leakage power consumption, will be examined.

The proposed method is as follows. First, appropriate PTL cell types for mixed
PTL/Static 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 static 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 PTL was performed on the 0.25um technology generation or
older. With current process generation moving beyond the 0.25um generation and
into the 0.18um, 0.13um, and 0.1um generations, this paper attempts to directly ad-

dress the issues of PTL scalability by projecting the trends of performance, dynamic
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power consumption, and leakage power consumption on future CMOS technologies be-
yond 0.1um, and presenting new comparative results using more up-to-date 0.18um,

0.13um, and 0.1um CMOS technologies.

1.3.2 Organization

The organization of the dissertation is as follows. In Chapter 2, first, three dif-
ferent logic implementations including mixed PTL/Static logic implementations are
examined and preliminary experimental results are presented. Then, PTL cell types
that 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 Chapter 3, the proposed logic mixed PTL/Static logic synthesis is also
presented. In Chapter 4, the proposed mixed PTL/static 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 Chapter 6, first, the experimental results on the mixed
PTL/Static and static CMOS circuits in a 0.25um, 0.1pm CMOS, and a 0.13um SOI
technologies will be presented. Second, the impact of technology scaling on mixed
PTL circuits will be presented by comparing with 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 Chapter 7.
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Chapter 2

On mixed PTL/Static logic

2.1 Introduction

This Chapter 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], attracted 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 0.5um and 0.3um 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] that 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 at 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 without 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 PTL/Static logic structure will
be presented to show more evidence of mixed PTL/Static’s potential advantages.
Because PTL cell type is very important 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 Mixed PTL/Static Circuit

In this section, we compare mixed PTL circuits with conventional PTL and pure
static circuits in terms of power, delay, and power-delay-product (PDP). The mapping

method for each circuit style will be described briefly.
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2.2.1 Properties of Pass-Transistor Chains

The average dynamic power, F,,, consumed by a CMOS gate is given by
Po=VZ f-Cp- A (2.1)

where Vg is the supply voltage, f is the operating frequency, Cj, is the total load
capacitance driven by the gate, and A; is the switching activity of the gatel. Vg, f,
and A; are fixed. Decreasing Cp will have a positive impact 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 estimated as t; = 7,, - N2 where 7,, 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 0.25um 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 that 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 without an intervening static gate for this process.

Another issue with pass-transistors is that they do not have full output voltage

swing. The high output voltage is limited to Vyy — V}, for an nMOS transistor chain

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

10

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



x10°

35 T T T T
1 : Delay of Passtransistor Chain (Input Rising)
2 : Delay after Inverter (Input Rising) | : K e i & .
33 Delay of Passtransistor Chain (input Falling) -~~~ .3 . Delay.of PasstranSLstoerhaln‘(lnpu‘t.Falhng)”H
4 : Delay after Inverter (input Falling) | ‘ P 4. Delay.after.Inverter.(Input Falling) .-.......... S
B : N ) N N %
: : i > : : *
254 . %
0
£
T ol o
‘g' :?; 103 ......
8 5
315¢ =
e LI 55 N N
o S P AN R S
Y
1 L... d‘-)
05r-
- ) ‘ : ;
0 . 10 1 1 1 1
0 2 4 6 8 10 0 2 4 6 8 10
. . Number of Transigtors . . i
(a) Relationship Petween > The # of pass- (b) RelatlonshlpNug‘g%wtfag%nsﬁt?{g # of pass-
transistors in a chain and delay transistors in a chain and percentage increase
in delay

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

where V;, is the nMOS threshold voltage. We had hoped to use this limited volt-
age swing to reduce the dynamic power consumption. However, this output voltage
was not high enough to completely turn 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 at the output
of each PTL cell to restore the swing all the way to V. The size of inverter and
pull-up pMOS was chosen in such a way that the loading effect at the cell output is

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

2.2.2 Conventional PTL and Static Circuits

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 method 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 with 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 that
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
= yéslzsll'lz + 8180%2T1 + S5T2T1T0 + YoS2515072 (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 NP-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 third step tractable. The third step is called
covering[19, 34, 22] and consists of trying to match 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 timing constraint.

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

Figure 2.2(b).
2.2.3 PTL/Static Hybrid Circuit Implementation

The approach used in this chapter to the mixed PTL/Static circuit implementa-

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

12
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(a) Conventional PTL logic implementation (b) Pure Static logic implementation

Figure 2.2: Logic implementations of equation (2.2) in conventional PTL and pure
static circuits.
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(a) Pass-transistor logic cells (b) Mixed PTL/Static logic implementation

Figure 2.3: PTL cells and mixed PTL implementation of equation (2.2).
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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 OR’s, and inverters in our case. The
primary purpose of this step is to express all local functions as simple functions and
is required to ensure that every node is covered by at 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 mapping 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 method as that used in SIS. Our method differs from
the SIS method in two ways. First, three PTL 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. With 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 PTL cell must be from static cells. Second, all outputs from a PTL cell
must be to static cells. These rules assure that two PTL cells are never connected in
series, and thus no more than two pass-transistors are in series at any point in the
circuit. These rules needs to be followed to keep the delay at 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
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of mixed PTL implementation is shown in Figure 2.3(b), where the function f given

in equation (2.2) is implemented.

2.2.4 Simulation Results of mixed PTL/static 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 PTL /static. The characteristics of three circuits
are summarized in Table 2.1. These three circuits are implemented using a commercial
0.25um CMOS process with Vdd = 2.5V. 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 that 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 PIs | 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. Qut 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 that, at 0.25um, 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 that
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 Summary on mixed PTL/static 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, but 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 that the proposed scheme can
yield over 10% 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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b) PTLFUP d) PTL+

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.

2.3 PTL Cell Types

Power consumption and circuit performance of a PTL-based circuit depend on
the PTL cell types used in the circuits. But not enough work has been done in
comparing the effects of PTL cell types for mixed PTL/Static 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/CMOS circuits.
The outcome of this analysis also severs as justifications for our choice of the PTL

cell structure used by our synthesis algorithm.

2.3.1 Bulk CMOS PTL Cells

18
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2.3.1.1 Previous methods

Figure 2.4 shows several single rail PTL cells?. The cell type in Figure 2.4(a)
is used in [10]. There are two other cell types proposed in [10] that 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 0V to Vdd — V;,, where
Vin 1s 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 at 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 V;, to Vdd — Vj,, 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 PTLBUP and PTLFUP, which are shown in Figure 2.4 (a) and (b),

respectively.
2.3.1.2 PTL+ cell types

The PTL cell type in Figure 2.4 (d) is a MUX-like structure that uses transmis-
sion gates. This cell type does not need any swing restoring circuitry because the
output swing range of this cell is rail-to-rail (0V to Vdd). The transistors pMOS pl
or p2 (nMOS nl or n2) can be removed, as shown in Figure 2.9 (c), if terminal b or ¢

(non-control inputs) is connected to Gnd (Vdd). This removal will positively impact

2The inverters to generate signal o’ 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) | PDP(J) | Area(um?) |

PTLBUP || 1.914E-06 0.462 8.842E-07 7.16
PTLFUP | 1.940E-06 0.459 8.902E-07 8.65
PTLPUD || 5.743E-06 1.921 1.103E-05 7.50

PTL+ 1.591E-06 0.347 5.520E-07 6.86

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

This type of cell is referred to as the PTL+ cell.

2.3.2 Simulation and Analysis of Single-Rail PTL Cells

To illustrate that the PTL+ 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/CMOS full adder (FA) circuit in a commercial 0.25um CMOS process. The
number of pass-transistors in series is limited to two.

The FA circuits using the cells in [10] and PTL+ 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, PTLFUP, and PTL+ cell types.

The PTLPUD cell used in [13, 14] showed the highest power and worst delay.
Because this cell’s output swing is Vi, to Vdd — V4, in the worst case, extra level
restoring logic (dashed symbols) is added at the output of the cell, as shown in
Figure 2.4 (c). This extra level restoring logic introduces a significant amount of
delay and a large amount of power consumption due to short circuit current.

The PTLBUP and PTLFUP cells show very similar results in both power con-
sumption and delay. This is due to the fact that both cell types use one pull-up

pMOS and one inverter for level restoring. The area of PTLFUP cell, measured using

21

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



<

COFRKFENNW
cwowouno

°V(A) *V(B) =V(C) (a)
0

RSN

.6 1.0 1.2e-8

<

°V(S_PP) *V(S_BU) *V(S_FU)

(b)
FUP, BUP BUP
PTL+ PTL+ —)
' | ' | L L
1 0.6 0.8

QOOFRHFNNW
wowmououo

. | :
0.0 0.2 0.

|
1.0 1 2e-8
s
V. ,°VI(CO PP) +V(CO BU) *V(CO_FU) (©)
2.5E
2.0
22 PTLa—~/¥ _ oup
1.0 BUP
o5 FUP
0.0
-0.5E | ! \ | . 0 . | \ |
0.0 0.2 0.4 0.6 G.8 1.0 1.2e-8
s
R 4> I(VDD_PP) *I(VDD_BU) *I(VDD_FU) (d)
.
% i A - - o ETL ¥l 4
-1 ;-
-3 - M
I BUP
2 E FuP FUP BUP FUP FUP
~Te-4 B ) L i ) . 1 . 1 ) 1 L
N 0.2 0.4 0.6 0.8 1.0 17378

Figure 2.6: Full-adder simulation waveform for three different PTL cell types in
0.25um technology (Vdd = 2.5V). (a)input waveform, (b)sum output, (c)carry-out
waveform, and (d)current waveform.

the total transistor gate area, is larger than PTLBUP cell due to added inverter in
PTLBUP cell.

The PTL+ cell shows the best results compared to the other three types of PTL
cells. This is due to the range of output voltage that exhibits rail-to-tail swing and
reduces the amount of short circuit current at the output stage. This configuration of
PTL gates has not been used often in most studies on PTL because of fears that the
configuration is too big. Our results show that PTL+ cells are slightly bigger than
PTLBUP, but smaller compared to others. The benefits of getting a rail-to-rail full
swing at the PTL gate output without significant drive fights significantly outweighs
the slightly bigger area in terms of performance and power consumption.

Although it is clear that the delay of the PTL+ cell shown in Figure 2.4 (d) is
better than that in Figure 2.4 (a), it might be helpful to illustrate that analytically.

In deep-submicron technologies, drain current of a transistor can be represented by
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the alpha-power law[35]. Assuming that logic 1 is transferred from input ¢ to output
o. The final voltage of node X of Figure 2.4 (a) is Vpp due to level restoring logic,
the nMOS transistor ny is in saturation mode during the transfer and the delay of
Figure 2.4 (a), t, is given by

CxVbp INV
t¢ = t 2.3
¢ T IR (Vs — Vi) T (2:3)

where K is a technology dependent parameter, Viggn, is Vpp—Vx, Vi, is the threshold
voltage of the nMOS transistor, t/¥V is the delay from node z to node o, and « is
the velocity saturation index which varies from 1 to 2.

For Figure 2.4 (d), the nMOS transistor, n4, is in saturation mode when Vx <
Vop — Vi and ny is in cutoff region when Vx > Vpp — Vi,. The pMOS transistor,
pa, 18 in saturation mode when Vx < |Vj,| and it is in non-saturation mode when
Vx > l‘/;fpl'

Since Vpp 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 approximated as

CXVDD
td = —— e INV 24
T, IR 24

where If% is the saturation current of nMOS n4 and 15322 is the non-saturation

current of pMOS po. I and I %2 are represented by

Iy, = Ks(Vasn, — Vin)® (2.5)

Ig;;z = Kl(VSsz —th)aﬂvSDm (26)

where Vigsn, is Vop — Vx, Vsap, is Vpp, Vspp, is Vop — Vx, and K 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 0.13um CMOS process. The
waveforms O; and O, represent the outputs of Figure 2.4 (a) and (d), respectively.
The waveforms X, and X, represent the node X of Figure 2.4 (a) and (d), respectively.
And I; and I, represent the current of Figure 2.4 (a) and (d), respectively.

clear that the delay of the circuit in Figure 2.4 (d) is lower than that 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
de = ]Dload + Py (27)

where Po.q and P, 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 P, of the inverter and the power dissipation caused by the current flow through
pull-up transistor p,,. However, the power efficiency of Figure 2.4 (d) mainly depend
on P, of the inverter. Assuming that £, (V;,) and 3, (V},) are the same, P, of an

inverter is given by[37]
tr
P, = %(VDD - 21/;)3?" (2.8)
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Figure 2.8: Three single-rail PTL+ cell types.

where t,; is the input transition time, 7" is the period of the input waveform. One of
the reasons the power consumption of PTL cell in Figure 2.4 (a) is more than that in
Figure 2.4 (d) is the slower slope of node X in Figure 2.4 (a) due to drive fight at 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 that of Figure 2.4 (d).

Based on the experimental results and analysis above, we have chosen PTL+ as
the basic PTL cell type for our mixed PTL circuit implementations. Figure 2.8 shows
three basic single-rail PTL+ cell types used in our approach. The area overhead of
PTL+ cells can be reduced by removing nMOS or pMOS transistor in the cells. For
example, pMOS p; or p, (nMOS ng or ny) of 2.4 (d) can be removed when terminal

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

2.3.3 Dual-Rail PTL Cells

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

to single-rail PTL+ cells based on the analysis above. The difference is that, since
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Figure 2.9: Single-rail and dual-rail PTL+ Typel 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 PTL+ 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 PTL+ typel cell and its a variation when the input signal

b (b) is connected to Gnd (Vdd), respectively.

2.3.4 PTL Cells for Floating-Body PDSOI

The SOI technology is potentially more attractive for mixed PTL circuits due to
its reduced junction capacitance. Therefore, experiments presented in Chapter 6 were
carried out using a 0.13um partially depleted SOI (PDSOI) technology. SOI PTL cells
have the same structure as that of bulk CMOS. In addition to the fact that 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 terminals, impact 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 DTMOS

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-
MOS? in two different 0.13um 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 that 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 that it has a smaller junction capacitance than bulk
CMOS devices. As a result, with 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 that silicon thickness of the transistor (Ty;) of PD
SOI (200nm — 50nm) is thicker than that of FD SOI (50nm — 10nm). It is known
that the inverse subthreshold slope (ISS) in the FD SOI device is lower than that 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 manufacturability issues come mainly from the fact that the V; sensitivity to T,

and thin-film doping density (Ng;) of FD-SOI is higher than that of PD SOI. Because

$DTMOS can be realized in bulk CMOS process. However, DTMOS based on bulk CMOS(3§]
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)impact 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 that the body is floated in the floating body PD SOI device,
the device characteristic is no longer constant and depends on the amount 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 impact 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 at 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 2.10(b), the source and/or 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 at body is increased.

Figure 2.10(c) shows the capacitive coupling between body and gate, source, and
drain. When one of the terminal voltage goes higher than the body potential, the
body potential is increased by the current flow through the terminal to the body.

The body discharging mechanism is related to forward biased junction diodes.
When the voltage between body and source (or the voltage between body to drain),
Vs (or Vi), exceeds a certain limit due to impact 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 that 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 Dynamic Threshold-Voltage CMOS

Dynamic threshold-voltage MOSFET (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 that are observed in the PD SOI
device can be eliminated in DTMOS. The threshold voltage, V;, of DTMOS decreases
as gate voltage increases. Threshold voltage reduction has a positive impact 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 approximately represented
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Figure 2.11: DTMOS structure[l, 2]. (a)Cross section of an SOI nMOS with body
and gate tied together. (b)Gate-to-body connection using aluminum to short the poly
gate to the p+ region.

by the following equation|[2].
Vos + Vi
6toz

Eeff ~ (29)

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 that 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 that of regular CMOS, and DTMOS
gates are expected to switch faster than regular CMOS. The main disadvantage of
DTMOS is that 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 amount 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 DTMOSJ1, 2, 42, 43]. In [1] and [2], a
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small auxiliary transistor was used to limit Vj, just 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 that the reference voltage Viyer (Vpres) in Figure 2.12(b) is connected
to Vdd (Gnd). The limiting transistor M, is on-state when input V;, is low, and
the voltage at the body of M,,, is the same as the input voltage. In this situation,
the threshold of M, is high because the body voltage of the transistor is low. As
input voltage rises, the body voltage of M,,, also rises until the input voltage exceeds
Vdd — Vty,,. When the input voltage is greater than Vdd — Vit , the transistor
M, goes to off-state and the body voltage stays at the voltage it reaches just before
entering the off-state of M,,. The operation of pMOS side is very similar to the
operation of nMOS. Thus, DTMOS with 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) and limiting transistor (M,,,) turn on, the pull-down process begins. At the
beginning of the pull-down process, the potential at the body of main transistor M,
rises, and the threshold voltage of the main transistor is lowered. The threshold volt-
age drop speeds up the pull-down process. When the drain potential goes below the
body potential, the charge at the body is injected to the drain through the limiting
transistor M,,,, then the body potential returns to zero level and the device threshold

voltage returns to a high value.

2.4.3 Pass-transistor Logic in PD SOI and DTMOS

With 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 at the output of a
SOI PTL gate. The existence of level-restoring logic at the output of PTL gates not
only slows down the PTL gates due to potential drive-fights, but 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
0.13um SOI technologies show that 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 Body 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, N, and Ny, to clamp main transistor
body voltage. However, this DTMOS configuration requires a significant amount 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 that 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 that the capacitance at the gate

terminal 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 that 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, is connected to the source of the main transistor N,,., and the source of N, is also
connected to the source of N,,.. Therefore, the capacitance seen at the gate of the
main transistor N, is reduced compared to both DTMOS pass-transistor techniques
in [42, 46]. The main advantage of this body biasing technique can explained as
follows.

When Vi and Vg are both high, the auxiliary transistor Ny, is off. Since N, is off
by the fact that the voltage difference gate and drain connected to the main body is
less than V;, the capacitive coupling between the body and the drain of the auxiliary
transistor N, is not shielded by a channel. When Vg goes to low, the capacitive
coupling between the main transistor N,,. body and the gate/source of N,. 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, Ny,
and Ny, are turned on during the discharge process. When Vg in Figure 2.13(c) goes
to high, the initial body potential is increased by the capacitive coupling. When the
gate voltage is increased above the V; of Ny, N, 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).

Furthermore, the performance of pass-transistor in [46] is determined 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 that the source voltage Vs is high and the gate signal (Vz) 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 Vg is low, the body of
the main transistor N, 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,. 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 V goes
to high, the body voltage of the N,,. is further increased. As shown in Figure 2.14,
the body voltage of Figure 2.13(c), Vioay (), 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 methods in
[42] and [46], as shown in Figure 2.15. In Figure 2.15, SYMM, ADTPT, 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 Dynamic Threshold PTL Gates

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 at 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
at 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 PTL using symmetrical and ADTPT structure. (a)Symmetrical
structure. (b)ADTPT structure.

that uses both nMOS and pMOS transistors will be considered. Figure 2.16 (a) and
(b) shows the SOI DTMOS PTL implementations that performs the XOR function
using symmetrical and ADTPT 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 ADTPT is connected to the drain
(source) of only one nMOS (pMOS) auxiliary transistor.

Let’s examine the switching characteristics of these circuit structures in PTL
logic. When V), is low and Vj is high, the pMOS main transistors, P, and Py, of
symmetrical and ADTPT are on while the nMOS main transistors (N, and N,) are
off. The body voltage of P; and P, is high. As Vi changes from high to low, the initial

discharge path from output Z to input C is formed by the main transistors P, and P,

37

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



B 1) et g e g g
= o U O s NS W NS SO SO W WO O <
£ ] g
Q ; S OO S
g -4
8.9
BOB .0 s s e e g g g g
< pMOS body voltage
,,,,,,,,,,,,,,, v s S
E X%’ Viop o
5] I &
=2 I o . fa
R R 7 \V dbp A L.
> V pdp [ SO
0.9 -
400 .9 R e g e g g e
= nMGQOS body voltage
e st A SR ,-,,%
g/) ‘zﬁ \-£ AW 4
< %, Visbn Vipbn
S b 7 ..... ,/
= den -\L«a\;‘;‘; / ..... —
8.0 B B .
7.9 8.0 B 9.0 19.9 11.9
Time(nsec)

Figure 2.17: The body voltages of the pMOS and nMOS main transistors. V,(1),
V,(2), and V,(3) represent the output voltage of DTPTL4-, Symmetrical, and ADTPT
PTL gates, respectively.
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Figure 2.18: (a)DTPTL+ structure. (b)A variation of DTPTL+ when signal B is
connected to ground.
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for symmetrical and ADTPT structure, respectively. Because both Vg, and Vg, 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, Vg, and Vg, are pulled
down by the capacitive coupling of the main transistors (N, and Ny) which are in off-
state. When input Vi goes down below device threshold voltage V;, 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 Ny is quicker than that of N;.
This is because the body of Ny is pulled down by the auxiliary transistor N,q which
is in on-state while the body voltage of N, is pulled down slowly by the effect of the
auxiliary transistor Nys. Because the decreasing speed of Vi, is slower than that
of Vg, the symmetrical structure is faster than the ADTPT structure, as shown in
Figure 2.17.

Figure 2.18(a) shows another DTMOS PTL structure referred to as DTPTL+.
In the DTPTL+ case, when V4 is low and Vi is high, the body voltage of pMOS
main transistor, F,, is much lower than that of symmetrical and ADTPT because a
small amount of charge is injected to the body of B, by off-state auxiliary transistor
P,, during the body charging process. During discharging when Vi goes down, the
auxiliary transistor P,y is on and the body of P, quickly discharges to zero, as shown
in Figure 2.17. On the other hand, the body of nMOS main transistor N, is not pulled
down to ground level because N,, is in off-state during the discharge. The voltage
discharging speed through nMOS main transistor is also faster than symmetrical and
ADTPT structures. Therefore, DTPTL+ is faster than the other two DTMOS PTL
structures.

When 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 Experimental Results

The SOI DTMOS PTL gates described in Section 2.4.3.2 were implemented in
two different 0.13um SOI CMOS technologies (process A and process B) in various
supply voltages. The main difference between process A and process B is that the
channel doping density of process B is lower than that of process A. Therefore, the
threshold voltage of process B is slightly lower than that 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 that in process A.

Most of the existing researches on DTMOS used partially depleted SOI (PDSOI)
process models with a great amount 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 parameters 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 impact of PDSOI parameters
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 that the average delay of the gate using the proposed method
is lower than that of the symmetrical and ADTPT structures because the threshold
voltage of the main transistor in the proposed gate is lower than that of the symmet-
rical and ADTPT structures. In Figure 2.19, bgnd, sym, adtpt, and dtptl+ represent
body-grounded, symmetrical, ADTPT, and DTPTL+ PTL gates, respectively. The
delay of the body-grounded PTL gate is higher than that of the PTL gate with body
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Figure 2.19: Normalized average delay vs. supply voltage.

bias control circuit. The performance gain of DTPTL+ can be seen for both processes
over the whole voltage range. Therefore, the DTPTL+ 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 DTPTL+ circuits is lower than that of the symmetrical and
ADTPT structures, and the power consumption of ADTPT structure is higher than
that of symmetrical DTMOS PTL structure. The power-delay-product and energy-
delay-product of DTPTL+ circuits are also better than that of symmetrical and
ADTPT structure. Therefore, DTPTL+ is preferable for lower power applications
using PTL logic.

When the average power consumption of the circuits implemented in process B
is compared to that in process A, the former has a higher average power consump-
tion than the latter. 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]*, while the average
power-delay-products for circuits in process B decrease monotonically as the supply
voltage decreases. These results indicate that with 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 DTPTL+
structure performs consistently better than others in both power consumption and

performance.

2.4.4 Summary on SOI Pass-Transistor Logic

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

and compared with different DTMOS PTL structures. All the SOI PTL 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 0.13um SOI CMOS technologies. The experimental re-
sults show that the DTPTL+ 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 DTPTL+ structure in particular, maintain 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 with static logic gates has been presented. The static logic gates not

only act as buffers between PTL stages, but 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 with exist-
ing SOI DTMOS PTL structures. The experimental results show that 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 Matching

3.1 Introduction

With logic synthesis flow, after a technology independent optimization of logic
network is done, the results generally need to be mapped 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 PTL/Static
logic synthesis used in this proposal. Before describing the matching techniques, the
overview of the proposed mixed PTL/Statix synthesis method 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 method and sym-
metry set finding methods 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 PTL/Static 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 third step consists of matching and

covering. The matching process is to find matches between pattern trees of library
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cells and a portion of the subject tree!. The portion of the subject tree is selected from
a set of functions generated at a node n; with a fixed depth constraint in the subject
graph. The covering process is to select the best matches that minimize a given cost
function from the matches found in the matching stage. The final step is to generate
the netlist. The synthesized mixed PTL circuit can be single-rail or dual-rail. When
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 manipulate buffers at 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 Chapter 4.

3.3 Structural and Boolean Matching

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 without decomposing a graph. However, this method creates other

multiple fanout points because of subgraph duplication resulting in negative impact on

In this proposal, we use the terms subject tree and subject graph interchangeably.
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performance and power consumption of mapped 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 that the number of pattern graphs
(or trees) increases dramatically because the decomposition for a cell is not unique.
A new structural pattern matching method proposed in [51] is based on the fact that
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(zy, s, ..., z,) and a library element G(y1,v2, .-, Yn),
find an ordering {1, ..., j} and a polarity {¢1, ¢2, ..., &, } such that the following equa-

tion is true:
F(xtzm? ,CEjJJ) = G(y17y27 ...,yn) (31)

The Boolean matching method, however, is more flexible than the graph matching
method, and can detect a match that may not be detected by the graph matching
method. For example, consider two functions that are logically equivalent, f; =
ab+a'b +Vcand fy = ab+ a'b’ + ac. Boolean matching can detect a match between
functions f; and f5, while graph matching may not detect the match because the
graph of f; differs from that of fo. Figure 3.2 shows the difference between graph
representation and binary decision diagram (BDD)[25, 53, 26] representation. For
this reason, Boolean matching is chosen. Boolean matching using BDDs has been

widely studied in the past.

3.4 Logic and Graph Decomposition
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Figure 3.2: The difference between graph matching and Boolean matching. (a) graph
representation of fi. (b) graph representation of f. (c) BDD representation of both

f1 and fs.

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 that each vertex is
covered by at 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 that this base function set is good in terms
of optimization potential. This is because increased base function has a potential
that can increase the number of pattern graphs for some library cells. This increase
of pattern graphs is a major drawback structural matching technique. On the other

hand, Boolean matching 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 Chapter 4
is NP-complete[33]. As a result of the decomposition, the entire network reduces to
many multi-input single output subnetworks, each subnetwork is called the subject
graph. The common methods for generating subject graphs is to use multiple fanout
points (MFP) as a boundary of breaking points. The approach used in this proposal
is similar to the method used in [19] where MFP 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 primary

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 match 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 that rooted at a root node v, is called a cluster[34, 22].
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Figure 3.3: Example of subject graphs generated based on multiple fanout points. S;
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 match 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 match between the two
functions. To detect a match 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.

Algorithm 3.6.1: BDDEQCHECK (bdd(f), bdd(g))

1. if (bdd(f) is constant and bdd(g) is constant)
if (fval #* gval)
then then return (FALSE)
else return (TRUE)
else return (BDDEqCheck(fr, gr)&BDDEqCheck(fg, gg))

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 fr and gr have the same value. In
the algorithm, fr (gr) and fr (gg) represent the positive cofactor and the negative

cofactor of the cluster function (pattern function), respectively.

3.7 Symmetry Set Finding

Boolean matching requires solving the factorial number of equivalence checks
between a cluster function and a pattern function. Assuming that the number of
inputs of a function is n, the required number of input comparisons is n!-2" because
n! comes from the permutation of inputs, and there are 2™ possible input polarities.
The number of polarities and input permutations can be reduced by using unateness

and symmetry information {34, 22], respectively :

o Unateness Property: Any input permutation must associate a unate (binate)

variable in the pattern function.

52

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



e Symmetry Property. Variables or groups of variables that are interchangeable

in the cluster function must be interchangeable in the pattern function.

The unateness property implies that the cluster and pattern 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 permutations is b!(n — b)!. For example, the

function of the PTL+ type3 cell described in chapter 2 is represented as follows:
g=abc+ab’d+def +deg (3.2)

In equation 3.2, there are 4 unate variables and 3 binate variables. For the cluster
f with n = 7, f must have 4 uante and 3 binate variables to have a match. If this
is the case, only 34! = 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 time by exploiting
variable groups that give us the same result when we change the variable order in a
group. A symmetry set is a set of variables that are pairwise interchangeable without
affecting the logic functionality. A symmetry class is a set of symmetry sets with
the same cardinality. If we denote symmetry class by S5; when its elements have
cardinality |.S;|, where ¢ = 1,2, ..., n, the number of permutations required to detect

a match is [[-, |Si|!. If we have the following function,
f = T1X9T3 + T4Zs5 + Tel7 (33)

there are 3 symmetry sets, {z1,z2,23},{%4, 75}, and {zs,z7}, and two symmetry
classes, So = {{z4, 25}, {ws,z7}} and S5 = {{z1, 22,23} }. Therefore, when consider-
ing pattern function, only functions with |S3| = 2 and |S;] = 1 are valid to detect

a match. In this case, the required number of permutations is only 2!, i.e., if the
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initial variable order is (z1, Zq, T3, T4, T5, Ts, Z7), the required variable orders of g are
(%1,%2, T3, Ta, Ts, Te, 1) and (z1, T2, T3, T, T, L4, Ts).

Unateness and symmetry property can be used together to achieve the number
of non-redundant permutations. Unate and binate symmetry sets are disjoint, since
both unateness and symmetry properties must be the same for two variables to be
interchangeable. Thus, we can write S; = SPUSY, i = 1,2,...,n, and |S;| = |S?|+|S¥|,
where b and u represent binate and unate, respectively. The non-redundant variable
permutations are at most m = [i_, |S|1- |92 = [Tk, ISPt - (|Si] = |CP))!. Thus,
in this case, the total number of comparisons required to find a match is at most

[T, 1S2]- (1Sa| — |St|)! - 2 0sil-IsiD 22,

Algorithm 3.7.1: GETSYMMSET(bdd(f), sup(f))

procedure ISSYMMETRY (bdd(f), vi, v;)
if (BddEqCheck(fys;, forw;) O BddEqCheck( fuw,, fos;))
then return (TRUE)
else return (FALSE)

main

output (SymmSet)

1.me -1

2. for n — 0 to N]sup(g)] -1
(v — sup}
if (foreach i <m SymmSet[i]| Nv; == 0)

then {m —m+l

SymmSet[m| «— SymmSet[m] U v,
do ¢ else continue
for k < 0 t0 Nigyp(g) — 1
vy suply

do J if (v # vy and IsSymmetry(bdd(f), v, vs))
{ SymmSet[m| — SymmSetm] U v,
return (SymmSet)

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 f. There two different types of symmetries[58, 59].
The first is positive symmetry. This type of symmetry is detected when f,,5, = f3,0;-
This property implies that the change of order of the variables v; and v; does not
affect the BDD structure of f. The second is negative symmetry that is detected
when the condition f,,,, = fy,s, is satisfied. The variables in negative symmetry are
interchangeable, for example, {¥;, v;} or {v;, 7;}, without affecting the BDD structure
of f. 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 Assignment Based On Signal Depth

Once a match is detected between a cluster function and a library cell, the
pins of the matched library cells must be mapped to the input signals of the cluster
function with proper polarity of the input of the cluster function. Let’s denote A is
the mapping function, and I yster and Iy 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 Iguster — Icey- This section describes the pin mapping method from a cluster

function to a library cell.

3.8.1 Data structure of a match

Before describing the pin mapping method, let’s look at the data structure of a
match used in this proposal. Figure 3.4 shows the data structure of a match associated
with a node structure. In a node of a subject graph, there are two lists of matches.
One is a static match list, smatch, and the other is a PTL match list, pmatch. The

static and PTL match list contains static matches and PTL matches, respectively.
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Figure 3.4: Data structure of a match and static and PTL match list.

Each match list is a linked list that consists of a library cell name, cell_name, and
a linked list of pin information, Ly;,. The data part of the linked list Ly, consists
of two character strings, FPpe: and Py, FPret and P represent the matched input
names of a cluster function and a pin name of a library cell. The polarity information
of a pin is contained in P, by examining the polarities of both inputs of the cluster

function and the library cell.

3.8.2 Pin mapping algorithm

Algorithm 3.8.1 illustrates the pin mapping method between the inputs of a
cluster function and a library cell. In the argument list of the algorithm, n; represents
a node that is the root node of a cluster, f is the cluster function, g is a matched
library function, and #(f), 7(g), and C represent the ordered support set of f, g, and
the matched library cell, respectively. The support sets 7(f) and n(g) are ordered
based on the depth of inputs of the cluster function f.

At the beginning of the algorithm, a pin map, M.P , and a linked list that
contain the pin map, Ly, are initialized. If the matched cell type is a static cell, the

first part of the ¢f statement is executed. Each support set of f and g are examined
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simultaneously. For each f; € f and ¢; € g, P.y gets g; without modification of its
polarity, and P, gets f; after modifying its polarity based on the input polarities of
the cluster and library functions, ¢(f;) and ¢(g;) (statement (i) and (ii)). When the
pin map between a cluster input and a input of the library cell is determined, it is
added to the pin map list, Ly;,. After examining all the support variables of f and

g, the linked list is inserted in the match structure of the node (statement (iii)).

Algorithm 3.8.1: PINASSIGN(n;, f, g, 7(f),7(g),C)

1. M.P 0 Lpin <+ 0
2. if (C == STATIC)
(for each (f; € n(f), ¢ € 7(g))
Peetr < 9i
if (Moo ==1inv) Pret — fi@ 0(f;) (i)
else Pt < fi ® #(gi) (ii)
Lpin — Lpin uPpr
\(M.P — Ly, (iii)
else (C == PTL)
( Liny — IBinateVars(w(g),q,C) (iv)
if (M.cell == ptl_typel)
for each (f; € n(f), ¢; € n(g))
(Peeyt < gi
if (g; ==a)
Pret + fi (V)
else  Puet — [i ® ¢(gi)
if (g; € L(inv) switch pin b and ¢ (vi)
\Lp'in — Lpin UP
else if (M.cell == ptl_type2)
for each (f; € n(f), ¢ € n(g))
(Peeit < i
if (¢; is binate var)
Pret — fi (Vii)
else { P — fi ® ¢(gi)
if (b € Liny) switch pin c and d (viii)
L Lpin — Lpin UP
else if (M.cell == ptl_type3)
Lyin, PinMap3(n(f), 7(g), Linv)
\MP — Lpin

then

do {

then <

do

When the matched cell is a PTL cell, the binate variables in the pattern 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 Ly, (statement
(iv)). Then the matched PTL cell type is checked. If the matched cell is a PTL cell
type 1 or type 2, each support variable g; of function g is inserted to Pgy. The
corresponding support variable f; of f is inserted to P,.: gets when g; is a binate
variable, otherwise the polarity of f; is modified based on the phase of g;, ¢(g;) and
it is inserted into P, (statement (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, ¢ and d for PTL type 2) must be modified. This modification of
pin assignment is done by switching the names in P, for each non-control input of

a PTL cell (statement (vi) and (viii)).

Algorithm 3.8.2: PINMAP3(7(f),7(g), Liny)

1-Lpin «—0
2.for each (f; € n(f), 9: € 7(g))
(Pcell — G
if (| (g)| == 3)
(if (g; isa or g; is b) Py = fi (i)
else Pyt — fi @ ¢(gi)
then 4 if (g;is ¢ and b€ L) (i)

Py +d

then < switch pind toc
L switch pin g and £
do { else if (|7(g)| > 3)
(if (g; is binate var)

Pret — f3
else
then < Pret — fi ® ¢(gi) (iii)
th if (b € Liny) then switch pind and ¢ (iv)

en .

else if (e € L;y,)

L then switch pin f and g v)
\Lpin — Lpin UP
3.return (Lyy)

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 g; in the support set m(g)of a pattern function is inserted
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into a P,y 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.

Let’s consider the case when the cardinality of 7(f) equals three. Each support
variable f; in 7(f) is assigned to P, when the support variables g; of 7(g) are a or
b; otherwise, the variable f; with polarity modification is assigned to Py (statement
(1)). If the support variable g; of function g is ¢ and Ly, contains b, d is assigned to
P,y (statement (ii)), the support variables of the cluster function assigned to ¢ and
d are interchanged, and the variables assigned to ¢ and f are also interchanged.

When the cardinality of the matched cluster function is greater than three, the
support variable f; is assigned to P, if the current support variable g; of function
g is a binate variable; otherwise, polarity modified variable f; ® ¢(g;) is assigned to
Pret- When g; is not a binate variable, the contents of L;,, are examined (statement
(iv) and (v)). The support variables of the cluster function assigned to ¢ and d are
interchanged if b is in L;y,, and the support variables of the cluster function assigned
to f and g is interchanged if e is in L;,,,. The last step of the pin assignment procedure
of PTL type 3 returns a pin map list L, to Algorithm 3.8.1. As in the case of static
match, the pin assignment procedure for PTL cells update the pin map list of the

match structure, M.P, to Lp;y,.

3.9 Matching 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, n; is a node whose

function is f, 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 f 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 f are found in step 3. Step 4 performs the
actual matching, and step 5 assigns the support variables of f to the pins on cell C
with appropriate polarity.

Finding a possible match between f and g begins by modifying the polarity of
variables in the cell function g (statement (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, ¢(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 k is 0111 (7), then the polarity of the variables {b,c,d} in g is reversed.

Algorithm 3.9.1: MATCH(n,, f, g, sup(f), sup(g),C)

L if (|sup(f)| # |sup(g)|) return

2. fsym — GetSymmSet(bdd(f), sup(f))

3. {by,us} — GetNumBinateUnateVars(f)
/ * per form matching x /

4. for k + 0 to Nigypq) — 1

(§ — g ® ¢(k) (i)
{b5,uz} « GetNumBinateUnateV ars(g) (ii)
if (bg # bf||ug # uy) continue (iii)
Gsym + GetSymmSet(bdd(§), sup(g)) (iv)
do ¢ if (|faym| # |Goym|) continue (v)
for each m; € T(gsym)
bdd(Gs,) — GetBdd(j, ;) (vi)
do < m «— BddEqCheck(bdd(f),bdd(g,)) (vii)
{if (m) break
Lif (m) break
5. if (m)
then PinASSign(ni; fs gvrw ﬂ(f)a 7T(§7ri)7 C)
6. return
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The number of binate and unate variables, b3 and uz, in function g is calculated
in statement (ii), and b; and ug are compared to the binate and unate variables in
function f. If b5 and ug are not equal to those of function f, there is no match and the
next phase function ¢(k + 1) is examined (statement (iii)). The number of symmetry
sets of §, |Gsym|, is also calculated and compared to that of function f, | feym|. If they
are not the same, there is no match (statement (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 forloop in step 4 of Algorithm 3.9.1 checks the equivalence between two
BDDs, bdd(f) and bdd(g, ). 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(g,,) in the
statement (vi) represents the BDD of g after reordering the symmetry set Goym. If
two BDDs, bdd(f) and bdd(g.,), are detected to be equivalent, the algorithm exits
from both inner and outer for loops after setting the flag m. PinAssign() (step 5)
assigns support variables of f to the pins of cell C with appropriate polarity when m
is set. This information is stored in the internal data structure of node n; for use in

the covering stage.

3.10 Conclusions

In this chapter, an overview of the proposed mixed PTL/Static 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 matching and covering
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problem tractable. The Boolean matching method 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 Chapter 4. The pin assignment between the inputs
of a cluster function and a library cell function is also presented because it is very
important for the covering stage to keep the correct network functionality of mapped

circuits.

62

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



Chapter 4

Covering Using (Genetic
Algorithms

4.1 Introduction

Technology mapping is the last step in logic synthesis flow and finalizes the
mapped network structure by selecting gates from a given library. Technology map-
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 matching stage is
done in order to find the best covers by selecting the matches. Graph covering is an
important step in technology mapping 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—I Static Matchs PTL Matchs

b —] s;={g1, AND2} p;=1{g1, ptl_typel}
} s2 = {gp, OR2) p2= (g2, ptl_type2}

s3 = {g3, AND2} p3={g3, ptl_typel}
c s4= {8183, AND3} p4= (81,83, ptl_type2}
d B s5= {8, g3, OA21} ps = {g2, g3, ptl_type2}

(a) ()

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 that 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 method 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 impact of
genetic parameters 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 PTL/Static circuits can be described as
follows. Given a graph G = (V, E) and two sets of matches, static matches S =
{si,1 <1 < n} and PTL matches P = {p;,1 <1 < m}, select the best matches that
generate a legal network such that 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 § and P that cover all nodes of the network in the best way. For each selected
match, we must ensure that all the inputs of the matches are either primary inputs or
outputs of other matches. Therefore, the choice of a match 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 at least one match. This condition can usually be met by decomposing
the network using base functions in the library before the matching step is applied
so that all the nodes in the network can have at least one match 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 p;, can be associated with a binary value. The requirement that the gate g; be

covered by at least one library gate is
(81+84 +m +p4) =1 (4.1)

Similarly, the covering requirements for g and g3 can be represented by clauses (sg +
S5+ pa + p5) and (s3 + sS4 + S5 + p3 + ps + ps), respectively. In addition to these
requirements, to ensure that selected covers lead to a valid circuit, both static and
PTL matches that 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; @ p;, for each static and PTL match. And, assuming that a static (PTL)
gate cannot drive a static (PTL) gate, selecting s3 at gs requires that p; and p, be
chosen at g; and go, respectively. Therefore, to get a valid solution, the following

clause must hold:

(s1+ 84+ p1+pa)(s2+ 85+ p2+ ps5)(s3+ sS4+ S5+ p3 + ps + ps)
(51 ®p1)(52 D p2)(53 D p3)(54 ® pa) (85 D ps)(53 + p1)(53 + p2)

(Ps + 51)(B5 + 52)(Sa +p2) (S5 + p)(Pa+ s2)(Bs +51) = 1 (4.2)
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This is an satisfiability problem that 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 Limitations

Most of the previous methods for covering are based on greedy or dynamic
programming[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
PTL/Static 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 optimality of the
solution because it is prone to getting stuck at local minima. Therefore, it is hard to
find a global optimum for the graph covering problem described above.

The dynamic programming method is an algorithmic method that solves an opti-
mization problem by decomposing it into a sequence of smaller decisions, and it relies
on the principle of optimality*[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 approximating the problem into a

forest of trees. The covering methods using dynamic programming([18, 19, 20, 21],

IThe 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 that dynamic programming does not guarantee
optimality for DAG covering in terms timing or power because the load capacitance
of a node is not determined yet when a match is considered. Therefore, the delay
cannot be calculated at the time of the mapping.

In [19], an improved method for static CMOS logic mapping, has been proposed
to estimate 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
that 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 that 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, 20, 21] 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 attempt was made to optimize the
overall circuit at the global level. The existing optimization techniques for mixed
PTL logic[14, 16] using dynamic programming for the covering are also sub-optimal
because the optimization 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 algorithms[60, 61]
(GA) will be used to construct the best mapped circuit from the matches generated
in the matching stage. The basic philosophy of the proposed approach is to consider
the cell interactions between sub-graphs and attempt to find the optimum solution
at 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 that 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.

> Initialize Sub-population
Graph - * pop
! Initialize Global population
Matches v
— Crossover / Mutation

!

Cost Evaluation / Update

P, gIobaI=SAT“Nitr > Imax

Yes

< Stop )

Figure 4.2: Flow chart of the proposed covering algorithm.

Once the populations are initialized, crossover operations are applied to individ-
uals that are randomly selected from the sub-populations. Mutation operations are
also applied to some individuals when the algorithm triggers the mutation 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 that either the global population is saturated
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or the pre-specified maximum number of iterations for the crossover/mutation 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 mapped 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
(MFP), a sub-population is generated for each sub-tree section, and GAs are applied
to each sub-population. When 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 genmes, 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 at 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 that 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 PTL gates, rule

number 5 was included.

1. PTL+ Typel, Type2 and Type3 can always drive static gates.

2. PTL+ Typel can drive PTL+ Type?2 if the inputs of Typel are not driven by

Type2 or Type3.

3. PTL+ Typel can drive PTL+ Type3 if the inputs of Typel are not driven by
a PTL cell.

4. PTL+ Type2 and Type3 can drive Typel if the inputs of Type2 and Type3 are
not driven by a PTL+ cell.

5. A static gate cannot drive any other static gate.

Any global chromosome that violates the rules is an invalid chromosome; invalid
global chromosomes are discarded. Update 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 Graph Encoding for GA. (a)Genes. (b)Sub-chromosomes.
(c)A global-chromosome.

4.6 Initializing sub/global populations

This section describes the method 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-Chromosome 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 match (static
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Figure 4.4: The hierarchical relationship between sub-chromosome and global chro-
IMOSOIme.

or PTL) is selected at the root node of a sub-graph by generating a random number,
700t in [0,1]. If 47°% is 0, the static match type at root node is assigned; otherwise,
the PTL match type is assigned. Once the root type is determined, a match, referred
to as n;";;g;,, 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 pattern of breadth-
first-search (BFS). For each input node of the selected match for the root node, a
new type of match is determined. Then, another match 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 match at 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,Ngyuppop, is & parameter that is provided as an external input.
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4.6.2 Global Chromosome and Global Population

A global chromosome is formed by selecting different sub-chromosomes from each
sub-population. The roulette wheel[60] method 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:

N, rand = Ct

subpop

« RAND (4.3)

where RAND is a random number between 0 and 1, and C! is the total sum

ubpop

of each chromosome cost in the population. Then, for each sub-chromosome, w;,

the cost is calculated and is accumulated in the variable, Fy, ., referred to as the

fitness of the partial sub-chromosome. When F ;’;g‘pop exceeds N,.nq after the current

sub-chromosome’s cost is reflected, the sub-chromosome is selected as a member of

current global chromosome.

Algorithm 4.6.1: GETGLCHROMOSOME(G, §2)

output ({, mapped network)

/ *initialize global population * /

1. for each w; € O

(Ct «— CalculateT otal Cost(w;)

ubpop .
Nygnd «— Csubpop x RAND
for each w] € w;
do fsgpop — F; f;brpop + f wf
if nggpop > Nrand .
\ then ¢ — (Uw]

/ * determine the validity of global chromosome * /
2. if (CheckV alidity(¢))

then return (¢)

else return (NULL)
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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 primary inputs to primary
outputs. After a global chromosome is generated, its validity is checked. Any global
chromosome that 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 Operation

The main purpose of the crossover operation is to introduce new mapped solu-
tions that differ from the solutions in the current sub-population so that 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 total transistor area under delay
constraints. The crossover operation is applied to two parents (sub-chromosomes),
parentl and parent2, of a sub-population, and these parents are randomly selected
from the sub-population in such a way that the sub-chromosomes with lower cost are
most likely to be selected. The reason for applying crossover to the sub-chromosomes
is that the entire circuit was decomposed based on multiple fanout points. Two new
sub-chromosomes that are created after applying crossover are called children, childl

and child?2.
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(a)parentl (c)childl (e)childl

(Dchild2

Figure 4.5: Crossover operation.

Figure 4.5 shows the concept of the crossover operation. Figures 4.5 (a) and (b)
are the two parents, parentl and parent2, respectively. A crossover point, c?, for each
parent must be selected before the crossover operation. The crossover point must be
the same in each parent; otherwise, the validity of each child after crossover cannot
be guaranteed because nodes around c? can be duplicated.

Once the crossover point is determined, the crossover operation is performed by
exchanging the fanin cones rooted at ¢ of parentl 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 c”.
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For example, as shown in Figures 4.5 (c) and (d), the static (PTL) nodes s; (p1) and
S (p2) can be merged if matches at node sy (p1) contain a static (PTL) match that
covers both node s; (p1) and node sy (p2). Figures 4.5 (e) and (f) show the children
after merging the nodes around the crossover point ¢ (not shown in the figures). The
merged nodes for static and PTL in the figure are s,, and p,,, respectively. This merge
process of two different cells into one cell positively impacts power and performance

because the effective area is reduced.

Algorithm 4.7.1: GACROSSOVER(parentl, parent2)

/ * procedure to partial copy * /
procedure CPCH(p, n;, cpn)
2. while (@ # ¢)
(nP — Q.Dequeue()
n¢ — CreateNode(n?)
Gep, — G U ng (1)
for each n;, € n®
(n¢, «— CreateNode(n;,)

do < Gen — Fanin(né, nS,) (ii)
Gen — Fanout(ng,,n) (iii)

do [ if (cpn # NULL and nf, # ¢ and nFUNC(ng,) # PI)
then @ «— nf,

else if (nFUNC(n¢,) # PI)

then @ « ng,

\ \
3. return (G.,)

main
1. CP « getCrossPoint(parentl, parent2)
/ * per form crossover x [
2. childl «— CPCH(parentl,n’3", c?)

pl
. child2 — CPCH(parent2,n3*, c?)
. ¢hildl «— CPCH(parent2,c?, NULL)
. child2 «— CPCH(parentl,c?, NULL)

. CheckValidity-Merge_Update(childl, child2)

Oy OU i W
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Algorithm 4.7.1 illustrates the crossover operation. The procedure CPCH () 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 ¢?. As shown in step 2 and 3 in the main procedure of Algo-
rithm 4.7.1, the construction of childl and child2 is started by partially duplicating

parentl and parent2 rooted at the nodes n’¢ and n’$”, respectively. During the

pl Pl
partial chromosome duplication process, the procedure CPCH() does not insert into
the queue for further processing when it meets ¢ or primary 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 ¢? to childl, while step 5
copies all the nodes in the fanin cone of the parentl rooted at ¢® to child2. After the
crossover operation is performed, the validity of childl 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 that of a sub-chromosome that has the biggest cost.

4.7.2 Mutation Operation

Mutation is another way to introduce diversity into the population. After several
generations of a population, it is possible that 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. Without the mutation
operator, it is hard to reintroduce alternative solutions. The mutation operator,
therefore, is used to reintroduce alternative solutions and is used as a hill-climbing
mechanism.

The mutation operation is initiated when the average cost difference between

the current global population and the previous global population is within a certain

7
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Figure 4.6: Mutation Process. (a)before mutation. (b)after mutation.

range, 0, which is referred to as the mutation threshold. The amount of mutation
for a population is governed by a variable called mutation rate, u. To maximize
the preservation of the characteristics of selected and evolved samples, the disruptive
effects should be minimum. This suggests that mutation should not be applied to
all the populations[62, 63, 64]. In other words, u need to be much lower than 1.
Figure 4.6 shows the conceptual process of the mutation, in which mP? represents the
mutation point that is the root of the cone where the mutation is applied. As shown
in Figure 4.6, the cone rooted at m? is deleted and replaced with a new cone that is
a newly mapped solution from the mutation point m? down to the leaves.
Algorithm 4.7.2 shows the detailed process of mutation for a sub-chromosome.
This algorithm takes a sub-chromosome w?® as an input and returns a mutated sub-
chromosome wy,. At the beginning of the process, a node, ny,p, that is the mutation
point in a chromosome is randomly selected. Then, in step 2, the current match type,

cur and the match list of the node, Ly, is obtained by a routine GetMatchList().

mat?
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new

e whose match type is the same as

Step 3 of the algorithm finds a new match,

cr  but the cover by this match is different from that of the match f<.. The

mat? mat*

new match is indexed by a random number between 1 and NV, that represents the
number of matches at the node n,,,,. If the covers of f&% and fro7 are different,

the while-loop is exited by the process. A new sub-chromosome, w;, is built by the

BuildNewCone() routine after deleting all nodes of the fanin cone rooted at n,qp.

Algorithm 4.7.2: GAMUTATION(w?®)

output (w;, mutated network)
1. Nypap < SelectNode(w®)
2. (feur Limat) — GetMatchList(nmap)
3. while (1)
Npos <— Rand(Npqt)

do new — GetMatch(Limat, Tpos)

if (fimar 7 fmat)
then break;
4. w;, & DeleteCone(w?, Pmap)
5. w;, « BuildNewCone(w®, Nmap, frat )

mat
6. return (w;)

4.8 Covering Algorithm

This section describes the proposed graph covering that 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 GAM AP(), G represents the set
of subject graphs that contain a set of possible matches found in the matching stage
at every node, Ny, is the size of the global population, § is a threshold value that
enables the gaMutation() routine, p is the mutation rate, and I, is the maximum

number of allowed iterations.
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The GA begins by generating sub-populations that represent the mixed PTL/CMOS
mapping solutions for each subject graph g; (step 1). Generate_Sub_Population()
takes a subject graph g; as input and returns a sub-graph population w; that contains
a finite number of sub-chromosomes. {2 represents a set of sub-populations. The size
of a sub-population varies with the number of nodes in graph g;.

The next step is to initialize the global population P, (step 2). A global chromo-
some (; is formed by selecting sub-chromosomes in the routine GetGIChromosome().

In step 3, genetic operators such as crossover and mutation are applied to the sub-
population, the cost of new chromosomes is calculated and the sub-population is

updated.

Algorithm 4.8.1: GAMAP(G, Nypop, 6, 1ty Imaz)

output (¢, mapped network)
/ * initialize sub_population * /
1. for each g; € G
do d¥i e Generate_Sub_Population(g;)
Q—Qu Wi
/ * initialize global population * /
2. for i « 1 to Ngpp
do {Q — Get_Global _Chromosome(S)
Py — Py UG
/ * per form optimization x /
3. for each w; € Q)

(Wl «— gaCrossover(w;) (i)
if ((costayg(wl) — costang(wi™)) < 8)
then gaMutation(w}, 1) (ii)

do { ¥ — {Q—w;}Uut

¢ — Get_Global _Chromosome(£))

if (cost(¢t) < cost(Gnaz) and meets const.)
| then P — {Py = (o} UC!

4. Nityr < Nygr + 1

5. Repeat step 3 until Nyy > Loz or P, = SAT

6. { =min(G), where { € Py
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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, parent; and parents, which are
randomly selected from sub-population w; to perform the crossover operation. These
parents show the mapping solutions for a sub-graph before crossover, and the PTL+
cell assignments are also shown in Figure 4.7. The crossover operation begins by
selecting a crossover point ¢? from the parents. After the crossover point is selected,
the two sub-trees of parentl 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 attempt
is made to re-map the invalid part to make it valid. Re-mapping is also attempted to
improve the fitness (the total transistor gate area) of the child chromosomes as shown
in Figure 4.7(b) for childl, where merging two Typel cells into a Type2 cell resulted
in an overall reduction in sizes. After re-mapping, each valid child will survive if its
fitness is higher than the worst chromosome in the existing sub-population w;.

The routine gaMutate(), statement (ii), performs the mutation operation when

the average cost difference between previous generation w!™! and current generation
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w! is less than a threshold §. Figure 4.8 illustrates an example of the mutation
process. Mutation begins by randomly selecting a node, m?, from a sub-chromosome,
as described above. All the mapped nodes in the fanin cone rooted at m? are deleted.
We then build a new mapped circuit for the removed fanin cone. Figure 4.8 shows
an example of the mutation process. In this example, the mappings for the gates g,

to ge are deleted first and a new mapping solution is formed, as shown in Figure 4.8

(b). Thus, a new combination of covering is introduced in the sub-population.

and

a} hetore mutation b) after mutation

Figure 4.8: Example of a mapped graph mutation.

After crossovers and mutations are done, the sub-population list §2 is updated
(), and a new global chromosome ¢! is formed to update the global population P,.
P; represents the updated global population in each iteration. As described in Section
4.5, any global chromosome that violates the rules is an invalid chromosome, invalid
global chromosomes are discarded. Update 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, reaches I,,,, or the global population
is saturated. The last step is to select a global chromosome that 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 Parameters

Parameters used in GA, such as population size, mutation rate, and mutation
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 mutation rate () and percent threshold value that triggers mutation (§). The
maximum number of iterations to converge is relatively flat. Nevertheless, when
d = 0.85% and p = 0.35, the required number of iterations is the smallest compared

to other p and 4 settings.

400 1
3001

2001

Max. # of Itr. to Converge

1001

0.20
Mutat"on aty
)

Figure 4.9: Number of iterations to converge (C499, Nsuppop = 25, Ngpop = 15).

The final converged cost as a function of maximum sub-population size is shown

in Figure 4.10 (a). The results show that the saturation cost (i.e., quality of the solu-
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Figure 4.10: Convergence value and number of iterations to converge with respect
to various genetic parameters. (a)Normalized convergence value with respect to sub-
population size (C499, § = 0.85, u = 0.35, Ny, = 15). (b)Number of iterations
to converge with various mutation rate and global population size (C499, § = 0.85,
Noubpop = 25).
tion) highly depends on the maximum sub-population size and that the convergence
performance is relatively insensitive to the choice of the mutation rate and mutation
threshold. Figure 4.10 (b) shows the maximum number of iterations to converge with
respect to p and global-population size. Based on the experimental results and the
above observations, the GA parameters of global population size, sub-population size,
mutation rate, and mutation threshold for the experiments presented in Chapter 5
were chosen to be 15, 25, 0.35, and 0.85%, respectively.

The experimental results also show that the GA-based mapping algorithm con-
verges well. Most of the circuits obtained a significant amount 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 C1355.

4.10 Performance Enhancement

Fanout optimization is required during technology mapping (after covering) to
meet certain delay constraints. Fanout optimization is a fundamental problem in
timing optimization. Because this problem is known as an NP-complete problem[65],
many of the previous works[66, 67, 68, 69, 70] use heuristics to solve the fanout
optimization problem. These methods are widely used for timing optimization for
static CMOS circuits.

In this section, a new delay reduction method for PTL synthesis by performing
an automatic redundant buffer identification and removal is presented. The algorithm
also performs fanout optimization similar to the one described in [65, 67, 71]. The
impact of these features during synthesis on dual-rail mixed PTL/CMOS circuits

using an experimental 0.1um CMOS technology was examined.

4.10.1 Delay Model

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:

ty = max {Dmm + Di,loadCL} (4.4)

i€inputs

where t4 is a gate delay, D, is the load independent intrinsic delay of the gate,
D; 100q is the drive resistance of the gate from input 7 to output, and Cf, is the load

capacitance at the gate output.

- 4.10.2 Redundant Buffer Removal

Assuming that the dual-rail mixed PTL circuits were generated by replacing the
single-rail cells with 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 circuits?. 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 impact on delay
because an amount of fanout at 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 = gs'nt + Dzslloadco + fomt + Df; Cl (45)

1,8 i,load

Figure 4.12(a) shows a situation in which a dual-rail gate g, drives a dual-rail
inverter g;, and g; drives two sink nodes g; and g2. The delay from source node g to

the sink nodes is the sum of delay g to g; and the delay from g; to the sink nodes as

%In this case, the problem is basically different from a buffer insertion problem.

86

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



shown in the equation (4.5), where dy is the delay from the source node to the sink

nodes, D}%. . is the load independent intrinsic delay of the source gate, Dfj,,; is the

drive resistance of the source gate, Df; , is the load independent intrinsic delay of

gi, DY, is the drive resistance of g;, and C and C} are the load capacitance seen

at the nodes g, and g;, respectively. We assumed that all the parameters for both

polarities of the gate output are the same.

Algorithm 4.10.1: RBR(G)

l.for each n; € G

(if n; is not buf fer or inverter continue
FI' «— fanin node's fanout nodes of n;
Fo « fanout nodes of n;

do Ay < Delay_Dif ference()

if Ag>0
Fi0
do { F — F™|JFo
Lr — LrUni

\
2.G; « {g - Lr}
3. return (G;)

As shown in Figure 4.12(b), after removing the inverter, the source node’s out-
put signals x and Z are connected to the input signal of the sink nodes % and y,

respectively. The delay from the source node to the sink nodes d; is

dy = Dgs'nt + ‘l)gjoadct1 (46)

1,1

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.

Ad = Dgioad(co b Cl) -+ Df,zznt + Dgz Cl (47)

%, i,load
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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 G; the
algorithm traverses the graph. For all inverter buffer nodes during graph traversal,
the delay difference A4 is calculated. If the delay difference A4 is greater than zero,
the graph is modified so that the fanout nodes of node n; are the fanout nodes of the
fanin node of node n; and the inverter node is inserted to the redundant buffer list
L,. After traversing all the nodes in the graph, the nodes in the list L, are deleted

from the graph.

4.10.3 Fanout optimization

The conventional two level tree fanout optimization method generates a buffer
tree where rooted at the source node. This method inserts the buffer tree regardless
of the critical path 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 optimization
method, we will use this method instead of using more sophisticated fanout algorithms
such as LT-trees[72]. Although this method 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 g, drives several capac-
itive loads (sink nodes) including node g;. If a path that passes node g; is a critical
path, this node should be excluded from the buffer tree and keep the connection to
the source node g while sink nodes that are not in a critical path are distributed to
the leaves of the tree. Algorithm 4.10.2 illustrates the fanout optimization process.
The inputs of this algorithm are source node n;, list of fanout nodes Q%, and critical
path data P.. The output of this algorithm is a fanout tree Q%.

At the beginning of the process, the required number of sink nodes, Ny, for each
second level buffer is calculated such that the loads are balanced and the delay from

the source node to all sinks is reduced based on the following equation.

fo + D?joadCL —(A+B)>0 (4.8)

int

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 Q% (step 4). Step
5 of the algorithm generates the fanout buffer tree by examining the fanout nodes of

the source node n;.
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Algorithm 4.10.2: FANOUTOPT(n;, Q% , Pe)

1.Initialize Q%
2.Nyy « Calculate Sinks
3.j—0; k<0
4.Q% — I,
5.for each n, € QY
(if ny € P, continue
/ * build fanout buf fer tree x /
7 — {QF —ng}
if £ > Np»
do k0
do ¢ Q% — IIf!
Qp — Ity ke—k+1
else
| do {Qr — Ity kek+1
6. return (Q%)

For each node n, in the fanout list, if n, is in the critical path 7., the node is not
inserted into the fanout tree. A level-two buffer is inserted into the fanout buffer tree
if n, is not in the critical path. If the level-two buffer count exceeds a limit, Ny,, a
new level is created in the tree Q%. The fanout tree Q% is completed after considering
all the fanout nodes of the source node n;. 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 impact

on the critical path by the fanout tree.

4.10.4 Experimental Results of Performance Enhancement

The characteristics of the benchmark circuits used for this evaluation are shown

in Table 4.1. These circuits are small, but they are representative of both control-type
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Table 4.1: Characteristics of benchmark circuits.
Circuit # Trans. # Inputs # Outputs 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 12
Ckt 6 488 35 2 11
Ckt 7 278 25 4 14
Ckt 8 156 9 2 9
Ckt 9 246 16 25 12
Ckt 10 242 20 14 9

and data-path-type circuits used in microprocessor design. Three ISCAS85 bench-
mark circuits are also used in our experiment. All the PTL and static CMOS cells
used in our synthesis were created using an experimental 0.1uym CMOS technology.

The supply voltage in our experiments was set to 1.1V.

Table 4.2: Experimental results of applying the redundant buffer removal method
with a fanout optimization method.

Circuit || Synthesis results Synthesis results
w/o proposed methods w/ proposed methods
Area | Delay | Power PDP Area | Delay | Power | PDP
(um) | (ps) | (mW) (um) | (ps) | (mW)

Ckt 1 3941 93 0.014 | 1.31E-15 405 | 87 0.015 | 1.33E-15
Ckt 2 595.7 | 151 | 0.131 | 1.98E-14 || 4154 | 140 | 0.077 | 1.08E-14
Ckt 3 | 21315} 144 | 0.440 | 6.33E-14 || 17346 | 111 | 0.191 | 2.12E-14
Ckt 4 | 1002.1 | 129 | 0.319 |4.12E-14 | 809.1 | 118 | 0.245 | 2.89E-14
Ckt 5 2385 | 77 0.091 | 7.04E-15 || 1269 | T4 0.066 | 4.85E-15
Ckt 6 209.0 1 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 0.021 | 1.08E-15
Ckt 8 6731 83 0.017 | 1.44E-15 59.5 | 63 0.012 | 7.27TE-16
Ckt 9 25751 121 | 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 | 0.222 | 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 impacts 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 terms 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 PowrMill and PathM:ill[73],

respectively.

Table 4.3: Experimental results of applying the redundant buffer removal method
with a fanout optimization method(ISCAS85 benchmark circuits.)

Circuit || Synthesis results Synthesis results
w/o proposed methods w/ proposed methods
Area | Delay | Power PDP Area | Delay | Power | PDP
(um) | (ps) | (mW) (um) | (ps) | (mW)

C432 2710.3 | 477 | 1.093 | 5.21E-13 || 3204.5 | 420 | 1.640 | 6.89E-13
C499 || 4130.1 | 339 | 1.856 | 6.29E-13 | 3493.5 | 256 | 1.987 | 5.09E-13
C1355 | 6115.3 | 406 | 3.873 | 1.57E-12 || 3417.0 | 255 | 1.988 | 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 that the dual-rail mixed PTL circuit where the fanout optimiza-
tion and redundant buffer removal were applied outperforms the circuit that does not
apply the methods described above. On average, the dual-rail mixed PTL circuits
with fanout optimization and redundant buffer removal outperforms the results of
the circuits without fanout optimization and redundant buffer removal by up to 16%,

18%, and 45% in delay, area, and power, respectively.

4.11 Miscellaneous

The proposed mixed PTL/Static logic synthesis method described in Chapters 3
and 4 deals only with 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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Functional Specs

RTL Synthesis

. Behavioral Sim.

Logic Synthesis /
Optimization

In-Place Opt

Figure 4.14: Synthesis based ASIC design flow.

a sequential circuit handling method to the proposed mixed PTL/static 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 primary input or output of the new
combinational block.

not exactly match 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 PTL/Static synthesis method into

the ASIC design flow described above, the following steps need to be carried out:
1. Sequential Parts Separation

2. Convert combinational logic to equations and rearrangement of the block in-

put/output 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 written to a file
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to use later. Then, the separated combinational gates are transformed into the list of
equations called SLIF (Stanford Logic Interchange Format).

However, there can be problems with 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 primary inputs nor primary out-
puts. Therefore, the primary input and output pins of the transformed 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: Primary input and output relationship between original and sequential
part removed block.

Case Signal Property Original Block I/O | New Block I/0O
Latch Combinational PI PO [ PI PO pi po
1 Out - - Yes| - Delete - -
2 Out In - Yes| - Delete Insert -
3 Out In - - - - Insert -
4 In Out - - - - - Insert
5 In In/Out - - - - - Insert
6 | In/Out In - - - - Insert -
7 | In/Out In - Yes| - Delete Insert -

Table 4.4 shows the signal property (connection pattern) and primary input/output
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 third and fourth columns show

the actions that need to be done for the newly transformed combinational block. For
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Figure 4.16: Proposed mixed PTL design flow that is incorporated into a general
ASIC design flow.

example, when the signal, s4, 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 primary
output of the combinational only block as shown in Table 4.4. However, the primary
input/output list of the original block has not been changed because this signal was
not primary input nor primary output of the original block.

Once the combinational gates are transformed into a set of logic equations (SLIF
formét) and the primary 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 PTL/Static 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 that are temporarily inserted

to primary input/output are removed from the primary input/output list, and the
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original primary inputs and outputs are restored. Then, we can follow the rest of the
ASIC design flow.

Figure 4.16 shows the proposed mixed PTL design flow that 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 that
optimize the covering problem on a global level. The crossover and mutation were
performed on graph structure chromosomes that are the mapped solutions of a given
circuit. The proposed covering algorithm converged well. Also, a performance en-
hancing method through redundant buffer removal for dual-rail mixed PTL/Static
logic was developed. It was also shown that the use of the redundant buffer removal
method with a fanout optimization method significantly improves power and perfor-
mance. Finally, we proposed a method that incorporates the mixed PTL synthesis

method into a commercial ASIC design flow.
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Chapter 5

Technology Scaling Impact on
mixed PTL Circuits

5.1 Introduction

Power is an increasingly limiting factor in high-density and high-performance
VLSI designs. As a result of that, 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 that can reduce
power, has been a vehicle that 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 amount 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 PTL/Static CMOS
circuit. Automated 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 terms 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 0.25um technology generation or older. With current process gen-
eration moving beyond the 0.25um generation and into the 0.18um, 0.13um, and
0.1um generations, this paper attempts 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 0.1pum, and pre-
senting new comparative results using more up-to-date 0.18um, 0.13um, and 0.1um
CMOS technologies. The supply voltage for each technology generation from 0.18um,
0.13um, to 0.1um was also scaled to 1.5V, 1.3V, and 1.0V, respectively.

This comparative study also takes into account the different transistor sizing re-
quirements for different circuit styles and their impact 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 XOR/XNOR gates in a 0.18um
technology.

We used a set of 10 circuits extracted from a modern 64-bit microprocessor de-
sign. The experimental results show that the mixed PTL circuits scale well down to

the 0.1um 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 ITRS Road Map

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
1/4/2 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 roadmap 2001([36] for some parameters that are

most relevant to discussions in this paper.

5.2.2 Technology Scaling Theory

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 parameters for High-performance Logic(data from ITRS 2001 road map).

Long Term

Calendar Year

3001 | 2002 | 2003 | 2004 | 2005 | 2006 | 2007

2010 [ 2013 | 2016

Physical Gate Length (Leyy)

Power Supply Voltage,VDD

Tox Electrical Equivalent (T¢)
Sub-Threshold Current (NMOS)
Effective Transconductance gy,
Maximum On-chip Clock Frequency
Allowable Max. Power

Number of Trs per chip

nm
A\

nm
pA/pm
wS/pm

GHz
Watts

x10% Trs

65
1.2
2.25
1E-2
1000
1.7
130
276

53
1.1
2.12
3E-2
1055
2.3
140
348

Near Term
45 37 32
1.0 1.0 0.9
2.01 | 1.95 | 1.87
7E-2 { 1E-2 | 3E-1
1107 | 1137 | 1181
3.1 40 | 5.2
150 | 160 | 170
439 | 553 | 697

28
0.9
1.87
7E-1
1181
5.6
180
878

25
0.7
1.35
1E0
1584
6.7
190
1106

18
0.6
1.15
3E0
2378
11.5
218
2212

13
0.5
1.03
7TEO
3434
194
215
4424

9
0.4
0.93
1E1
4430
28.8
288
8848




Table 5.2: Scaling relationship for devices.

| Parameters || Relation | Full Scaling | General Scaling | Fixed Voltage Scaling |

W,L,T,; - l/a l/a 1/a
VDD, ‘/t - 1/(,1’ 1/ﬂ 1
Nsup VWi " a?/p a?
Area/Device WL 1/a? 1/a? 1/a?
Coe 1/toe Q Q o
Cr CoeWL 1/ 1/a 1/a
ky, ky CoeW/L a o o
I, knp V2 1/ a/B? a
ty(intrinsic) || CpV/ o 1/ B/a? 1/a?
P CLV?/t, 1/a? a/B? «
PDP CLV? 1/a08 1/af? 1/

85, 77, 86]. 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 « 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 « 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/« and 1/a?, respectively, as shown in Table 5.2.

The fixed voltage scaling method was most commonly used scaling method until
early 90’s. This scaling method only scales physical dimensions by a factor 1/« while
maintaining the supply and threshold voltages identical to the previous technology
generation. This scaling method is adequate for the situation where the designer
cannot change the supply voltage arbitrarily because of the compatibility to the older
version of designs. The scaling method 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/, respectively, as shown in Table 5.2. This scaling
method is most realistic method 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 Models for Different Circuit Styles

The drain-source current of MOS transistor in square-law model[28, 87] is given

by
0 , Vas < Vry
Ips =< K{(Vas — Vru)Vps — 0.5V3s} , Vps<Vgs — Viru (5.1)
K(Vas — Vru)?/2 , Vs 2 Vas — Vru

where Vry is threshold voltage, Vs is gate-source voltage, and Vpg is drain-source
voltage. K is a drivability factor and equals p(€sz/tor)(W/ Leyy), where p is an effec-
tive mobility, €,, is dielectric constant of a gate oxide, ¢,, is a gate oxide thickness, W
is a device width, and L.y is the effective channel length. The Vpg—Ip 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

0 , Vas < Vg
Ips =< (Upo/Vpo)Vps , Vps<Vas — Vru (5.2)
Ino , Vps 2 Vgs — Vru

In equation (5.2), I, and V), are given by

WP, i
Ipo = (Ves — Vra) (5.3)

L
Vho = Pu(Vas — Vrm)*"? (5.4)

where « is dependent on the degree of velocity saturation, which varies from 1 to 2.

The exact value of « is derived empirically. P, and P, are the technology parameters
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to be determined 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 Static and Dynamic Logic Delay

For an inverter, when the input goes from low to high and initially the output is
at Vpp, 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]

dV;)ut

o=y

= —Ipsn (5.5)

where Oy, is load capacitance, Ipg, = K,(Vgsn — Virn)® is the drain-source current
through the nMOS transistor, and V,,; is the voltage across the load capacitance.
Assuming a step function at the input, the propagation delay of output falling is
the output transition time form Vpp to Vpp/2. Integrating the Equation (5.5) form
t =1t (Vouw = Vpp) to t = ta (Vour = Vpp/2), the the delay time of high-to-low

transition of an inverter is given by

b = CrVop
2Kn(VGSn - VTn)a

(5.6)

where K, is a technology paprmeter[35]. Similarly, high-to-low delay time of an

inverter, t;, is given by

CLVpp
tryg = 5.7
A 2Kp(Vsep — |VTp|)a &1
The transconductance of an nMOS device is defined by
n OIpsn
Im = v

GSn

= aKn(VGSn - VTn)a_l (58)
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Thus, the drain current of a nMOS device in saturation mode can represented by
Kn(VGSn - VTn)a

aKn(VGSn - ‘/‘Tn)oz_1

= gme” (Vasn — Virn) (5.9)

Ipsn = aK,(Vosn — Vrn)*™t

For finite rise and fall time at the input, an additive modifying factor, 4, can be
added to the delay models in Equations (5.6) and (5.7). The modifying factor ¢ is
given by(35, 88|
1 1-Vr/Vpp

6:(5 1+«

Yt (5.10)
where « is the velocity saturation index which is the same as that in Equation (5.6),
Vr is the threshold voltage of a nMOS or pMOS transistor, and tr is the rise or fall
time of the input waveform. This input slope dependent delay (§) increases the delay
in Equations (5.6) and (5.7). The question is whether the load dependent delay ¢y,
(or trg) dominates the input slope dependent delay ¢. Using the parameters defined
in ITRS[36] for 0.1um CMOS technology, the ratio of Vy to Vpp is 0.14 and the
transconductane (gp,) is 810uS/um. Assuming that Cp = 50fF, a = 1.2 as in[35],
and t; = 50ps, the input slope dependent delay § will be 0.11¢r(5.5ps). On the
other hand, the load dependent delay tgy(ps) is 43.1/W,, where the unit for W, is
pum . For internal gates, it is reasonable to expect that the typical W, of an inverter
will be in the range of 0.2um ~ 1.0um, using the Equation (5.6), the resulting load
dependent fall-time delay is in the range of 215.5ps ~ 43.1ps. It is clear that 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, 88] that, for a
fixed Vr/Vpp, the delay tg;, (or tpg) becomes less sensitive to input slope when
the carrier velocity saturation effect gets severe and a becomes smaller due to the
fact that the factor 6 decreases monotonically as a decreases. Acceptable value of

Vr/Vpp is between 1/4 and 1/5[42] in modern CMOS process and it is projected to be
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even smaller for future CMOS technologies[36]. This implies that the load dependent
delay becomes more dominant than the input slope dependent delay as Vr/Vpp and
o 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

1
tpiNy = §(tLH +trm) (5.11)

Therefore, the propagation delay time of an inverter is given by

CrVbp 0.5 0.5
tpinv = ( T
2 gﬂla_l(VGsn — VTn) ngK_l(VSGp - lVTpl)

) (5.12)

For n-input NAND gate, assuming that 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 approximated by the following equations[89].

nC’LVDD

grond 5.13
e 2970 (Vasn — V) (5.13)
CrtVobp
gnand 5.14
L 2gmat(Vsap — [Vryl) (519
Therefore, the delay time of a NAND gage is given by
CrVop 0.5n 0.5
t = + 5.15
PNAND 2 (gﬂla-l(VGsn —Vrn)  gma " (Vsep — |VTP|)) (515)

Similarly, in case of a NOR gate, assuming that n identical pMOS are connected
in series and there in saturation node when the load capacitance is charged, the

propagation delay time of a n-input NOR gate is given by

. . CLVDD( 0.5 4 0.91 )
PNOR 2 Cgro (Vasn — Vrn)  gma~ Y (Vsgp — [Vrpl)

(5.16)

For a domino logic gate [90, 28, 77, 87], there are three delay components: pre-

charge, evaluation delay, and the delay through the inverter at 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]

tprn = teyal + th NV
CyVDD n
2 gma~t(Vasn — Vra)

+ thNV (517)

where te,q is the evaluation delay, C, is the capacitance at node y in Figure 5.2 (b).
tyinvv 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 Vo GND Vo
- 4 p d -
Vop =t N-tr off 2 V, V,p, T N-trsat

SGp

DD
P-tr tin P-tr sat
VDD _VTu - VnD - VTn -
N-tr sat + - N-tr lin
V. =0 V.=V

P-tr lin in \% aut P-tr sat
pu— GS; +—|_ n2 l

Vo I N-tr sat ‘5 VDD Ve, 1T N-tr lin
0 L P-trsat 0 X P-troff
(a) (b) (c) (d)

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 Delay Models for Pass-Transistor Logic Gates

In order to derive delay models of PTL+ cells, we need to examine the operational
modes of each transistors in PTL+ cell. Figures 5.1 (a) and (c) show the voltage and
current relationship of a part of a PTL+ cell. When logic 1 is transferred from input
to output as shown in Figure 5.1 (a), the nMOS transistor, n, is in saturation mode
when Vs < Vpp — V4, and ny is in cutoff region when V,; > Vpp — Vi, The pMOS
transistor, p;, is in saturation mode when V,,; < |V;p| and it is in non-saturation

mode when V,,; > |V;p|. Figure 5.1 (b) illustrates the operating regions of the n-

channel and the p-channel transistors for transferring a logic 1. Since Vpp 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 approximated as

$PTL CLVpp
e 2(I 5% + 18Dy)
CrVpp

- o (5.18)
2(gpsa(Vasn — Vra) + gm2a~(Vsap — |Vrpl))

where g7 (g?) is the transconductance of nMOS n; (pMOS p;) in saturation (non-

saturation) mode, and 3% and I’Sigp are the saturation current of n; and non-

saturation current of p;, respectively.

When logic 0 is transferred form input to output, the nMOS transistor, ns, is
in non-saturation mode when V,,; < Vpp — V4, and n, is in saturation region when
Vout > Vpp — Vin. The pMOS transistor, po, is in saturation mode when V,,; > |V},
and it is in cutoff mode when V,,; < |V;,|. 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 approximated as

fPTL+ CL Voo
T IR, +Ig,)

_ CLVpp (5.19)
2(g72a7(Vasn — V) + gna (Vsgp — |Vipl)) '

where g™ and gP? are the linear mode and saturation mode transconductance of ntMOS

ny and pMOS p,, respectively. Since the PTL+ typel cell is composed by connecting
the circuits shown in Figure 5.1 (a) or (c) in parallel, the delay of the PTL+ typel
cell is proportional to the delay of the circuit in Figure 5.1 (a) or (c). Therefore, the

overall propagation delay of PTL+ type 1 cell, shown in Figure 2.8 is given by
toprie = (t15 " +thr+)/2 (5.20)

The worst case delay of PTL+ type2 and type3 is the sum of the delay of two sections

of the PTL+ typel in series while the load capacitances for each section are different.
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5.4 Power Consumption Model
In CMOS logic, power consumption of a circuit is given by
Prot = CLVDDVswingf Ai + lieak VDD + TtunneVoD (5.21)

where Vgying is the voltage swing at an output node, f is the frequency of the input
signal, A; is activity factor, and Ijeer and Ijunne are total 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 third terms 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 Model

5.4.1.1 Sub-threshold Current

The sub-threshold leakage current of a MOSFET is given by[92]

Ly = Ae:g‘,%f(Vc-:s—VSB—Who—WVSB-i-TIVDs)(1 — e:%cz%l‘i) (5.22)

where Vg, Vsp, and Vg are the gate-source, source-substrate, and drain-source
voltages, respectively, v, S, and n represent linearized body-effect coefficient, sub-
threshold swing, and DIBL coefficient that is representing the effect of Vpg on thresh-

old voltage, respectively. The coefficient A is given by

W,
A= “OCom—i(kT/quLS (523)
Leys

where py and C,, are the zero-biased carrier mobility and the gate-oxide capacitance
per unit area, respectively. When transistors are connected in parallel and all the

transistors are in off-state, the Vpg each transistor are the same. Therefore, the
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leakage current is the sum of the currents that flow through each transistor. If the
transistors are connected in series and all of them are turned off the Vpg of all 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
that the source voltage of the first transistor (the top transistor in the stack) Vs is

much smaller than Vpp (Vs1 < Vpp), Vpsa can be represented in terms of Vpp

SkET

Al =4y,
——In(l + —(1 — e*7"PP 5.24

Vbsa = n

Similarly, the drain-source voltage of the ** transistor, The drain-source voltage of a
transistor in a transistor stack, Vpg;, in Equation (5.22) can be calculated using the

following equation|[93]

SkT A
—In(1+
IR LRy

Vpsi = (1 — extVpsi-1)) (5.25)

This equation can be iteratively used to find Vpg 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 limitation, the following empirical

model for leakage current has been proposed in [94]

Wio
Liear = Ioff_St “Cy (5.26)
f

where I,5s is the leakage current of a transistor measured from an actual silicon,
Wit is the sum of all nMOS and pMOS transistor areas in a circuit, and Sy and C;
represent stacking factor and temperature factor. The value S is calculated based
on the fact that the leakage current in transistor stacks is less than a single transistor

device because of self-reverse bias of Vg of a transistor in the stack. The coefficient C;
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is used to scale I,y for an appropriate junction temperature of the devices. Assuming

that it is fixed, the leakage current is highly depends on W, /Sy that is given by

tot i
Wit _ > W 2
St , S; (5.27)

i€cell

where W; and 5; are the total width and the stacking factor of cell <. To get the
leakage current of different circuit styles, we need to calculate W;/S; first for each cell
i in the circuits, then all the W;/S; are summed to get W;,:/Ss. This method can
be easily applied when a circuit is designed with ASIC style. When a circuit is not
designed with 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, /Sy by

summing the ratio of total area to stacking factor of all different groups.
5.4.1.2 Tunneling Current

Due to high electric field 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]

=B(1-(1-Voz/25)%/2))

Jn = A(Voz/toz)’e Vou [tos (5.28)

where A and B are physical parameters. Since V,, depends on gate-source voltage Vi,
and the surface potential ¢, (V,r = Vys — Vi — 1) , it is necessary to calculate ¢, to
calculate tunneling current using Equation (5.28). However, 15 can only be calculated
accurately using an iterative numerical method which is expensive[96]. Ignoring some

second-order effects, a simpler model can be used[36] here as:
Loy = 16.2L;pe3-45VPD—106tea) [, A /1] (5.29)

The tunneling current of a circuit was calculated in this work by multiplying total

transistor width of the circuit with I,;.
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Figure 5.2: Static, Dynamic, and PTL logic implementation of a OR gate. (a) , (b),
and (c) represent static, dynamic, and PTL, respectively. For PTL, it is assumed
that the input b is connected to Vdd.

5.4.2 Stacking Effects of Different 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 amount of current through turned-off transistor stacks

compared to the current through a single turned-off transistor using Equation (5.30).

Sy = o/ (5 3 114 (5.30)

where I represents the amount of current through a single turned-off transistor, N
represents the number of possible input combinations for the given stack, ¢ and I'*%*
represent a input combination and the corresponding sub-threshold leakage current,
respectively. Iy and I'*** were determined based on a SPICE simulation. Based on
a 0.1um CMOS process, our experimental simulation results show that the leakage
currents in a stack with 2, 3, and 4 turned-off transistors are 1/6, 1/7, and 1/7 of
that in a single transistor stack. Figures 5.2 (a) and (b) show an OR gate implemen-
tations using static and dynamic logic styles, respectively. We will use the OR gate
implementations in Figure 5.2 to illustrate how stacking factor for each type logic

gate is calculated.
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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. | total
Gnd Gnd 21, L(2L) 2Iy(21) | Bl(4l,)
Gnd Vdd IO (na) 2[0(2.[0) 3.[0(2[0)
Vdd Gnd I() Io(na) 2.[0(2.[0) 3[0(2]0)
Vdd Vdd I()/G Io(na) 2]0(2]0) 3[0(2[0)

Average || 1.041, ” - - ] 1.414(215)

Table 5.3 shows the input combinations and corresponding leakage current for
the static and dynamic gates. Let’s consider the static gate in Figure 5.2(a) first,
when inputs (a,b)=(11), the leakage current flows from V4 to node z through pMOS
p1 and po. In this case, the current is six times less than that of a single device. When
inputs (a,b)=(00), the leakage flows through both nMOS n; and ns in parallel, and
the amount of current is twice of a single turned-off device current. When inputs
(a,b)=(01) or (a,b)=(10), the leakage current flows through pMOS p, or p;, but there
is no leakage through nMOS because node z 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

(I/Vtot/sf)static = nand/SnO'r + I/Vinv/Sinv (531)

where Sy, = 0.96 and S;,, = 1.

For dynamic logic in Figure 5.2 (b) with nMOS n,q, during the evaluation phase,
when the inputs (a,b)=(11), the leakage flows through pMOS p, and py in parallel,
when the inputs (a,b)=(00), the leakage flows through nMOS n3 and ny4 in parallel;
when the inputs (a,b)=(01) or (10), the leakage flows through pMOS pio and py
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in parallel. In the pre-charge period, when the inputs (a,b)=(11), the leakage flows
only through nMOS n;9; when the inputs (a,b)=(00), the leakage flows through all
nMOS transistors, ns, n4, and nyg; when the inputs (a,b)=(01) or (10), the leakage
flows through nMOS n1y. By applying the similar method used for the static case,
the total amount of leakage current can be calculated, and the resulting stacking
factor for this gate is 0.72. When speed is critical in a dynamic gate, transistor nio 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 njo. 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 (¢) with different
input and output combinations.

Inputs and Output Current Flow | Leakage
a b c A
Vdd Gnd Vdd Gnd c— 2z 1.561,
Vdd Gnd Gnd Gnd | No leakage 0
Gnd Gnd Vdd Vdd z—b 1.561,
Gnd Gnd Gnd Gnd || No leakage 0
Vdd Vdd Vdd Vdd | No leakage 0
Vdd Vdd Gnd Vdd z—>c 1.561,
Gnd Vdd Vdd Vdd || No leakage 0
Gnd Vdd Gnd Gnd bz 1.561,
Average | - | 0.79I,

For the PTL gate as shown in Figure 5.2 (c), there is no leakage path through
the PTL gate for a certain input/output combinations because the potentials at 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 that do not result in any leakage current, the stacking factor of a PTL
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Figure 5.3: Gate capacitance, junction capacitance, and area projection results.

gate is higher than that 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 Results

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 parameters in the ITRS roadmap 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, f1 = a’b+ ¢d and fo = y(a(bc + V'd') + d’e), respectively. The sizes of
transistors for each different logic style are determined so that the rising and falling
time at the each node of each gate was in the range of 50ps to 100ps in 0.1um process
with a fanout of five at the output 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 PTL/Static
circuits, respectively. The general trend is that the gate capacitance per micron is de-
creasing as technology scales because the decreasing rate of effective channel length is
larger than that 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, C,/Cj, 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 PTL are smaller than those of static an dynamic circuit styles.
The area of static circuit is larger than that 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 benchmark 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-
nal(s) is one of the major sources of dynamic power consumption in dynamic circuits.
The dynamic power consumption of dual-rail mixed PTL are lower than that of static
CMOS when the gate length is longer than 50nm. The power consumption of single-
rail mixed PTL becomes more than that 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 benchmark circuits. The results indicate that 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 magnitude 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 important role relative to the
sub-threshold leakage power, the overall total leakage power follows the trend of that
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 terms of overall leakage power consumption.

The trend for total 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 total power consumption exceeds that 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 important 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 that the mixed
PTL/Static circuits have advantage over the conventional static and dynamic CMOS

styles in terms of power-delay-product and energy-delay-product by a large margin.

5.6 Conclusions

In this Chapter, the scalability of mixed PTL/Static circuits was examined by
projecting the trends of performance and power consumption on the future technology
generations. The projection results show that 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 PTL circuit keeps advantage over

static and dynamic circuit styles throughout the technology generations in the total
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Figure 5.8: Power-delay-product projection results.
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Figure 5.9: Energy-delay-product projection results.
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power and leakage power consumption. The projection results give more evidence that
the mixed PTL/Static 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 PTL/Static
circuit styles and comparisons to that of the domino and the conventional static
CMOS will be presented in Chapter 6 in three different state-of-the-art modern CMOS

technologies.
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Chapter 6

Experimental Results

The Boolean matching and the covering method using genetic algorithms (GAs)
presented in this dissertation were implemented in C++- on a Pentium III Linux plat-
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 PTL/Static circuits.

This chapter, first, presents the experimental results of single-rail and dual-rail
mixed PTL/Static circuits using the proposed synthesis method and compares these
circuits to their static counterparts using SIS[19, 30, 31] and a commercial logic
synthesis tool from Synopsys[76] in terms of delay, size, and power consumption.
Although comparing our results with that of other mapping algorithms[13, 14] using
mixed PTL circuits would be desirable, the difficulty lies in the fact that the results
presented in [13, 14] were from mappings to a technology that was not mentioned in
their papers. Second, the experimental results of technology scaling impact 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 benchmark circuits from a 64-bit microprocessor
design.

This chapter is organized as follows: Section 6.1 presents the experimental results
on the mixed PTL/Static and static CMOS circuits in a 0.25um CMOS, a 0.1um
CMOS, and a 0.13um SOI technologies. In Section 6.2, the impact 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 Experimental Results on Mixed PTL and Static
CMOS

6.1.1 Experimental Setup

We synthesized mixed PTL/Static circuits for all the ISCAS85 circuits[98] (10
circuits), some of the MCNC91 circuits (18 circuits)[98], and ten benchmark 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 PTL/Static circuits were also synthesized using
the proposed method. The main difference between single-rail and dual-rail mixed
PTL is that, 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
method was applied to all dual-rail mixed PTL/Static circuits.

All the PTL cells were locally created using a 0.25um CMOS process form TSMC
(Taiwan Semiconductor Manufacturing Company), a 0.1um, a 0.13um CMOS pro-

cess, and a 0.13um PDSOI process. The supply voltages for 0.25um, 0.1um, 0.13um
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CMOS, and 0.13um PDSOI technologies were set to 2.5V, 1.1V, 1.3V, and 1.1V,
respectively. All static cells used in the experiments using the 0.25um CMOS process
were from a commercial TSMC 0.25um standard cell library. For other technologies,

all the static cells were from a company referred to as company A.

6.1.2 Experiment Results in a 0.25um Bulk CMOS Process

We compared the results to the SIS1.2 technology mapper [31] in terms of de-
lay, size, and power consumption in a 0.25um CMOS technology. The results are
shown in Table 6.1. The delay and power measures were obtained using PowrM;ll
and PathMill[73], respectively. To get the estimated power consumption results for
circuits from the proposed method and SIS, we used randomly generated test vec-
tors. It is known that the estimated power results depend on the number of applied
test vectors and that a large number of random vectors are required. Statistically,
however, we can get a good estimate of power with a reasonable number of input
vectors[99, 100]. In this experiment, 1000 vectors were used to estimate power con-
sumption.

Table 6.1 shows that our proposed method outperforms the SIS mapping method
in both area and power consumption. Out of 28 benchmark circuits, 17 circuits
outperform the delay of SIS mapping results. On average, our proposed method
outperforms the SIS results by up to 7%, 25%, and 40% in delay, area, and power,
respectively.

The amount 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 mapped to PTL
cells. It is widely perceived that PTL cells are not good candidates for implementing
random logic with few MUX-type functions. However, our results show that the

majority of a given logic function can be mapped to PTL to achieve lower power.
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Table 6.1: Synthesis results using TSMC 0.25um CMOS process, Vdd = 2.5V.

Circuit SIS Single-rail Mixed PTL/CMOS
Area Power Delay Area Power Delay | PTL CPU
(um?) (W) (ns) || (um?) (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 88 2.9
cml162a 193.92 | 1.69276E-05 1.202 101.61 | 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
cm150a 236.16 | 1.52917E-05 0.800 102.01 | 3.14843E-06 | 0.762 66 3.3
mux 193.92 | 1.79837E-05 0.612 97.18 | 3.58940E-06 | 0.588 73 6.2
sct 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
ttt2 1061.76 | 7.24873E-05 | 0.924 696.05 | 3.64845E-05 | 1.101 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 No. of Final % Cost

Cost Iteration 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
cm162a, 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
cm150a 180.30 193 86.98 51.76
mux 173.94 422 80.88 53.50
sct 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
ttt2 973.82 399 811.94 16.62
C499 1860.70 444  1656.08 11.00
cht 696.44 414 484.42 30.44
x2 265.90 299 218.70 17.75
880 1621.52 381 1398.52 13.75
C1355 2397.90 418  2202.00 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 time 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 time in the future may involve better choice of crossover and mutation
points in the GA based on the type of neighboring cells to improve its efficiency,
rather than randomly choose the crossover and mutation points. Furthermore, recent
advances in computing technology can also potentially cut the runtime significantly.

Table 6.2 lists the number of iterations tb reach convergence for all the circuits,
and the corresponding amount of improvement on cost. Most circuits obtained a

significant amount of improvement on cost with fewer than 500 iterations.

6.1.3 Experiment Results in a 0.1ym Bulk CMOS Process

The results of the conventional static CMOS, single-rail and dual-rail mixed PTL
circuit styles of the ISCSA85 benchmark circuits and the circuits from a microproces-
sor in the 0.1um CMOS process are shown in Tables 6.3 and 6.4, respectively. The
delay and power measures were obtained using PowrMill and PathMill[73], respec-
tively. To get the estimated power consumption results for circuits from the proposed
method and that from Synopsys, we used randomly generated test vectors. It is
known that the estimated 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: Experimental results on ISCAS85 benchmark circuits in 0.1um 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) ) (pm) | (ps) W) (J) (pm) | (ps) ) (J)
C432 || 413621 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
C1908 || 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 | 446E-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 benchmark circuits in
0.1pm CMOS process. PTL and DTL represents single-rail and dual-rail mixed PTL,
respectively.

can get a good estimate of power with a reasonable number of input vectors[99, 100].
In this experiment 1000 vectors were used to estimate power consumption.

Tables 6.3 and Figure 6.1 show that the single-rail and dual-rail mixed PTL
styles of the ISCAS85 benchmark circuits using the proposed method 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 method were 75% and 55% better than that
of static counterparts, respectively.

This subsection presents the experimental results of the benchmark circuits from
a commercial microprocessor in single-rail, dual-rail mixed PTL/Static circuits us-
ing the proposed method, and their static counterparts. The static circuits were
synthesized using a commercial synthesis tool from Synopsys.

Table 6.4 and Figure 6.2 show that 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 that 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: Experimental results on the benchmark circuits from a microprocessor in 0.1um CMOS process.

Circuit || Static using Synopsis synthesis tool Single-Rail Dual-Rail
Area | Delay | Power PDP Area | Delay | Power PDP Area | Delay | Power PDP
(um) | (ps) (W) (J) (um) | (ps) (W) (J) (pm) | (ps) (W) ()
Cktl 310.6 | 150.0 | 1.02E-04 | 1.52E-14 36.4 | 122.0 | 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 | 111.0 | 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 17275 | 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-15 458 | 78.0 | 1.84E-05 | 1.43E-15 52.9 | 51.0 | 2.11E-05 | 1.08E-15
Ckt8 116.6 | 120.0 | 1.42E-05 | 1.71E-15 374 | 8.0 | 1.07TE-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
Ckt10 |} 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 0.1um 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 that of their static counterparts.

6.1.4 Experiment Results in a 0.13um SOI Process

This section presents the experimental results of static, single-rail mixed PTL,
and dual-rail mixed PTL circuits on ISCAS85 benchmark circuits and the benchmark
circuits form a microprocessor design (see Table 4.1) in an 0.13um 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 PTL/Static circuits were synthesized using the proposed synthesis
method.

The results of conventional static CMOS, single-rail and dual-rail mixed PTL in
both a 0.13um bulk CMOS process and a 0.13um PDSOI process using the ISCAS85
and the microprocessor benchmark 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 benchmark circuits from the microprocessor in the bulk CMOS and
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Table 6.5: Experimental results on the benchmark circuits from a microprocessor in 0.13pm bulk CMOS process.

Circuit Static Single-Rail Dual-Rail

Area | Delay | Power PDP Area | Delay | Power PDP Area | Delay | Power PDP

(pm) | (ps) | (mW) (pJ) (pm) | (ps) | (mW) (pJ) (pm) | (ps) | (mW) (pJ)
Ckt1l 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 | 2112.0 | 105.4 | 1.32E-03 | 1.40E-01 || 905.1 | 211.6 | 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 | 202.8 | 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
Ckt10 || 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 benchmark circuits from a microprocessor in 0.13um partially depleted SOI

process.
Circuit Static Single-Rail Dual-Rail
Area | Delay | Power PDP Area | Delay | Power PDP Area | Delay | Power PDP
(pm) | (ps) | (mW) (pJ) (pm) | (ps) | (mW) (pJ) (pm) | (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 | 86.0 | 5.13E-05 | 4.41E-03
Ckt2 | 6272.8 1 171.4 | 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
Ckts5 || 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 | 86.0 | 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
Cktl0 || 7721.3 | 149.4 | 2.65E-03 | 3.9TE-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: Experimental results on ISCAS85 benchmark circuits in 0.13um 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
(pm) | (ps) (W) () (pm) | (ps) W) Q)] (pm) | (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 i 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 | 2201.0 | 2.87E-02 | 6.31E-11 || 244380.4 | 2078.0 | 6.67TE-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
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Figure 6.3: Normalized area, delay, and power of the benchmark circuits from a
microprocessor in 0.13um 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 benchmark circuits from a
microprocessor in 0.13um 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 0.13um PDSOI process. The delay and power measures of
the benchmark circuits from the microprocessor were obtained using SPICE circuit
simulators that 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 that the average delay of single-rail mixed PTL/Static

circuits on the benchmark circuits using the proposed method in bulk CMOS is

slightly higher (1%) than that 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
0.13um SOI process. PTL and DTL represents single-rail and dual-rail mixed PTL,
respectively.

show that the average delay of single-rail mixed PTL/Static circuits on the bench-
mark circuits using the proposed method in partially depleted SOI is 19% higher than
that 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 ISCASS85 circuits is also higher (2%) than that of
static circuits while the delay of dual-rail mixed PTL circuits is 7% better than its
static counterpart. These results indicate that the performance gain of mixed PTL
circuits over their static counterparts in SOI is less than that of the bulk CMOS
process. This decreased performance gain in SOI is mainly due to the fact that the
delay of static circuits in SOI improved more dramatically 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 approximately four
times smaller than that of their static counterparts. In the SOI process, the average
power consumptions of single-rail and dual-rail circuits using the benchmark 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 benchmark circuits from the microprocessor using proposed method
were 79% and 67% better than that 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 that of their static counterparts,
respectively. One obvious question to these results is that 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 impact on the delay and power.

- ]
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Figure 6.6: Normalized delay and power in 0.13um 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 benchmark circuits from the microprocessor in the 0.13um bulk CMOS
with those in the 0.13um 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

137

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



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 that 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 that mixed PTL
circuits using the proposed method are good candidates for future high-performance
and low-power digital system designs in both bulk CMOS and partially depleted SOI

process.

6.2 Experimental Results on Technology Scaling
and Leakage

6.2.1 Experimental 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 datapath logic, XOR/XNOR intensive
datapath logic, and random logic. Each circuit was implemented in domino, conven-
tional static CMOS, single-rail, and dual-rail mixed PTL circuits. These circuits were
mapped to 0.18um, 0.13pm, and 0.1um CMOS technologies, and the supply voltages
for the CMOS technology were 1.5V, 1.3V, and 1.0V, respectively. The characteristics
of the benchmark 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 0.18um CMOS technology. Every
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Figure 6.7: Power-Delay curve of four different implementations of a circuit in 0.18um.

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 that the delay and the power of three different implementations need to
be chosen at 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 0.1uym CMOS technol-
ogy. The measured leakage current for each benchmark circuit is compared to that
estimated by the models in the previous sections. The stacking factor for a cell, S;,
were calculated by averaging the leakage currents of all possible input combinations

as described in Section 5.4.2.

6.2.2 Delay and Dynamic 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 PTL/Static 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 that 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 that mixed PTL/Static 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, but the gap between the mixed PTL circuits and the domino circuits is less
than that of the circuits in Group 1 due to the fact that mixed PTL/Static logic can
implement XOR/XNOR 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, but the gap between the mixed
PTL logic and the conventional static CMOS logic has widened significantly. This can
be attributed to structural efficiency of using PTL logic to implement XOR/XNOR
intensive logic.

The trends of normalized average delay and power in Group 3 are shown in
Figure 6.10. It is interesting to note that 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 implementations in terms of the number of gates used, leading to better
performance and power consumption. The results also reaffirm the well-known fact
that 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 that the delay gap between mixed PTL logic and domino
logic is small relative to that between the static logic and the domino logic. The
experimental results of the relative advantages of different logic design styles in terms
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 terms of delay shrinks
with technology scaling. This shrinkage results from the fact that 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 PTL/Static 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 Experimental Results on Leakage Power Consumption

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 PTL/Static logié styles for ISCASS85 circuits. And ten circuits with varying
complexities were chosen from a 64-bit microprocessor design as another set of bench-

mark circuits. The benchmark circuits from a microprocessor, shown in Table 4.1,
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Figure 6.12: Overall normalized average (a)power-delay-product and (b)energy-delay-
product in each technology node.

were implemented in four different circuits, pure static, single-rail and dual-rail mixed
PTL/Static, and dynamic logic styles, respectively. The size of each circuit styles for
both benchmark circuits were determined so that 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 0.1um 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 benchmark circuit
is compared to that estimated by the models in the previous sections. The stacking
factor for a cell, S;, were calculated by averaging the leakage currents of all possible
input combinations as described in Section 5.4.2.

The measured and estimated leakage current of different circuits for ISCAS85 and
the benchmark 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 PTL/Static circuits, respectively. Both the measured and estimated leakage

currents include both the sub-threshold current and the gate tunneling current.
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Figure 6.13: Normalized measured and estimated leakage current of ISCAS85 bench-
mark circuits.

For the ISCAS85 benchmark circuits, the mixed PTL circuits, on average, con-
sume about a third of the leakage power compared to that of the conventional static

CMOS circuits. This can be attributed mainly to two reasons:

1. the mixed PTL circuits has, on average, higher stacking factors than that of the

conventional static CMOS circuits,

2. the overall gate area of the mixed PTL circuits are much smaller than that of

the conventional static CMOS circuits in terms of relative relationships.

The estimated 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
that they are bigger. In terms of stacking factor, the dual-rail mixed PTL circuits, on
average, are actually slightly higher than that of the single-rail PTL circuits because
of the elimination of inverters in the dual-rail PTL circuits.

The benchmark circuits from the 64-bit microprocessor design consist of mainly

datapath circuits. The results shown in Figure 6.14 follow the same trend as that
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Figure 6.14: Normalized measured and estimated leakage current of the benchmark
circuits from a microprocessor.

shown in Figure 6.13 for the ISCASS85 circuits for the same reason mentioned above.
One interesting and yet predictable fact is the highly elevated leakage currents asso-
ciated with the dynamic circuits. Although the gate area of the dynamic circuits is
smaller than that 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 estimated 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 estimated 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 PTL/Static circuits that were synthesized using the proposed
method.

The experimental results of technology scaling effect of the mixed PTL/Static
circuit styles are also presented and compared to that 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 that the mixed PTL circuits scale well down to the level of 0.1um technology.

The experimental results show that the mixed PTL/Static circuits generated by
the proposed method have advantage over the conventional static CMOS and dynamic

circuit styles in terms 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 PTL/Static logic synthesis method using genetic
algorithms (GAs) was presented.

Pass-transistor cell structure used in mixed PTL/static logic significantly im-
pacts mixed PTL/Static circuits in terms of performance and power consumption. A
new pass-transistor cell structure for mixed PTL/Static circuits based on the com-
parison of performance/power consumption and analysis of different pass-transistor
logic structures was presented in Chapter 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 output voltage swing and reduces the
amount of short circuit current at static stage. These benefits significantly outweigh
the slightly bigger area in terms of performance and power consumption.

In Chapter 3, existing matching techniques were described. Since Boolean match-
ing method is more efficient than graph matching method, we have chosen Boolean

matching and implemented to create static and PTL match lists.

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



A new covering method for mixed PTL/Static logic was proposed in Chapter 4.
The proposed GA-based mapping and covering method allows global optimization to
explore the best combinations of PTL cells and static CMOS cells for a given circuit
in terms of area, delay, and power consumption. The crossover and mutation for GA
were performed on graph structure chromosomes that are the mapped solutions of a
given circuit. The parameters 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 PTL/Static logic was developed. It was
shown that the use of the redundant buffer removal method with a fanout optimization
method significantly improves power and performance. We also presented a sequential
circuit handling method to the proposed mixed PTL/static logic synthesis flow that
can incorporate the mix PTL synthesis into a commercial logic synthesis flow.

In Chapter 5, the scalability of PTL was examined by projecting the delay and
power consumption trends for the future technology generations. The projection
results show that the leakage power exceeds technology scales down because of de-
creasing transistor threshold voltage. The projection results, however, show that the
mixed PTL circuits scales well down to 25nm technology node.

In Chapter 6, various experimental results of the mixed PTL/Static circuits
and their static counterparts were presented. The single-rail and dual-rail mixed
PTL/Static circuits synthesized using the proposed method 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 0.1um CMOS and
0.13pum PDSOI CMOS technologies. The experimental results on technology scaling
show that the mixed PTL/Static circuits scale well down to the 0.1um technology
node level compared to their static and dynamic counterparts. For the leakage power,

the mixed PTL circuits consume less amount of leakage power than that 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 that the mixed PTL/Static
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 that the mixed PTL/Static 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 PTL/Static 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 method have ad-
vantages in terms of power and/or performance over their static and dynamic coun-
terparts. The scalability of the mixed PTL/Static circuits has also been presented by
means of experiment and projection for future CMOS technologies, and it has been
shown that 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 time in the future may
involve a better choice of crossover and mutation points in the GA based on the
type of neighboring cells to improve its efficiency, rather than randomly choosing the

crossover and mutation points.
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Appendix A

Abbreviations and Acronyms

ASIC Application-Specific Integrated Circuits

ADTPT  Asymmetrical Dynamic Threshold Pass-Transistor
BDD Binary Decision Diagram

CMOS Complementary Metal Oxide Semiconductor

CPU Central Processing Unit

CUDD Colorado University Decision Diagram

DAG Directed Acyclic Graph

DSM Deep-Submicron

DTMOS  Dynamic Threshold MOSFET

GA Genetic Algorithm

FA Full Adder

FDSOI Fully Depleted SOI

HDL Hardware Description Language

ITRS International Technology Roadmap for Semiconductors
MFP Multiple Fanout Point

MOS Metal Oxide Semiconductor

MOSFET Metal 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 Manufacturing Company

VHDL Very High Speed Integrated Circuits (VHSIC)
Hardware Description Language

XOR Exclusive-OR

XNOR Exclusive-NOR
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Appendix B

Notation

g
M

Foym
N,

gpop
N, subpop
7

0

&

Wi

Cp

mp

N itr

Py

Vaa or Vpp
Vin

St

s

Leysy

toz OF Ty

601‘

sup(f)
7(f)

9m

IOI

Ileak
Ips

tp or td
tur/tim

A set of mapped subject graph

Match List

Symmetry set of a Boolean function f
Number of Global-Populations

Number of Sub-Populations

Mutation rate

Threshold value that triggers mutation

A global chromosome

A sub-population

A set sub-populations

Cross-over point

Mutation point

Number of iterations

A set of global chromosomes

Power supply voltage

Threshold voltage of a MOS transsitor
Stacking factor

Surface potential

Effecting channel length of a MOS device
Gate Oxide Thickness

Dielectric constant of a gate oxide
Support set of a Boolean function f
Ordered support set of a Boolean function f
Transconductance of a MOS transistor
Tunneling current through gate oxide
Sub-threshold leakage current of a MOS device
Drain-Source current of a MOS device
Propagation delay time of a gate
High-to-low / Low-to-high delay time
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Appendix C

Source Codes

Table C.1: Summary of source codes for mixed PTL/Static logic synthesis.

Code Name | Lines | Descriptions

LinkedList.h 549 Class definition of double linked list and its methods
1sElem.h 117 Class definition of the elements of linked-list

Node.h 364 | Class definition of Node (a gate in un-mapped circuit)
Graph.h 688 Class definition of Graph and its method
eqn_opr.h 196 Class definition of equation operators

eqn_stack.h 123 Class definition of the fixed-length array stack
Queue.h 111 Class definition of Queue using linked list

Stack.h 83 Class definition of Stack using linked list
LibCell_new.h 182 Class definition of a cell in the cell library
PinInfo_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
Read_lib.cc 601 Reads mixed PTL and Static Cell library
Subgraph_Bdd_new.cc | 1225 | Graph partitioning and BDD generation
Permute.cc 94 Subroutines for BDD variable re-ordering
Match_depth.cc 3019 | Check and build match between cluster and cell and
MapGraph.h 573 Class definition of mapped circuit and methods
MapNode.h 241 Class definition of mapped circuit and methods
Delay_cal_new.cc 1733 | Delay and Cost calculation

Gacover_sub_dPTL.cc | 2974 | Subroutines for GA covering

Spice_net.cc 1180 | Generates ELDO circuit netlist

main.cc 327 Top level program for mixed PTL synthesis

Total 16250 | -

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



Reproduced with permission of the copyright owner.

/
* LinkedList.h
* Class definition of double linked list and its methods

#ifndef LINKEDLIST CLASS
#define LINKEDLIST_CLASS

#include <fstream.h>
#include <string.h>
#include <stdlib.h>

#ifndef NULL
const int NULL = O;
#endif

#include "1sElem.h"

template <class T>
¢lass LinkedList

protected:
// y nodes for the ends of the Llinked List
1sElem<T> headdummy, taildummy;

// pointers maintain access to front and rear of list
1sElem<T> *front, *rear;

// used for data retrieval, insertion and deletion
1sElem<T> *prevPtr, *currPir;

// number of elements in the list

int size;

// position in list. used by Reset method
int position;

// private methods to allocate and deallocate nodes
//1sElem<T> *GetlsElem(const T& item,lsElem<T> xptrNext=NULL);

1sElem<T> *GetlsElem(const T& item);
void FreelsElem(1sElem<T> *p);

// copies list L to current list
void CopyList(const LinkedList<T>& L);

public:

// constructors

LinkedList(void);

LinkedList(const LinkedList<T>& L); // Not yet
// destructor
“LinkedList(void); // Not yet

// assignment operator
LinkedList<T>& operator= (const LinkedList<T>%& L); // Not yet

// methods to check 1ist status
int ListSize(void) const;
int isEmpty(void) const;

// Traversal methods
void Reset(int pos = 0);
void Next(void);

int CurrentPosition(void) const;
int isEndOfList(void) const;
int End0fList(void) const;

// Insertion methods

void InsertFront(const Tk item);
void InsertReargconst T item);
//void InsertAt(const T& item);
void InsertRight(const T& item};

// Deletion methods
T DeleteFront(void);
T DeleteRear (void);

T DeleteCurrent (void);

//void DeleteAt (int pos);
1sElem<T> *DeleteCurrentElem(void);
1sElem<T> *DeleteFrontElem(void);
1sElem<T> *DeleteRearElem(void);

// Data retrieval/modification
T& Data(void); // To get currPtr->data.
T& Data(int pos); // To get currPtr->data.

// method to clear the list
void ClearList(void);

friend class Graph;
friend class MapGraph;
3 friend class LibCell;
template <class T>
1sElem<T> *LinkedList<T>::GetlsElem(const T& item)

1sElem<T> *p;

P = new 1sElem<T>(item);
if (p == NULL)
{

cout
<< "Memory allocation failure LinkedList::GetlsElem(T% item)!\n";

exit(1);
b
return p;
template <class T>
void LinkedList<T>::FreelsElem(1sElem<T> *p)

delete p;

154

// copy L to the current list, which is assumed to be empty
template <class T>
void LinkedList<T>::CopyList{const LinkedList<T>& L}
{
// use p to chain through L
lsElem< > *p = L.f
int 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();

// if list is empty return
if (position == -~1)
return;

// reset prevPtr and currPtr in the mew list
currPtr = front
for (pos = 0; pos != position; pos++)

currPtr->Next = currPtr->NextlsElemRight();
currPtr->Prev = currPtr->NextlsElemLeft();

¥

// create empty list by setting pointers to NULL, size to 0
// and list position to -1

template <class T>

%1nkedLlst<T> :LinkedList(void)

front = &headdummy;
rear = &taildummy;
front->Next = rear;
front->Prev = NULL
rear->Next = NULL
rear->Prev = front
prevPtr = NULL,
currPtr = front;
size = 0;

position = -1;

}

template <class T>
%inkedl.isc(r): :LinkedList (const LinkedList<T>g L)

front = rear = NULL;
prevPtr = currPtr = NULL;
size = 0;
position = -1;
CopyList(L);

}

template <class T>
\(oid LinkedList<T>::ClearList(void)

1sElem<T> *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 <class T>
LinkedList<T>:: LinkedList(void)

if(size!=0){
ClearList(};

}

template <class T>
LinkedList<T>% LinkedList<T>::operator={const LinkedList<T>% L)
{
if (this == &L)
return *this;

ClaarList (;
gyl.i st (L
urn n:his

// Can’t assign list to itself

}

template <class T>
int LinkedList<T>::ListSize(void) const

return size;

template <class T>

int LinkedList<T>::isEmpty(void) const

return size == 0;
// move prevPtr and currPtr forward one node

template <class T>
void LinkedList<T>::Next(void)

// if traversal has reached the end of the list or
// the 1list is empty, just return
if (currPtr != NULL)

// advance the two pointers one node forward
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currPtr = currPtr->Next;
position++;
}
¥

// True if the client has traversed the list (for while loop)

template <class T>
int LinkedList<T>:

return currPtr->Next == rear;

// To use in for loop
template <class T>

:isEnd0fList (void) const

int LinkedList<T>::End0fList(void) const

return currPtr == rear;

// return the p051tion of the current node
™

template <class

int LinkedList<T>::CurrentPosition(void) const

return position;

// reset the llst posn:jon to pos
template <class T

void L1nkedList<T>..Resat(1nt pos)
{

int startPos;

// if the list is empty, return
if (front == NULL)
return;

// if the position is invalid, terminate the program

if (pos < 0 || pos > size-1)

{
cerr << "Reset: Invalid list position:
cout << "Reset: Invalid list position:
3 Teturn;

" << pos <<"\n";
" << pos <<"\n";

// move list traversal mechanism to node pos

if(pos == 0)
{

// reset to front of the list
currPtr = front->Next;
position = 0;

else
// reset currPtr, prevPtr, and position

currPtr = front->Next->Next;
startPos = 1;

// move right until position == pos
for(position=startPos; Nposition != pos; position++) {

currPtr = currPtr->Next;

}
}

// return a reference to the data value in the current node
template <class T> T& LinkedList<T>::Data(void)

{
// error if list is empty or traversal completed
if (size == ()
cerr << "Data: invalid reference!" << endl;
3 return currPtr->data;

template <class T> T& LinkedList<T>::Data(int pos)

// error if list is empty or traversal completed

if (si == ()
i size

cerr << "Data:
//exit(1);
Reset(pos);
return currPtr->data,

}
// Insert item at front of list

template <class T> void LinkedList<T>:

{
1sElem<T> *newlsElem;

nevlsElem = GetlsElem(item);

newlsElem->Next = front->Next;
newlsElem->Prev = front;
front->Next = newlsElem;
newlsElem->Next->Prev = neulsElem,

currPtr = newlsElem;
position = 0;
size++;

}

// Insert item at rear of
template <class T> void Linkdezst<T>
{

1sElem<T> *newlsElem;
newlsElenm = GetlsElem(item);

newlsElem->Next = rear;
newlsElem->Prev = rear‘>Prev;
rear->Prev = newlsEL
newlsElem—)Prev-»Nsxt - newlsElem;

invalid reference!" << endl;

:InsertFront (const T& item)

// create the new node

:InsertRear{const T& item)

// create the new node
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prevPtr = rear->Prev->Prev;
currPtr = newlsElem;
position = size;

size++;

}

// Insert item after the curremt list position

template <class T>
void LinkedList<T>:

1sElem<T> *p;
if (currPtr == NULL) {

/ First time insertion afer ob,
cout << "Trying to insert am ob

]

:InsertRight(const T& item)

ect iitialized
ect without CURRENT Object" <<endl;

cout << "Forced to InsertRear()" << 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 list
template <class T> T LinkedList<T>::DeleteFront(void)

1sElem<T> *templsElem;

T rdata;
if (size) {
size--;
templsElem = front->Next;

front->Next = templsElem->Next;
Prev = front;

templsElem->Next~
templsElem->Next = NULL;
templsElem->Prev = NULL;

currPtr = front->Next; // Move the current object poisition

position = 0;

rdata = tem 15E19m‘>data,
delete templsElem;
return rdata;

glse {

cout << "Invalid deletion!" << endl;
L;

return
}

// Delete the node at the rear of list

st
template <class T> T LinkedList<T>::DeleteRear(void)

1sElem<T> *templsElem;

T rdata;
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 = ListSize()-1;
rdata = templsElem->data;
delete templsElem;
return rdata;

zlse {

<< "In DeleteRear(), Invalid deletion (List Size = Q)!" << endl;

return NULL;

}

// Delete the node at the current 1list position
template <class T> T LinkedList<T>::DeleteCurrent(void)
{

lsElem<T> *p;
item;

// deletion must occur at fromt->Next node
// or rear->Prev node or inside the list
if (currPtr->Prev == front && size)

item = DeleteFront();
return item;

{ // delete "front-Next"

else if (currPtr->Next == rear &k size) {

item = DeleteRear();
return item;

else {

s8ize--;

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 1sElem

position--;

return item;
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// Delete the node at the front of list // obtain address of the next node to the left or right
template <class T> 1sElem<T> *LinkedList<T>::DeleteFrontElem(void) 1sElem<T> *NextlsElemRight (void) const;
: . 1sElem<T> #NextlsElemLeft(void) comst;
//T item; 3
1sElem<T> stemplsElem; // constructor that creates an empty list and
i // leaves the data uninitialized. use for header
i §§;§ﬂ.( template <class T>
templsélem = front->Next; 1sElem<T>::1sElem(void)
front->Next = templsElem->Next; o .
templsElem->Next->Prev = front; // initialize the node so it points to itself
templsElem->Next = NULL; Prev = Next = NULL;
templsElem->Prev = NULL; }
currPtr = front->Next; // Move the current object poisition // defult destructor
position = 0; template <class T>
//return templsElem->data; 1sElem<T>::"1sElem{()
return templsElem; {
3} IH
elsgof\t << "Invalid deletion!" << endl; // constructor that creates an empty list and initializes data
return NULL: ) ! template <class
! 1sElen<T>::1sElem(const TZ item)
Y // set node toNBoint to itself and initialize data
// Delete the node at the rear of list Prev = Next = NULL;
template <class T> } data = item;

1sElem<T> *LinkedList<T>::DeleteRearElem(void)

// insert a node g to the right of current node
T

1sElem<T> *templsElem; template <class

if (size void 1sElem<T>::InsertRight (1sElem<T> *p)
(s p g P
size--;
templs},ilem = rear->Prev; // link p to its successor on the right
rear->Prev = templsElem->Prev; p->Next = Next;
templsElem~>Prev->Next = rear; Next->Prev = p;
templsElem->Prev = NULL;
templsElem->Next = NULL; // link p to the current node on its left
->Prev = this;
currPtr = rear->Prev; // Move the current object poisition §ext =p; ’
position = ListSize()-1; }
//return templsElem->data; // insert a node Tg to the left of current node
return templsElem; template <class
}ls ¢ void 1sElem<T>::InsertLeft(1sElem<T> *p)
else
cout << "In DeleteRear(), Invalid deletion (List Size = 0)!" << endl; : s
Teturn NULL; ’ ’ /{>ll’;leﬂ; P lt)ge:t;:s successor on the left
3 rev->Next = p;

// link p to the current node on its right
template <class T> ~>Next |4 this; g

1sElem<T> *LinkedList<T>::DeleteCurrentElem(void) rev = p;
}

1sElem<T> *p;
if (currPtr->Prev == front && size) { // delete "fromt—Next" 1/:/ uglink(tlils cu%ent node from the list and return its address
DeleteFrontElem(}; emplate <class
Peturn P; rom O %sElem<T> *15Elem<T>: :DeletelsElem(void)

// node to the left must be linked to current node’s right

}
else if (currPtr->Next == rear &% size) { Prev->Next = Next;

p = DeleteRearElem();
return p; // node to the right must be linked to current node's left

} Q%??shew){ Next~>Prev = Prev;
Sizec—::u;‘r]?tr // returgithe address of the current node
= ; return this;
g->Prev->Ne)’¢ = p->Next; } '
p->Next->Prev = Dp->Prev;
p->Next = ; // return pointer to the next node on the right

p->Prev = NULL} template <class T>

currPtr = p->Prev; 1sElen<T> *1sElem<T>::NextlsElemRight(void) const

ggi\jif'lilo;; ! return Next;
} else { }
return NULL; // return pointer to the next node on the left
3 template <class T>
1sElem<T> #1sElem<T>::NextlsElemLeft(void) const

3
#endif // LINKEDLIST_CLASS
return Prev;

/ #ondif // DLL_LSELEM_CLASS
* isElem.h
* Class definition of the elements of linked-list y
#ifndef DLL_LSELEM_CLASS
#define DLL_LSELEM_CLASS * Node.n
* Class definition of Node, which is a gate in un-mapped circuit
template <class T>
class 1sElem #ifndef NODE_CLASS
. #define NODE_CLASS
//private:
public: #include "LinkedList.h"
// circular links to the left and right
1sElem<T> *Prev; //typedef enum node_type_enum NodeType;
1sElem<T> #*Next; enum NodeType {
public: UNASST , PRIMARY_INPUT, PRIMARY_OUTPUT, INTERNAL, DUMMY
// data is public H
T data;
//typedef enum node_function_enum NodeFunc;
// constructors enum NodeFunc {
1sElem(void); . NODE_UNDEFINED, NODE_PI, NODE_PD, NODE_C, NODE_1, NODE_BUF,
1sElem {const T& item); NODE_INV, NODE_AND, NODE_OR, NODI&__NAND, NODE_NOR, NODE_COMPLEX,
NODE_PTL1, NODE_PTL2, NODE_PTL3
// defult destructor };
~1sElem() ;
. enum CellType { STATIC, PTL, UNKNOWN}; // also used in LibCell.h
// list modification methods
void InsertRight (1sElem<T> *p); class pinMap
void InsertLeft(1sElem<T> *p);
1sElem<T> *DeletelsElem(void); public:
T* Data(void); char *cell_pin;
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char *net_node;
pinMap (O
cell_pin = mew char[3]; // since name_len = 1;
net_node = new char[63];

};
class Match
public:
char *cell_name;
LinkedList<pinMap *5 *pinmap;
Match() ;
} “Match(};

// constructor
Match: :Match()

pinmap = new LinkedList<pinMap *>;
H

// destructor
riiatch ::"Match()

free(cell_name);
delete pinmap;

¥
class Node
private:
char *name; // node name
NodeType type, // node type
NodeFunc fun // node function
CellType mattype, /% matched cell type (ST, PTL) during
* covering */
int id; // node id
int numfanin; // Number of Inputs

LinkedList<Node #> x*fanin; // List of fanin nodes

int numfanout // Number of fanout nodes
L1nkedL15t<Node *> xfanout; // List of fanin nodes

LinkedList<Match *> *smap; // Static mapped cell list
LinkedList<Match *> *pmap; // PTL mapped cell list

double areaP; // Area
double powerP; // Power for a cell

double fDelayP; // Falling delay
double rDelayP; // Rising delay
double areaS; // Area

double powersS; // Power for a cell
double fDelayS; // Falling delay
double rDelayS; // Rising delay

int visited; // flag for visiting

int level;
int glevel;
public:
NodsEvmd) // Default constructor
Node{(char *& name, NodeType type, NodeFunc funmc, imt 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); // for covering
// for covering

CellType GetMatchType(void);

void SetNodeId(int gid);
int GetNodeId(void);

void MarkVisit(int mark=1);
int GetVisit(void);

// local level
void Setlevel(int level);
int GetLevel{void);

// Giobal level
void SetGLevel(int glevel);

int GetGLevel(void);

// Ptl

void SetAreaP(double narea);

void SetPowerP(double npower);
void SetFallDelayP(double nfDelay);
void SetRiseDelayP(double nrDelay);
double GetAreaP(void;

double GetFallelayP(void)

double GetRiseDelayP(void);

double GetPowerP(void);

// 8
void SetAreaS(double narea);
void SetPowerS(double npower);

void SetFallDelayS(double nfDelay);
void SetRiseDelayS(double nrDelay);

double GetAreaS(void);
double GatFallDelayS(void) H
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double GetRiseDelayS(void);
double GetPowerS(void);

int GetNumFanin(void);

int GetNumFanout Ev01d5

void SetNumFanin(int nfanin);
void SetNumFarout(int nfanout);

void InsertFanin(Node *& N);
void InsertFanout(Node *& NJ;

LinkedList<Node *> * GetFaninList(void);
LinkedList<Node *> * GetFanoutList(void};

LinkedList<Match *> * GetSMatchList(void);
LinkedList<Match *> * GetPMatchList(void);

friend class Graph;
}

// Default Comstructor
}lode: :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

glevel = -1;

I H

// Constructor
Node::Node(char *&gname, NodeType gtype, NodeFunc gfunc,

int name_len=0;

if (name_Ten>0)
name = (char *)calloc(name_len+l, sizeof(char));
name = gname;

3

type = gtype;
func = gfunc;
id = gid;

fanin = new LinkedList<Node *>;
fanout = 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 =
fDelayS = rDelayS = O 0;

visited = -1;
level = -
glevel = -1;

};

// Default destructor
l{ode : :"Node (void)

free(name) ;
delete fanin;
delete fanout;
delete smap;
delete pmap;

3

// Set node name
‘foid Node: : SetName (char *nname)

int name_len, old_len;

old_len = strlen(name);

name_len = strlen(nname),

if(old_len != name_len
name = (char Jrealloc(nams name_len+2);
strcpy(name, nname

strcat (name, "\0");
} else {

strcpy(name, nname);
bH
// 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) //for covering

mattype = match_type;

CellType Node::GetMatchTypa(void) // for covering

return mattype;
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// set node id (mum!

void Node: SetNodeId(int gid) { id = gid; }

// get node id

int Node::GetNodeId{(void) { return id; }

// set local level

void Node::SetLevel(int nlevel) { level = nlevel; }
// get local level

int Node::GetLevel(void) { return level; }

// set global level

void Node::SetGLevel(int nlevel) { glevel = nlevel; }
// get global level

int Node::GetGLevel(void) { return glevel; }

void Node::MarkVisit(int mark) {visited = mark;}
int Node::GetVisit(void) {return visited;

void Node::SetAreaP(double narea)

if (narea >= 0) areaP = narea;

}

void Node::SetPowerP(double npower)

if (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 Nodae::GetAreaP(void) { return areaP; }
double Node::GetFallDelayP(void) { return fDelayP }

double Node::GetRiseDelayP(void) { return rDelayP; }
double Node::GetPowerP(void) { return powerP; }

void Node::SetAreaS(double narea)
if (narea >= Q) areaS = narea;
void Node::SetPowerS(double npower)
if (npower >= Q) powerS = npower;
‘];Oid Node: :SetFallDelayS(double nfdelay)
if(nfdelay >= 0) fDelayS = nfdelay;
void Node::SetRiseDelayS(double nrdelay)
if (nrdelay >= 0) rDelayS = nrdelay;
SoumTe Noao ! Eota T e oy Sl T Totumn oetays; }

double Node::GetRiseDelayS(void) { return rDelayS; }
double Node::GetPowerS(void) { return powerS; }

int Node::GetNumFanin(void) { return numfanin; }
int 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);
numfanint+;

}
void Node::InsertFanout (Node *& gate)
{

tanout->InsertRear (gate);
numfanout++;

// Get fanin list of a node
LinkedList<Node *> * Node::GetFaninList (void)

return fanin;;

// Get fanout list of a nod
LinkedList<Node *> * Node: GetFanoutList(void)

return fanout;

// Get Static 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

/
* Graph.h
* Class definition of Graph and its 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;

LinkedlList<Node *> #pilist; // Lists of all primary inputs

LinkedList<Node *> *polist; // Lists of all primary outputs
LinkedList<Node *> *allnodes; // Lists of all pi/po/gates

LinkedList<Edge *> *edgelist; // Lists of all nets

int numgate, numpi, numpo, numedge;
int size, unique_id;

float area_given;
float area;

float delay given;
float delay;

float power_given;
float power;

// Required area
// Required delay

// Required power

public:
Graph();
“Graph(void) ; // Destructor

void SetName(char *& name);
char *GetName();

int GetSize();

void SetSize(int new_size);

int GetNumGate();
void SetNumGate(int ngate);

void InsertPiNode(Node *& 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 &ntype, NodeFunc &nfunc);

int DeleteGate{char *& gate_name);

int FindNode(LinkedList<Node #> *L, char *& item_name);
Node * FindOrCreateNode(char *& node _name, int %csmion,
NodeType ntype=UNASSIG
NodeFunc nfunc=NODE_UNDEFINED) ;

int FaninOutRearrange(void);

// DeleteEdge, returns positoin of deleted edge in the edgelist
int DeleteEdge(Node *& fromnode, Node *& tonode);

void PnntPiNodes(void;
void PrintPoNodes(void
void PrintAllNodes(void);
void Print_Node_Type(int type);
void Print_Node_Func(int type);
3 void PrintNodesOfList (LinkedList<Node #*> *nodeList);

// Constructor
Graph: :Graph()
{

network_name = (char #)calloc(2, s:lzeof (char));
allnodes = new LinkedList<Node *

pilist = new LinkedList<Node *>~

polist = new LinkedList<Node ]

area_given = area = 0.0;
delay_given = delay = 0.0;
power_given = power = 0. 0}

size = numgate = numpi = numpo = O;
unique_id = 1;
numedge=0;

};

// Destructor
Graph: : “Graph{()

free(network_name) ;

if (allnodes-)l.istsizs() 1=0){
allnodes->ClearList{);
delete allnodes;

if(pilist->ListSize() !=0){
gi list->ClearList();
elete pilist;

}
if(polist->ListSize() !=0){

golist-)ClaarList O;
elete polist;

}

3

void Graph::SetName(char *% name)
int name_len, net_name_len;

name_len = strlen(name);
net_name_len = strlen(nétwork_name);

if(name_len != net_name_len){
network_name = (char *)realloc(netuork name, name_len+1);
strcpy (Getwork_name, name);

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



Reproduced with permission of the copyright owner.

} else {
strcpy (network_name, name);

}
char * Graph::GetName() { return network_name; }

int Graph::GetSize() { return size; }
void Graph::SetSize(int new_size) { size = new_size; }

int Graph::GetNumGate()

return numgate;

void Graph: :SetNumGate(int ngate)
{

numgate = ngate;

LinkedList<Node *> % Graph::GetGateList(void) {return allnodes;}
LinkedList<Node #> * Graph::GetPiList(void) {return pilist;}
LinkedList<Node *> * Graph::GetPoList(void) {return polist;}

void Graph::InsertPiNode(Node *& item)

item—>SetNodeId(size);
pilist->InsertRear (item);
allnodes->InsertRear (item);
numpi++; numgate++;

size++;

}
void Graph::InsertPoNode(Node *& item)

item->SetNodeld(size);
polist->InsertRear (itém);
allnodes->InsertRear (item);
numpo++; pumgate++;

sizet++;

¥
void Graph::InsertGate(Node *& gate_name)
{

gate_name->SetNodeId(size);
allnodes->InsertRear (gate_name);
numgate++;
sizet++;
}
// Retrive Node class by searching the node_name
Node * Graph::GetGate(char *& gate name,NodeType &ntype,NodeFunc &nfunc)

int position;

Node stempNode;

if ({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 O if it exist and deleted, ~1 otherwose
int Graph::DeleteGate(char *& gate_name)

{
int position;
char *temp_name;
Node *temgNode,
NodeType type;
it ((position = FindNode(allnodes, gate_name)) != -1) {
allnodes->Reset (position);
tempNode = alinodes->Data();
temp_name = tempNode->GetName();
type = tempNode->GetNodeType();

// Delete all edges that are comnnected to this Node

// 1. find all nodes (fanins and fanouts)
// 2. find all edges (returns position in the edgelist}

// 3. delete those edges from the list
tempNoda - allnodes->DsletaCurram:(),
deleta templlode,

if (type == PRIMARY_INPUT) {
position = Find.Noda(pilist, temp_name) ;
if (position == -1) {
cout << " Graph::DeleteGate("<< gate_name << ")" <<endl;
cout << " Node is in GateLists but not in PiList 1!“;
cout << endl;
exit(1);
pilist->Reset(position);
temp}ilode = pilist->DeleteCurrent (};

delgte tampNode

3 return 0;

else if (type == PRIMARY_OUTPUT) {
position = FindNode(polist, temp_name);
if (position == -1) {
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cout << " Graph::DeleteNode("<< gate_name << ")" <<endl;
cout << " Node is in GateLists but not in PoList !!";
cout << endl;

exit(1);

polist—>Reset (position);

templode = polist->DeleteCurrent () ;
numpo H

delete tempNode,

return 0;

¥
return 0;

return -1;

int Graph::FindNode(LinkedList<Node *> *L, char *& item_name)

int item_ gosition = -1;
1sElem<Node *> *temp_ node=NULL;

if (item_name == NULL) return -1;

if (L->front->Next != L->rear) {
//1sElem<Node *> *temg node = L->front->Next;
temp_node = L->front->Next;
//while(temp_node->Next != L->rear) {
while(temp_node->Next != NULL) {
item_position++;
1f(strcm¥(temp node->data->name, item_name)==0) {

return item_position;

}

temp_node = temp_node->Next;
}
return -1;

// Find a node, if not exist create a noden and return it’s pointer and

// position in allnides. If it is ceated, position=-1 is returned.

Node * Graph::FindOrCreateNode(char *& node_name, int &positionm,
NodeType ntype, NodeFunc nfunc)

{
position = -1;

if ((position = FindNode(allnodes, node_name)) != -1) {
Node *tempNode;
allnodes->Reset(position);
tempNode = allnodes->Data();
return tempNode;

s
else {

Node *tempNode = new Node;
‘tempNode->SetName (node_name) ;

if (ntype == PRIMARY_INPUT) {
tempNode->SetNodeType(ntype);
tempNode~>SetNodeFunc(nfunc) ;
InsertPiNode(tempNode) ;

zlse if (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 this reoutine is to rsarranﬁe fanin and fanouts realted

* to FuncType=NODE_UNDEFINED after reading the given logic network.
* This happens after after processing of assignment opération

* like n = $12;.

* Example)

* ----Before using this routine

* 10 $10 INTERNAL 3; NODE_AND 10 fanin : $9 a fanout : $12
* 11 b’ INTERNAL(3) NODE_INV 11 fanin : b fanout : $12
* 12 ¢ $12 INTERNAL(3) NODE_AND 12 fanin : b’ $10 fanout : n

* 13 : n INTERNAL(3) NODE_UNDEFINED 13 fanin : $12 fanout : n’
* 14 : n’ INTERNAL(3) NODE_INV 14 fanin : n fanout : 0
* e

* 18 : $18 INTERNALEag NODE_OR 18 fanin : n $17 fanout : ni
* 19 : nl INTERNAL(3) NODE_UNDEFINED 19 fanin : $18

* I

* $24 INTER.NAL(S) NODE_OR 24 fanin : n’ $23 fanout : p

* pI (3) NODE_UNDEFINED 25 fanin : $24 fanout : p*
* After using this routine

* $10 INTERNAL(3 NODE AND 10 fanin : $9 a fanout : n

* INTERNAL(3) NODE_INV 11 fanin : b fanout : n $1
* n INTERNAL(3) NODE_AND 12 fanin : b’ $10 fanout : n’ n
* n’ INTERNAL(3) NODE_INV 14 fanin : n fanout : @0 p
* ..

* 17 @ ni INTERNAL(3) NODE_OR 18 fanin : n $17

* ..

* 22 p INTERNAL(3) NODE_OR 24 fanin : n’ $23  fanout : p’
*/

int Graph::FaninOutRearrange(void)
{

Node * undefNode, *fNode, *tNode

LinkedList<Node *> sundefInList, *undstutList sundefInOutList;
char *undef_name, *tNode_name;

int index = -1, num_delefed = 0, position = -1, num_fanout;

int un_pos;
LinkedList<Node *> *fNodeInList;
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LinkedList<char *> *dellist = new LinkedList<char *>;
NodeFunc node_func;

for(allnodes->Reset () ; 'allnodes->End0fList () ;allnodes->Next ()){
undefNode = allnodes->Data(};
1f (undefNode->GetNodeFunc () ==NODE. _UNDEFINED) {
undef_name = undefNode->GetName();
delList->InsertRear (undef _name) ;

undefInList = undefNode->GetFaninList();
// Undef_Node always has only one input node.
if (tundefInList->isEmpty() && undefInList->ListSize()==1){

undefInList->Reset();
tNode = undefinList-3Data(); //Target Node

tNode->SetName (undef_name); //replace node with undef node.

tNode_name = tNode-)GetName();

undefInQutList = tNode->GetFanoutList();

if (tundefInCutList~>isEmpty() && undef InOutList~>ListSize ()==1){

undef InOutlist->Reset();
(void )undefInOutList->DeleteCurrent();

tNode->SetNunFanout (tNode->GetNumFanout ()-1) ;// numfanout--

/* The #fanout(s) of the undefined.node can be more
* than one nodes

*
position = -1;
undefOutList = undefNode->GetFanoutList(}
if((oum_fanout = undeflutList- >L15tSizs()5'
for (undefOutList->Reset () ; fundefQutList-~ >EndOfL1st()
undefOutList->Next()){

fNode = undefQutList->Data(); // undefNode’s fanouts

// change fNode(fanout of undef_node)’s fanin
juocfieInList = fNode->GetFaninList();

ind undef_node position and replace it with new in

un_pos = FindNode(fNodeInList, tNode_name);
fNodeInList->Reset (un_pos);
fNodeInList->DeleteCurrent();

fNode->SetNunFanin (fNode->GetNunFanin()-1);// numfain--

fNode->InsertFanin(tNode) ;
tNode~>InsertFanout (fNode) ;
b
num_deleted++;
¥
// Deleting node in delList from allnodes in Graph
position = -1;
for(index = 0; index <num_deleted; index++){
for (allnodes->Reset () ; lallnodes->End0fList () ;allnodes->Next ()){
undefNode = allnodes- >Data();

undefInList = undeﬂlods->GetFaninLlst()
node_func = undefNode->GetNodeFunc

if((node_func == NODE_UNDEFINED) && (undefInLlst SListSize()==1)){

(void) allnodes->DeleteCurrent();
numgate--;
break;

}

}
delete dellist;
return num_deleted;

// 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->name;
// Ptint all Primary Input Nodes and it’s fanin/fanout nodes
void Graph::PrintPiNodes(void)
{

int sition = -1;
int fanin_pos =
int fanout_pos =

char_*node_name;
NodeType node, typs.
NodeFunc node_func;

cout << "Printing Input Lists of Graph !!!!"<<endl;
cout << "Number of inputs = "<< numpl << endl;

if (tpilist->isEmpty()) {

1sElem<Node *> *tempPIl = pilist->front->Next;

while (tempPI->Next != NULL) {
position++;
pilist-~>Reset(position);
node_name = pilist->Data()->name;
node_type = pilist->Data()->GetNodeType();
node_func = pilist->Data()->GetNodeFunc();
printf("%s %d %a ", node_name, node_type, node_func);

if (ipilist->Data()->fanin->isEmpty()) {
1sElem<Node *> *tempFI = pilist->Data()->fanin->front->Next;
fanin_pos = -~1i;
cout << "fanin : "3
while(tempFI >Next '= NOLL) {
anin_pos++;
pilist->0ata()->fanin->lleset(fanin .Pos);
cout<<pilist->Data()->fanin->Data()->name <<" ";
tempFI = tempFI->Next;
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}

if (ipilist->Data()->fanout->isEmpty()) { //is_polist_empty
1sElem<Node *> *tempFQ = pilist->Data()->fanout->front->Next;
fanout_pos = -1;
cout << "fanout : ";

while(tempFO->Next 1= NULL) {

fanout_pos++;

pilist->Data()->fanout->Reset (fanout_pos);

cout<<pilist->Data()->fanout->Data{)->name <<" ";

tempFQ = tempFO->Next;

}
tempPI = tempPI->Next;
cout<<endl;

N }

// Ptint all Primary Output Nodes and it’s fanin/fanout nodes
void Graph: :PrintPoNodes(void)
{

int gosltlon = -1;
int fanin_pos = -1,
int fanout_pos = -1;

char *node_name;
NodeType node_type;
NodeFunc node_func;

cout << "Printing Qutput Lxsts of Graph !!!!"<<endl;
cout << "Number of outputs = "<< numpo << endl;

if (tpolist->isEmpty())

1sElem<Node *> *¥emp?0 = polist->front->Next;

while (tempPO->Next != NULL) {
positiont+;
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);

if (tpolist->Data()->fanin->isEmpty()) {
1sElem<Node *> *tempFI = polist->Data()->fanin->front->Next;
fanin_pos = -1;
cout << "famin : ";

while(tempFI->Next t= NULL) {

fanin_pos++;

polist->Data()->fanin->Reset (fanin_pos);

cout<<polist->Data()->fanin->Data() ->name <<" ";

tempFI = tempFI->Next;

}

if (tpolist->Data()->fanout->isEmpty()) { //is_polist_empty
1sElem<Node *> *tempF0 = polist->Data()->fanout->front->Next;
fanout_pos = -1;
cout << "fanout : ";

whlle(tempFD—mext t= NULL) {

fanout_pos++;

polist->Data()->fanout->Reset (fanout_pos);

cout<<polist->Data()->fanout->Data()->name <<" ";

tempFQ = tempFO->Next;

H
tempP0 = tempPO->Next;
cout<<endl;

¥
¥

// Ptint all Nodes and it’s fanin/fanout nodes
void Graph: :PrintAllNodes(void)
{

Nod.

Node *inNode, H
LmkedList(Node *> *inList *outList;

cout << "Printing A1l Lists of Graph !!!!"<<endl;
cout << “Number of allnodes = "<< numgate << endl

if (lallnodes->isEmpty()) {
for (ala.nodes?neset()D'all(.nodes»>EndOfList() ;allnodes->Next () {
=>Data
printf ("%3d(%2d,%2d] Yés ", allnodes~>position,
aNoda->GetGLevel() aNode->GetLeval() \
aNode->GetName{))
Print_Node_Type(allnodes->Data()->type);
Print_Node_Func(allnodes->Data()->func) ;
cout << allnodes->Data{)->id << " *;

inList = aNode—>GetFaninList()
if (linList-: >is&npty nA
cout << "fanm
for(inList >Reset() nlist->End0fList (); inList->Next ()){
inNode = inList->Data();
cout<< inNoda->GatName(] <<* ";

cm}xt << "\t";

outList = aNode->GetFanoutList

if (Ioutl(.gsytnsﬁzpty()) { //1s_polist enpty
for(outList->Reset () ; loutList->End0fList () ; outList->Next () {

outNode = outList-! >DataE

cout<< outNode->GetName()<<" ";

}
cout<<endl;
} // for loop

}
void Graph: :Print_Node_Type(int type)
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switch (type) {
case 0: gout << "UNASSIGNED(0) ";

reak;

case 1: cout << "RY_INPUT(1) ";
break;

case 2: cout << "Y_QUTPUT(2) ";
break;

case 3: cout << "INTERNAL(3) ";
reak;
default: cout << "Invalid Node Type ("<<type<<") ";
}
void Graph::Print_Node_Func(int type)

switch (type) {
case 0: cout << "NODE_UNDEFINED ";

break;

case 1: cout << "NODE_PI "3
break;

case 2: cout << "NUDE_PO "
break;

case 3: cout << "NODE_O "y
break;

case 4: cout << "NODE_1 "5
break;

case 5: cout << "NODE_BUF ",
break;

case 6: cout << "NODE_INV ",
break;

case T: cout << "NODE_AND "
break;

case 8: cout << "NODE_OR "5

9

case 9: cout << "NODE_NAND *;

break;

case 10: cout << "NODE_NOR ";
break;

case 11: cout << "NODE_CPLX ";
break;

case 12: cout << "NODE_PTL1 “;
reak;

case 13: cout << "NODE_PTL2 ";
reak;

case 14: cout << "NODE_PTL3 ";
break;

default: cout << "Invalid Node Function("<<type<<")";

¥

// Ptint all Nodes and it’s fanin/fanout nodes .
void Graph::PrintNodesOfList(LinkedList<Node *> ¥nodeList)
{

int gosition = ~1;
int fanin_pos = -1;
int fanout_pos = -1;
int p_detail =1;

cout << "Printing All Nodes In a Lists !!!!"<<endl;
cout << "Size of List = "<< nodelList->ListSize() << endl;

if (!nodaList-ﬁsEm;tny()) {
1sElem<Node *> *tempAll = nodeList->front->Next;
while (tempAll->Next != NULL) {
position++;
nodeList->Reset (position);
printf("%3d : %6s ", position, nodeList->Data()->name);
if(p_detail == 1){

cout <<"{"<<nodeList->Data()->visited<<")(";
cout <<nodeList->Data()~->glevel<<") ";

¥
Print_Node_Type(nodeList~>Data()->type);
Print_Node_Func(nodeList->Data()->func);

cout << nodeList->Data()->id << " ";

if (InodeList->Data()->fanin->isEmpty()) {
1sElem<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<<ncdeList->Data§ —>fanin—>Dat38—>name <"
cout<<nodelist->Data()~>fanin->Data()->visitaed<<"d ("
cout<<nodeList->Data()~>fanin->Data()~>glevel<<")

} else {
cout<<nodelList->Data()->fanin->Data{)~>name <<" ";

tempF] = tempFI->Next;
}
cout << "\t";

if (inodeList->Data()->fanout->isEmpty()) { //is_polist_empty
1sElem<Node *> *tempF0 = nodeList->Data{)->fanout->front->Next;
fancut_pos = -1;
cout << "fanout : ";
while(tempF0O~>Next {= NULL) {
fanout_pos++;
nodeList->Data()->fanout->Reset (fanout_pos) ;
if(p_detajl == 1){
cout((nodeList-)Data(;->fanom:->Data§)->nams <<
cout<<nodeList->Data()->fanout->Data()->visited <<")(";
cout<<nodeList->Data()->fanout->Data(}->glevel <<") ";
} else {
cout<<nodeList->Data() ->fanout->Data()->name <<" ";

tempF0 = tempFO->Next;

1
tempAll = tempAll->Next;
cout<<endl;
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3
#endif

* eqn_ior.h
* Class definition of equation operators, such as +. -. ¥, G

#ifndef EQN_OPR_H
#define EQN_OPR_H

#include "Graph.h"

// list of constants specifying specific error messages
const int OperatorExpected = O,
gperandExgected =1,
issingLeftParenthesis = 2,
MissingnightParenthesis =3,
InvalidInput = 4;

// 1abels designating the parentheses characters
const char leftparenthesis = ’(’,
rightparenthesis = ’)’;

// a class that handles operators on the operator stack
class EqnOperator

private:
// operator and its two precedence values
char op;
int inputprecedence;
int stackprecedence;

public:
// constructors; includes default constructor and a
// constructor that initializes the object

EqnOperator(void) ;
EqnOperator (char ch);

// member functions handling operator on the stack
int operator>= (EqnOperator a) comst;
//void Evaluate (Stack<float> &OperandStack);
void Evaluate (Graph &Ckt, Stack<char *> &OperandStack);
char GetOp(void);
I
// default constructor
EqnOperator: :EquOperator (void)
O

// constructor that assigns operator and precedences values

EqnOperator: :EqnOperator(char ch)

{
op = ch;
switch(op)
{

// assign operator

// '+’ have input/stack precedence 1

case ’+7: inputprecedence = 1;
stackprecedence = 1;
break;
// %’ and * ’ have input/stack precedence 2
case '#’:
case ’ ’: inputprecedence = 2;

stackprecedence = 2;
braaﬁ?

// *(’ has input pr

case ’(’: inputprecedence =
stackprecedence =
break;

3, stack pr -1

H

// ')’ has input/stack precedence 0

case ’)’: inputprecedence = 0;
stackprecedence = 0;
break;

// =’ has input precedance 4 / stack precedance -2

case ’=’: inputprecedence = 4;
stackprecedence =
break

¥
}

// overload the >= operator by comparing stackprecedence of
// 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.

int EqnOperator::operator>= (EqunQperator a) comst

return stackpr >= a.inputpr d H

// evaluate operator for the current object. First pop two

// operands from the operand stack, then execute operator and

// push the result back onto the operand stack.

void EqnOperator::Evaluate (Graph &Ckt, Stack<char *> kOperandStack)
{

char * operandi = OperandStack.Pop(}; // get right operand
char * operand2 = OperandStack.Pop(); // get left operand

char *temp_str = new char{65];
char *out_n:

output node of oprl and opr2
int positi

ame ; //
onl, position2, position3, size, temp_len;
Node *oprNodel, *oprNode2, *outputNode;

// Create new node_name -> must be reconsidered.
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size = Ckt.GetSize(); T stacklist[MaxStackSize];

sprintf(temp_str,"$/d",size); int top;
temp_len = strlen(temp_str), public:
// comstructor

if(temp_len > 64){ Stack (void); // initialize top
cout<<"Node "<<temp_str<<"\’s mame is too long.\n"; .. . .
Cout<<"Program is terminating ..... \n"; // stack modification operations
exit(0); void Push (const T& item);

H T Pop (void);
out_name = (char *)calloc(temp_len + 1, sizeof(char)); void ClearStack(void);

strcpy(out_name, temp_str); // stack access

// evaluate operator and push result back on the stack T Peek (void) conmst;

switch (op) // select operation // stack test methods
int StackEmpty(void) const;
case '+’ : int StackFull(veid) const;
//prmtf("Or opeator --> CreateEqnNode(or, oprl, opr2)\n*); int GetTop(void) const;
oprNodel = Ckt.FindOrCreateNode(operandl, positionl); ¥

oprNode2 = Ckt.FindOrCreateNode(operand2, position2); L
// initialize st%ck top

outputNode = Ckt.FindOrCreateNode(out_name, position3, INTERNAL, template <class T>
NODE_OR) ; Stack<T>::Stack (void): top(-1)
if (position3 != -1} {3
cout << "WARNING 1! ("<<out_name <<" )} is already used ...'"<<endl;
// push item on the the stack
// Fanins for OR_Gate template <class T>
outputNode=->InsertFanin(oprNodel); void Stack<T>::Push (const T& item)

outputNode->InsertFanin(oprNode2) ; .
if (top == MaxStackSize-1)

// Fanout for each input of the OR_Gate {
//if (position3 == -1) { cerr << "Eqn. Stack overflow!" << endl;
oprNodel->InsertFanout (outputNode) ; exit(1);
oprNode2->InsertFanout (outputNode) ; 3
/¥ // increment top and copy item to stacklist
. top++;
gggkm;)dstack.Push(out_name) H stackiist[top] = item;
}
case ’ ’:
case ¥’ // pop the stack and return the top element
//==printf("And opeator -->CreateEqnNode(and, opri, opr2)\n"); template <class T>
//search linked list to find out operandl and operand2 nodes, T Stack<T>::Pop (void)
//if they are not exist, insert their name in the list, and {
//assign node id [i] and return output node $ad[il. T temp;
oprNodel = Ckt.FindOrCreateNode(operandl, positionl); /; Lf: stack ﬁ imPtY- terminate the program
- Ses : i op == ~
oprNode2 = Ckt.FindOrCreateNode(operand2, position2); cegr << "Atfempt to pop an empty eqn. stack!" << endl;
outputNode = Ckt.FindOrCreateNode{out_name, position3, INTERNAL, exit(1);
NODE_AND) ; }

if (position3 != -1)

cout << "WARNING !! ("<<out_name <<" ) is already used ..."<<endl; // record the top element

temp = stacklist{topl;
// Fanins for OR_Gat

outputNode- >InsertFanin(oprNodei) / / Free the memory
outputNode->InsertFanin(oprNode2) ; Eum temp;

// Fanout for each input of the OR_Gate 1

oprNodel->InsertFanout (outputNode) ; // return the value at the top of the stack
oprNode2->InsertFanout (cutputNode) ; template <class T>

//OperandStack . Push (operand1) ; T Stack<T>::Peek (void) const

OperandStack.Push (out_name) ; // if the stack is empty, terminate the program
if (top == -1)

break;
case '=’: cerr << "Attempt to peek at an empty stack!" << endl;
oprNodel = Ckt.FindOrCreateNode (operandl, positionl), exit(1);

1f(oprNodel->GetNodeType() == UNASSIGNED) { . .
oprNodel->SetNodeType (INTERNAL) ; return stacklist(top];
}
oprNode2 = Ckt.FindOrCreateNode(operand2, position2);
if (oprNode2->GetNodeType() == UNASSIGNED) { // test for an e%:gty stack
oprNode2->SetNodeType (INTERNAL) ; template <class
3} int Stack<T>::StackEmpty(void) comst
oprNode2->InsertFanin(oprNodel) ;
// return the Zilogical value top == -1

// Insert oprNode2 into fanout_list of oprNodel return top ==
oprgodel ->InsertFanout (oprNode2) ; }
reak;
// test for a full stack
delete []1 temp_str; template <class T>
int Stack<T>::StackFull(void) const
// return operator associated with current object // return logical condition top == MaxStackSize-1
char EqnOperator::GetOp{void) N return top == MaxStackSize-1
3 return op; // test for a full stack
#endif //EQN_OPR_K template <class T>

int Stack<T>::GetTop(void) const

return top;

]

-u egn_stack.h
* Class definition of the fixed-length array stack

/ // clear stack

#ifndef TEMPLATE_STACK_CLASS template <class T>
#define TEMPLATE_STACK_CLASS \foid Stack<T>::ClearStack(void)
#include <fstream.h> // reset top to -1
#include <stdlib.h> top = -1;

s }
const int MaxStackSize = 50; #endif //TEMPLATE_STACK_CLASS
template <class T>
class Stack ,

private: * Queu.h
// private data members. stack array amnd top * Class definition of Queue using linked list

162
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#ifndef QUEUE_CLASS
#define QUEUE_CLASS

#include "LinkedList.h"

template <class T>
class Queue
private:

// A linked list object to hold the queue items
LinkedList<T> qList;

public:
// comstructors
Queue(void);
Queue(voids
// queue modifacation methods
void QInsert(const T& elt);
T DeQueuve(void);

// Queue access

T QFront(void);

// queue List
LinkedList<T> *QList{void);

int QLength(void) const;
int QFmpty(void) const;
void QClear(void);
friend class Graph;

};

// Default constructor

template <class T>
Queue<T>: :Quene(void) {}

template <class T>
%ueue<T>::'Queue(void)

int n, listSize;

listSize = qgList.ListSize();
for(n=0; n<listSize; n++){

deléte qList. DeleteCurrentElem O
s

}

// LinkedList method InsertRear() inserts item at rear
template <class T>

void Queue<T>::QInsert(const T& elt)

qList.InsertRear(elt);

// LinkedList method DeleteFront{() removes item from front
template <class T>
} Queune<T>: :DeQuene(void)

// Test for an empty queue and terminate if true
if(qList.isEmpty()){
cerr << "Calling DeQueue(} for an empty queue!" << endl;
exit(1);

return qList.DeleteFront(};
¥

// returns the data value from the first item in the queue
template <class T
T Queue<T>: QFront(void)

// Test for sn empty queue and terminate if true
if(qList.isEmpty()){
cerr << "Calling QFront() for an empty queue!" << endl;
exit(1);

// reset to the front of the queue and return data
qList.Reset();
return qlist.Data();

}

template <class T>
LinkedList<T> * Queue<T>::{List{void)

return &qlist;

template <class T>

int Queue<T>::QLength{void) const
return qList.ListSize();

template <class T>

int Queua<T>::QEmpty(void) const
return qlList.isEmpty();

template <class T>

void Queue<T>::(Clear(void)
qList.ClearList();

}

#endif

163

* Stack.h
* Class definition of Stack using linked list

#ifndef LStack _CLASS
#define LStack_CLASS

#include "LinkedList.h"

template <class T>
class LStack

private:
// A linked list obJect to hold the queue items
LinkedList<T> stList
public:
// constructors
LStack(void);
“LStack(void);
// queue modifacation methods
void Push(const T& elt);
T Pop(void);

// stack test methods
int Size(void) const;
int Empty(void) const;

// Stack Clear
void Clear (void);

friend class Graph;
}

// Default comstructor
template <class T>

LStack<T>::LStack(void) {}

// Default Destructor
template <class T>

LStack<T>::"LStack(veid)
Clear();

// LinkedList method InsertFront() inserts item at rear
template <class T>

void LStack<T>::Push(const T& elt)
stList.InsertFront(elt),

// LinkedList method DeleteFront() removes item from front
template <class T>

T LStack<T>::Pop(void)

// Test for an empty queue and terminate if true
if(stList.isEmpty ()} {

cerr << "Calling Pop() for an empty stack!" << endl;
/7 exit(1);

3 return stlList.DeleteFront();

template <class T>
int LStack<T>::Size(void) const

return stList.ListSize();
template <class T>
int LStack<T>::Empty(void) comst

return stList.isEmpty();

template <class T>
void LStack<T>::Clear(void)

stList.ClearList();
#endif

/
* LibCell_new.h
* Class definition of a cell in the cell library

#ifndef LIBCELL_CLASS
#define LIBCELL_CLASS

#include <iostream.h>
#include <fstream h>
#include "Node

#include "lsElem.h"
#include "LinkedList .h"
#include "Graph.h"
#include "Pininfo_new.h"

// Definitoin of Cell class
class LibCell

private:
éhiiT* celluam
Q cell_type;
Graphyggcraph i

LinkedList<char *> #rpn; // reverse polish notation of cell func

LinkedList<Pin #> #pinlist; // Lists of all input pins
int num_input;
float cell _area;

public:
LibCel. 2)
LibCell({char *& name);

“LibCell(void); // Destructor
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return (-1);
void SetName(char *& name);
char *GetName(void);

int GetNumInput(void) { return num_input; } Pin * LibCell::FindOrCreatePin(char *& pin_name, int &position, Strap stype)
void SetCellType(CellType ctype); L.
CellType GetCellType(void); position = -1;

void SetArea(float cell_area); if((position = FindPin(pinlist, pin_name)) != -1){
float GetArea(void); pinlist~>Reset(position);

imliste> 4
void InsertPin(Pin * pin); return pinlist->Data();

int FindPin(Pin *& pin); zlse {
int FindPin(LinkedList<Pin *> *L, char *& pin_name); Pin *tmpPin = new Pin;
Pin *FindQrCreatePin(char *& pin_name, int &position, Strap stype=NONE); tmpPin->SetPinName (pin_name);
-> .
Graph *GetCellGraph(void); tupPin->SetStrap(stype);
) s : InsertPin(tmpPin);

LinkedList<char *> *GetFunc(void); return tmpPin;

N LinkedList<Pin %> *GetPinList(void); } ’

: b

// Constructor

LibCell::LibCell () // returns Graph class pointer for a cell
{

Graph * LibCell::GetCellGraph(void)}

cell_name = (char *)calloc(2, sizeof(char)); {
cell_type = UNKNOWN; return cGraph;
cGraph’ = new Graph; }

rpn = new Ljnkg Listfchar'w;

Eﬁﬁliiguz :eg'LmkedL)sKPm *>i // returns rpn list pointer

cell_area = 0:0; LinkedList<char *> * LibCell::GetFunc(void)
bH

// Destructor
1{,11:0511 11 7LibCell()

return rpn;

// returns Pin list pointer

free(cell_name); s P N : .. s :
delete cGraph; LinkedList<Pin *> * LibCell::GetPinList(void)
delete rpn; .
delete pll)nlist; N return pinlist;

¥ Hendif

wéoid LibCell: :SetName(char *& name}

int cname_len, new_len;
cname_len = strien{cell_name);
new_len = strlen(name);

if(cname_len != mew_len || strcmp(cell_name, name)!=0){ /* Read_eqn.cc
cell name = (char *)realloc{cell_name, new_len+2); * Reads gLIF equations which is equivalent to netnist
strcpy(cell_name, ""); /
} #include <fstream.h>
strcpy{(cell_name, name); #include <stdlib.h>
} #include <ctype.h>
#include <string.h>
char * LibCell::GetName(void) { return cell_name; } 7}15151:_%'“‘19 <stdio.h>
i i . #include <string>
void LibCell::SetCellType(CellType ctype) :?“c%“ga Meqn_stack b"
include "eqn_opr.h"
cell_type = ctype; #include "LinkenList.n”
#include "Stack.h”
. #include "Node.h"
CellType LibCell::GetCellType(void) {return cell_type;} #include "Graph.h"
void LibCell: -SetAreaéfloat area) {cell_area = area;} // checks if character is an operator or parentheses
float LibCell::GetArea(void) {return cell_area;} int isoperator(char ch)
// Insert a Pin into pinllist and set its node id. s — gt - [
void LibCell: :InsertPin(Pin » pin) it (g};tm I; Il ch==""1] ch ** {{ ch == *(* |jch == =?){
{ Yelse {
pin->SetPinld(num_input); return 0;
pinlist->InsertRear(pin);
num_input++; }
} // checks if character is a whitespace character
// Find a Pin usung Pin pointer by searching pinlist }nt iswhitespace(char ch)
int LibCell::FindPin(Pin *& pi
int LibCell::FindPin(Pin *k pin) //AT (ch == 2 2 || ch == \t* || ch == \n?)
{ if (ch == ’\n’)
int item_position = -1; return 1:
char *target_pin = pin->GetPinName(); else ’
char *search_pin; return 0;
Pin *tmpPin; }
if(pinlist->front->Next != pinlist->rear){ // this routine eat consecutive new line characters
for(pinlist->Reset(); {pinlist~>EndOfList();pinlist->Next()){ int new_line_eatup(ifstream &fin
item_position++; {
tmpPin = pinlist->Data(); char ch;
// new line char eatup()

search_pin = tmpPin->GetPinName();
if (stremp(search_pin, target_pin)==0){
return item_position; }
} fin.putback(ch);
¥ N return 0;

while ((ch=fin.get()) == *\n'){
continue;

return (-1);
¥ // this routine eatup a line until it sees a line char.
// Find a Pin using “pin_name" by searching in rpn List. int rdequlineEatup(ifstream kfin)
int LibCell::FindPin(LinkedList<Pin #> *L, char *& pin_name) { char ch:
// new iine char eatup()
int item_position = -1;
char *target_pin = pin_name; while ((ch-fin:get()) t= \n’){
char *ssagch_gin; P ! continue;
Pin *tmpPin; //f£in.putback(ch);
11 (L->front->Next != L->rear){ return 0;
for(L->Reset () ; !L->End0fList () ;L->Next (3){
item_positiont+;
tmpPin = L->Data();
search_pin = tmpPin->GetPinName();

// error handling function
void error(int n)

if (strcmp(search_pin, target_pin)==0){ // table gives the different error messages
return item_position; static char *errormsgs(l = {
3 "Operator expected",
} *Operand exgected",
} "Missing left parenthesis”,
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"Missing right parenthes1s"
"Invalid input"

b5
// the parameter n is an error message index
// print the message and terminate the program
cerr << errormsgs(n) << endl;
exit(1);
¥
// Copy a character string form source to destination
char *rdeqnCopyCharString(ifstream &fin, const char *src_str)

int src_len;
char ch, *dest_str;

src_len = strlen(src_str);
ch = fin.peek();
if(src_len > 64 ){
dest_str = (char *)calloc(65, sizeof(char)),
strncpy(dest str,src_str,
if(src_strsrc_len-11==7;°){
char *tmp_str = new thar[src_len-11;
strepy(tmp_str, src_str);
tmp_strsrc_len-1] = ’\0’;
cout<<"String \""<<tmp_str<<"\" has more than 64 charaters.\n"

<<"It is truncated to 64 characters....\n\n";
free(tmp_str);
} else {
cout<<"String \""<<src_str<<"\" has more than 64 charaters.\n"
<<"It is truncated to 64 characters....\n";

¥

}else if(ch==’\t’]|ch==" ’){
dest_str = (char *)calloc(src_len +1, sizeof(char));
strcpy(dest_str,src_str);

} else { // the last char_is ’;’
dest_str = (char #)calloc(src_len+l , sizeof(char));
strcpy (dest_str,src_str);

dest_str(src_len-1] = °\0’;

return dest_str;

¥

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) 11;

if(last_char i= ’;

while((ch=fin. gst())'=’ {
if (1(ch==? >}|ch==’\t’||ch=="\n’||ch==?;}){

cout<<"Module name is not termmated with \’;\’.\n";
cout<<"Program is halted........ \n'
exit(0);

continue;

3}
free(temp_str);

¥

// Reads words separated by ’ ’, and create input nodes for a Graph
//Node *rdeqnCreateInputNodes(Graph *eGraph, ifstream &fin, char *token}
void rdeqnCreateInputNodes(Graph *eGraph, ifstream &fin, char *token)

Node *tmpNode; char *temp;
int pos, token_len;
while(l){
in >> token;

token len = strlen(token);

temp = (char *)calloc(2, sizeof{char));

if (token_len != 1 &k token_len > 0){

if (token[token_len-1] == 7;7){
temp = (char *)realloc(temp, token_len+2);

strcpy(temp, token);
temp[token_len-1] = ’\0’;
} eise {
temp = (char ¥)realloc(temp, token_len+3);
strcpy(temp, token);

}
} else {
strcpy(temp, token);
if (token[token_ len-1} == ’;’){
break

pos = -1;

tmpNode=eGraph->FindOrCreateNode (temp, pos, PRIMARY_INPUT, NODE_PI);

if(pos != -1}{
cout<<"Input node "<<temp<<" has already been in the Graph.\n";
cout<<temp<<" is a duplicated input ncde.\n";

cout<<"Program is halted....\n";
) exit(0);
free(temp);
if (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 rdequnCreateQutputNodes(Graph *eGraph, ifstream &fin, char *token)

{
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Node *tmpNode; char *temp=NULL;
int pos, token_len;

while(1){
fin >> token
token_len = strlen(token)
temp = (char *)calloc(2, sizeof(char));
if (token_len != 1 && token_ len > 0){
if (token[token_len-1] == ’;
temp = (char *)realloc(temp. token_len+2);
strcpy(temp, token);
temp[token_len-1] = ’\0’;
} else {
temp = (char *)realloc(temp, token_len+3);
strcpy(temp, token);

} else {
strcpy(temp, token);
if (token[token_len-1] == ’;?){
break;

gos = -1;
mpNode=
eGraph->FindOrCreateNode(temp, pos, PRIMARY_OUTPUT, NODE_PO);
if(pos != -1){
cout<<"Qutput node \’"<<temp
<<"\! has already been in the Graph.\n";
cout<<"Program is halted....\n";

exit(0);
free(temp);
if (token[token_len-1} == ’;?){
break;
3 ¥
¥
voi

rdeanrocessOperand(Stack<char *> g0perandStack, ifstream &fin, int &rank)
{

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) || (ch == ?;’)||(ch ==?)?)|| (ch == *\??)){
break

¥

if(i>63){
cout<<"Node name "<<temp_name<<" is too long (>64 chars).\n";
cout<<"Program is terminating......... \n";
free(temp_nane);
exit(O),

} else {
name_len = strlen(temp_name);
node_name = (char *)calloC(name len + 1, sizeof(char));
strcpy(node_name, temp_name);
free(temp_name) ;

}

#ifdef READ_EQN_DEBUG
cout << "mode name = "<< node_name ;
cout << " rank = “<<rank <<endl;
#endif

// rank of operand is 1. accumulated rank must be 1
rank++;

#ifdef READ_EQN_DEBUG
# dggut«"node name = "<<node_name<<" rank = "<<rank<<endl;
en

if (rank > 1) error(OperatorExpected);

// push the operand on the operand stack
OperandStack.Push(nods_name) ;
}

// Pop~up an operand from DperandStack one time and create a new node
// by concanating "\’", and put the new node-name into OperandStack
void rdeqnProcessInvlperator(Graph *eGraph, Stack<char *> k0perandStack)
{

Node *tmpNode, *tm Nodel
char *node_name, ¥
int name len, positlon, positionl

node_name = OperandStack.Pop();

tmpNode = eGraph->Find(rCreateNode(node_name, position);
if (tmpNode->GetNodeType() == UNASSIGNED) {
tmpNode->SetNodeType (INTERNAL) ;

name_len = strleninode _name) ;
if (name_len >
cout<<"Node "<<temp_name<<"\’s name is too long.\n";

cout<<"Program is terminating ..... \n";
exit(0);

temp_name = (char *)calloc(name_len + 2, sizeof(char});
strcpy(temp_name, node_name);
strcat(temp_name, "\’\0");
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}

tmpNodel = eGraph->FindOrCreateNode (temp_name, positioni);
if (tmpNodel->GetNodeType() == UNASSIGNED) {
tmpNodel->SetNodeType (INTERNAL) ;

}
if (tmpNodel->GetNodeFunc() != NODE_INV) {
tmpNodel->SetNodeFunc (NODE_INV) ;

// Insert tmpNode into the fanin_list of tmpNodel
if (positionl == -1) {
tmpNodel->InsertFanin(tmpNode) ;

// Insert tmpNodel into the fanout_list of tmpNode
if (positionl == -1) {
tmpNode->InsertFanout (tmpNodel) ;

free(temp_name);

free(node_name); //(I)when a node is created , SetName(char *) allocate mem
node_name = tmpNodeli->GetName();

OperandStack.Push(node_name) ;

// This routine is activated by looking ’> .
void rdeqnProcessADperator(Graph *eGraph, Stack<EquOperator> &OperatorStack,

{

¥

Stack<char *> &OperandStack,

ifstream &fin, char &ch, int &ramk)
char tmp_ch;
EqnOperator opri,opr2;
if (ch == 7) {
tmp.ch = ch;
while (fin.get(ch)) {
if (ch == ’4> || ch == = {| ch == *#’) {

tmp_ch = ch;
}
if (‘isoperator(ch) &k c¢h != ’\n’) {
fin. putback(ch) // to process later
¢h = tmp_ch;
break;
- Il ch == *\*?) {

fin.putback(ch);

else if (ch == '(’
if(ch!=’ ){

}
c¢h = tmp_ch;
break;
}
}
//1f50h"’ DL
ank of each operator other than ’'(’ is -1.

// accumulated rank should be

if (ch t= () // rank of ’(’ is 0
rank--

it (rank <
cout<<"0perator Processing ...\n";
error{OperandExpected) ;

if(ch!=>;2){
// Build a MathQperator 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 = EqunOperator(ch);
while(!OperatorStack.StackEmpty () &&
(opr2=0peratorStack.Peek())>= opri){
opr2 = OperatorStack.Pop();
opr2.Evaluate(*eGraph, {perandStack);

OperatorStack.Push(oprl);
3

// Check the circuit after equation reading if there are any nodes whose
// function are NODE_UNDEFINED due to intermediate node in the equation.
// If any, print the undefined nodes and stop running.

void rdeqnCheckUndefinedNodes(Graph *eGraph)

{
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LinkedList<Node *> *gateList;
LinkedList<Node *> *indefList = new LinkedList<Node *>;
Node *curNods;

gateList = eGraph->GetGateList();
for (gateList->Reset () ; !gateList->EndOfList () ;gateList->Next ()){
curNode = gateList->Data();

if (curNode->GetNodeFunc () ==NODE_UNDEFINED){
undeflList->InsertRear(curNode);

¥

if (undefList->ListSize()>0)
cout<<"\n This circuit has UNDEFINED nodes \n'
cout<<" Please ckeck the input file, and remove the folloving "
<<"intermediate node(s)..\n";
(void) eGraph->PrintNodesOfList (undefList);
delete undefList;
}exm(l)

delete undeflist;
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void rdeqnFaninFanoutNodeCheck(Graph *eGraph)
{

~ oW
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1/

Node *curNode;
LinkedList<Node *> *gateList,
int error = 0;

*finList, *foutList;

gateList = eGraph->GetGateList();
for(gateList->Reset () ; !gateList->End0fList () ;gateList->Next()){
curNode = gateList->Data();
finList = curNode->GetFaninList();
foutList = curNode->GetFanoutList();
1f(finList->isEmpty() && (curNode->GetNodeType()==INTERNAL ||
5 curNode~->GetNodeType () ==PRIMARY_OUTPUT)){
error =

cout << "Error :: Node "<<curNode->GetName()
<< " is not driven by any nodes.\n";

}
if(foutlist->isEmpty()){
if (curNode—>GethdeType ()==INTERNAL) {

error =
cout << "Error :: Node “<<curNode->GetName()

<< " does not drive any nodes.\n"
Yelse if(curNode-)GetNodsType()==PRIMARY_INPUT){
cout << "Warning :: Input node "<<curNode->GetName()
<< " does not drive any nodes.\n";

¥

if(error) exit(0);

'l'hel{: 0se of this reoutine is to rearrange fanin and fanouts related
ype=NODE_UNDEFINED after reading the given logic network.

This happens after after processing of assignment opération

like n = $12;.

Example)
~---Before using this 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 famout : n
13 : n INTERNALEI%; NODE_UNDEFINED 13 fanin : $12 fanout : n’ $18
14 n’ INTERNAL(3) NODE_INV 14 fanin : fanout : o0 $24
i $18 INTERNAL(3) NODE_OR 18 fanin : n $17 fanout : nl
nl INTERNAL(3) NODE_UNDEFINED 19 fanin : $18
$24 INTERNAL(3) NODE_OR 24 fanin : n’ $23 fanout : p
25 p INTERNAL(3) NODE_UNDEFINED 25 fanin : $24 fanout : p’
----After using this routine
10 $10 INTERNAL(3) NODE_AND 10 fanin : $9 a fanout : n
i1 b’ INTERNAL(3) NODE_INV 11 fanin : b fanout : n $16 $22
12 : n INTERNAL(3) NODE_AND 12 fanin : b’ $10 fanout : n’ ni
13 : n’ INTERNAL(3) NODE_INV 14 fanin : m fanout : @0 p
i7 : nl INTERNAL(3) NODE_OR 18 fanin : n $17
22 : p INTERNAL(3) NODE_OR 24 fanin : n’ $23 fanout : p’

Finds undefined nodes and rearrange the surrounding node’s fanin/fanouts

int rdequFindUndefinedNodeAndRearrange(Graph *eGraph)
{

Node * undefNode,
Node *tInNode;
LinkedList<Node *> syundefInList, *undefOutList,
LinkedList<Node *> *tNodelInList;

*fNode, *tNode, *undefFoNode;

*undefInQutList;

char *undef_name, *tNode_name, *tInNodeName,
int index = -1, num_deleted = 0, position = -1, num_fanout;
int undef_len;

int un_pos, num_;

at
LinkedList<Node §> *fNodeInList *gateList;

LinkedList<char *> *delList = new LinkedList<char *>;
NodeFunc node_func;

gateList = eGraph->GetGateList();
(void)rdeqnFaninFanoutNodeCheck(eGraph) ;

//Fanin Fanout Rearrange for the node (NODE_UNDEFINED)
for (gateList->Reset () ;!gateList->End0fList () ;gateList->Next{)){
undefNode = gateList->Data();
if (undefNode->GetNodeFunc () ! =NODE_UNDEFINED) {
continue;
Yelse {
undef_name = undefNode->GetName();
delList->InsertRear (undef_name);

undefInlList = undefNode->GetFaninList();
undefOutlist = undefNode->GetFanoutList{();

// Undef_Node always has only one input node.

if (lundefInList->isEmpty() && undefInList->ListSize(d==1){
undefInList->Reset();
tNode = undefInList->Data(); //Target Node
tNode->SetName (undef_name); //replace node with undef node.
tNode_name = tNode->GetName();

// if undef _node’s fanout is neither mfp nor NODE_INV
// 041001
1f (undefQutList-~>ListSize() == 1){
undefFoNode = undefQutList->Data(0);
node_func = undefFoNode->GetNodeFuné () ;
if(node_func != NOD! & tNode-: >GetNodeF\mc()--NUDE IN{
tNodeInList = tNode->GetFaninList();
tInNode = tNodeInList~>Data(0);
tInNodeName = tinNode->GetNamel);

undef_len = strlen(undet _name) ;
if(undef _name[undef_len-1) == ’\’7){
tInNodeName = (char *)calloc(undef_lent+l,

sizeof (char)) ;
strcpy(tInNodeName, undef_name);
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tInNodeName (undef_len-1] = ’\0?’;
tInNode->SetName(tInNodeName) ;
free(tInNodeName) ;
} else {
tInNodeName = (char *)calloc{undef_len+2, sizeof(char));
strcpy(tInNodeName, undef_name);
strcat (tInNodeName, "\’\0");
tInNode->SetName (t inNodeNamé) ;
) free(tInNodeName) ;

T
} /7041001

// Undef _node’s input’s output nodeList update

undefInQutList = tNode->GetFanoutList();

if (tundef InOutList->isEmpty () &iundef IndutList->ListSize (Y==1){
undefInOutList->Reset () ;
(void )undefInQutList->DeleteCurrentElen() ;
tNode->SetNumFanout (tNode->GetNumFanout ()-1) ;// numfanout--

/* The #fanout(s) of the undefined_node can be more
* than one mnodes

*
position = -1;
if((oum_fanout = undefOutList->ListSize())!=0){
for{undefOutList->Reset () ; tundefOutList->End0fList();
undefOutList->Next ()){
fNode = undefOutList->Data(); // undefNode’s fanouts
// change fNode(fanout of undef_node)’s fanin
fNodeInList = fNode->GetFaninList();
// find undef _node position and replace it with new in
un_pos = eGraph->FindNode(fNodeInList, tNode _name};
if(un_pos < 0) continue;
fNodeInList->Reset (un_pos);
fNodelInList->DeleteCurrentElem();

fNode->SetNunFanin (fNode->GetNumFanin()-1) ;// mumfain--

fNode->InsertFanin(tNode) ;
tNode->InsertFanout (fNode};

3
}

eGraph~>SetNumGate (eGraph->GetNumGate () -1) ;
num_deleted++;

¥

/7 Deleting node in dellList from allnodes in Graph
position ="-1;
for(index = 0; index <num_deleted; index++){
for(gateList~>Reset () ; !gateList- >End0fList ) ; gateList->Next ()){
undefNode = gateList->Data();
undefInlist = undefNode->GetFaninList();
node_func = undefNode->GetNodeFunc();
if((node_func == NODE_UNDEFINED) && {undefInList->ListSize()==1)){
(void) gateList->DeleteCurrentElem();
num_gate = eGraph->GetNumGate();

eGraph->SetNumGate (num_gate--);
break;

)

1
delete dellist;
return num_deleted;

// Retrieve a node’s inverted node from gatelist of eGraph
Node * rdeqnFindReversedPolarityNode(Graph *eGraph, Node *targetNode)
{

L1nkadL1sc<Node *> xgatelist;

Node *invNode

char *targetName *tmpName ;

int tmp_name_len, num_gate, pos = -~1;
NodeFunc targetanc

= targ de-> Q;
tmp,name len = strlen(tmpName);
targetFunc = targetNode->GetNodeFunc();

if (tmpName [tmp_name_len-1} == *\’*){
targetName = {char ¥)calloc(tmp_name_len+l, sizeof(char));
//strncpy(targetName, tmpName, strlen(tmpName)-1};
strcpy(targetName, tmpName);
targetName [tmp_name_len-1] = ’\0’;

} else {
targetName = (char *)calloc(tmp_name_len+2, sizeof(char));
strcpy (targetName, tmpName);
strcat(targetName, "\’\0");

gateList = eGraph->GetGateList();
num_gate = gateList->ListSize();
pos = eGraph->FindNode(gateList, targetName);

if(pos != -1 && pos < num_gate){
gateList->Reset (pos);
invNode = gateList->Data();
} else {
if(targetFunc == NODE_PO %% targetNode->GetNumFanout ()>0){
invNode = NULL
} else :lf(targetFunc == NODE_PO && targetNode->GetNumFanout ()==0){
invNode ="targetNode;
} else {
invNode = NULL;

}
free(targetName);
return invNode H

167

void rdeqnChangeNodeFunction{(Node *curNode)

NodeFunc curFunc;

curFunc = curNode->GetNodeFunc();
if (curFunc==NODE_OR){
curNode—>SethdeFunc (NODE NOR);
} else if (curFunc==NODE_AND){
N lcur%ode»SetNodeFunc(NODE NAND) ;
else
cout<<"Error : In rdeqnChangeNodeFunction(), current node func is not"

<<" OR or AND.\n Current node func is "<<(int)curNode->GetNodeFunc()
exit?é)}n :
b
void rdeqnConvertList2Queue(Queue<Node *> xfof], LinkedList<Node *> *inList)

Node *curNode;

for (inList->Reset(); 'mList >End0fList () ;inList->Next()){
curNode = inlList->Data();
foQ- >QInsert(curNode),

}

// Create a INV node and rearrange curNode and newNode’s fanin/fanout

Node *rdeqnCreateINVNode(Graph *eGraph, Node *curNode, char *new_name,
int dummy = 0)

{

Node *newNode = new Node, *foNode;

LinkedList<Node *> *cur_ foLlst *nevw_foList;
//LinkedList<Node *> *cur_folist, *new_fiList, *new_folList;
//int node_id, cur_folist_Size, i;

Queus<Node *> xfo} = new Queue<Node *>;
char *fo_name;
NodeFunc curNodeP\mc;

// 1) Create a new INV node
newNode->SetName (new_name) ;
newNode->SetNodeld(eGraph-3GetSize());

eGraph->SetSize(eGraph->GetSize(}+1);

1f (dummy) {

newNode~>SetNodeType (DUMMY) ; //10~01-00
} else {

newNode->SetNodeType (INTERNAL) ;
¥

newNode->SetNodeFunc (NODE_INV); // node_id, name, famin/out
newNode->InsertFanin{curNode);

// 2) Rearrange curNode and newNode’s fanin/fanout
curNodeFunc = curNode->GetNodeFunc();
if(curNodeFunc '= NODE_P0 && curNodeFunc != NODE_PI){
new_foList = newNode-! >GetFanoutListE
cur_folist = curNode->GetFanoutList

(void)rdeqnConvertList2Queus(foQ, cur_folList);
while(!foQ->QEmpty ()){
foNode = foQ->DeQueune();
fo_name = foNode->GetName() ;
newNoda->InsertFanout (foNoda)
if ((i=eGraph->FindNode{cur . fof,ist fo_name)) t=-1){
cur_foList->Reset(i);
cur_foList->DeleteCurrent () ;
curfode->SetNumFanout (curNode->GetNumFanout () -1) ; //mumfanout --

curNode->InsertFanout {newNode) ;

} else if(curNodeFunc == NODE_PO |{ curNodeFunc==NODE_PI){
curNode->InsertFanout{newNode) ;

delete foQ;
return newNode;

¥

// Change curNode Func (ex: OR -> NOR), create newNode, and add to gateList
void rdeqs odeFuncAndInsertInverter (Graph *eGraph, Node *curNode)
{

//char *new_name, *cur_pmame, *cur_fo_name;
char *new _name, *cur_name;
char ttmp_char,

= ~1;

_hame_len
LinkedList<Node *>p*gataList *cur_ foList *filist;
Queue<Node *> *fo = new Queue<llode *>
Node *newNode, *foNode;
NodeFunc curFunc;

cur_name = curNode->GetName();
cur_name_len = strlen{cur_name);

curFunc = curNode->GetNodeFunc();
if(curFunc != NODE_PQ && curFunc != NODE_PI){
cur_foList = curNode->GetFanoutList();
// Jelete curNode from curNode fanout node’s fanin no
for (cur_foList->Reset(); !cur_foList->End0fList () ;cur_: toList >Next ()){
foNode = cur_foList->Data();
fiList = foNode->GetFaninList();
pos = eGraph->FindNode(fiList, cur_name);
if(pos I= -1){
fiList->Reset(pos);
fiList->DeleteCurrent(); // delete curNode from cur fo’s fanin
foNode->SetNumFanin (foNode->GetNumFanin()-1);// mumfanin--
3 foQ->QInsert (foNode) ;

// Deleting current node’s fanout list (in case of more than 1 fanout)

// Happens in "cmi62a" , mod: 10-03-00

//-if(cur_folist~>ListSize()>0){
//- for_sach(cur_foList){
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- cur_foList~>DeleteCurrent();
- curfode->SetNumFanout ( carNode—->GetNumFanout ()-1) ; // 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-1]T=’\7’
cur_name = {(char *)realloc (cur_name, (cur_name_len+2));
} 81:1:1‘ca1:(cn.u: _name, "\’\0");
tmp_char = (char *)calloc(cur_name_len+l, sizeof(char));
strcpy(tmp_char, cur_name);
tmp_char [cur_name_len-1] = ’\0’;
strcpy(cur_name, tmp_char);
free(tmp_char);

}
curNode->SetName (cur_name) ;
(void) rdeanhangaNodeFunctmn (curNode) ;
} else {
// new mame for INV node
new_name = (char *)calloc(cur_name_len+2, sizeof(char));
strcpy (new_name, cur_name);

strcat (new_name, "\’\0");

// NewNode : type -> Internal, func-->NODE_INV
if(curFunc==NODE_P0 || curFunc==NODE_PI}{ // 10-01-00
newNode = rdeqnCreateINVNode(eGraph, curNode, new_name, 1);

} else {
newNode = rdeqnCreateINVNode(eGraph, curNode, new_name);
1

// Insert new node into eGraph

gateList = eGraph->GetGatelist();

pos = eGraph~>FindNode(gateList, cur_name);
gatelist->Reset(pos);

gateList->InsertRight (newNode);

eGraph->SetNumGate (eGraph->GetNumGate (}+1) ; //(eGraph->numgate)++

// Insert neuNode as a curNode’s fanout nodde’s fanin
while (! foQ->QEmpty()){
foNode = foQ->DeQueue();
foNode->InsertFanin(newliode);

free(new_name); //(I, 0131)
} delete fof;

// Performs network transformation by adding inverters at the non-inverted
// nodes where their inverted signal doen not exist.

void rdeqnAddInverterNodes(Graph *eGraph)

{

LinkedList<Node *> *gatelist;

Node *curNode, *invNode;

char *curName;

e,

odeType node_type;

Nodngc node_: fYP

Queue<Node *> *{ = 'new Queua<ode *>;

gateList = eGraph->GetGateList();

for(gateList->Reset () ; | gateList->End0fList () ;gateList~>Next (}){
curNode = gateList->Data();
Q->QInsert(curNode);

while(1Q->QEmpty()){
curNode = Q->DeQueus();
curName = curNode->GetName();
node_type = curNode->GetNodeType();
node_func = curNode->GetNodeFunc();
num_fo = curNode->GetNumFanout();
if{num_fo==0 && node_func==NODE. PI) continue;

if(node_func != NODE_INV){
invNode = rdsanindReversedPolarityNode(sGraph, curNode) ;
if(invNode == NULL && (node_type == INTERNAL ||
node_func==NODE_P0 && num_fo >0 || node_funce==NODE_PI})<{
#ifdef READ_EQN_DEBUG
cout<<"Target Nodes
#endif

NodeFu

: "<<curNode->GetName () <<"\n";

(void)rdeq AndInsertInverter(eGraph, curNode);

Yelse {
#ifdef READ, EQN DEBUG
cout<<"curNode = "<<curNode->GetName()<<"\n";

#endif }
}
}
delate Q;

// Global Depth
/* 10-23-00 Initialize global depth for match pin assi
* depth. Here, global_depth in node CLASS is newly intro

ent based on
duced

*/

// returns the number of fanins that are already visited.

int rd_depthAreAllFaninsVisitedGetMaxInDepth(Node *curNode, int imax_depth)
{

LinkedList<Node #*> *finList;
Node *inNode;
int count = O, visited, glevel;

max_depth = 0;

finList = curNode->GetFaninList();
for (finList->Reset(); !finList~ >End0fList() finLlist->Next()){
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inNode = finList->Data(); visited = -1;
vigited = inNode->GetVisit();
glevel = inNode->GetGLevel();
if(vislted==1) {

count ++

max. depth = Max(max_depth, glLevel);

}

return count;

int rd_depthIsCurrentNodeInQueue(Queue<Node *> *{, Node *foNode)

LinkedList<Node *> *qlist;
Node *tmpNode;

char *tmp_name, *fo _nhame;
int return_val =

if (Q->QEmpty ()) return (0);

fo_name = foNode->GetName();

qList = Q->QList();

for(qList->Reset(); !qList->End0fList ();qList->Next ()){
tmpNode = qlist->Data();
tmp_name = tmpNode->GetName() ;

if (strcmp(top_name, fo_name)==0){
return_val = 1;
break;

>
return return_val;

// Initialize Global delpth flag from PI(gdelth = 0) to PO.
void rd_depthInitGlobalDepth(Graph *origNet)
{

LinkedList<Node x> *pilist, *folList;

Queue<Node *> *Q = new Queue<Node *>

Node *curNode, *foNode;

int num_visit, max depth vigited, num_fanin, num_fanout;
int glevel

NodeFunc curFunc;

NodeT e cu.rTyBe,

int 1 .cnt =

pilList = origNet->GetPiList();
for (piList->Reset(); !piList->End0fList () ;pilist->Next ()){
curNode = pilist->Data();
curNode~>MarkVisit();
curNods->SetGLevel (0} ;
if ((num_fanout = curNode- >GetNumFanout())-'0) continue;
foList = curNode->GetFanoutList
for(folist->Reset(); {foList- >E.nd0lest() foList->Next()){
foNode = foList->Data();
if(txd depthIsCurrentNode InQueue(Q, foNode)){

Q->QInsert (foNode);
3 }
whlle('Q >QEmpty()){
curNode = Q >DeQuene() ;

um_fanin = curNode->GetFaninList()->ListSize();
visited = curNode->GetVisit();

num_visit=rd depthAreAllFaninsVis1tsdGetHaxInDepth(curNods max_depth) ;

1f(num_visit==num_fanin &% num_visit >0 &k visited==-1){
curNode->SetGLevel ((glevel = max_depth+1));

curNode->MarkVisit () ;

curFunc = curNode->GstNodeFunc8;
curType = curNode->GetNodeType();
num_fanout = curNode->GetNumFanout();

1f (curFunc==NODE_PO&&num_fanout==0| | curType==DUMMY) continue;
folist = curNode->GetFanoutList();
for(foList->Reset(); !1foList- >E‘.ndeList() foList->Next ()){
folNode = foList->Data();
if(rd_depthIsCurrentNodeInQueue(Q, foNode)){
Q->QInsert (foNode) ;

} else {
if ('rd_depthIsCurrentNodeInQuene{(Q, curNode)&k&visited==-1){

Q->QInsert{curNode) ;

}
/* //if(glevel > 28 && DEBUG ==1) {
cout<<"Q_length = "<<Q->QLength()<<"\n";
LinkedL?stmode *> *tgpL?st = new LinkedList<Node *>;
while(!Q->QEmpty (}){

tmpNode = @->DeQueue();

tmpList~>InsertRear (tmpNode) ;

¥

for(tmpList->Reset();!tmpList~>End0fList () ;tmpList->Next ()){
tmpNode = tmpList->Data();
Q->QInsert (tmpNode) ;

}
origNet- >PrintllodesOfList(tmpList) H
delete tmpLis

Z

3
delete Q;

/% —mmmmme— Balanced Graph --------- */

// Reset (-1) visited falg for all nodes in a sub-graph except the nodes in
// PiList of the graph. The visited flag of the nodes in PilList is set to 1.
void rd_balResetVisitFlag(Graph *fGraph)

LinkedList<Node *> piList, *allNodeList;
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Node *aNode;
char *aNode_name;

pilist = fGraph->GetPiList();
allNodeList = fGraph->GetGateList();

for(allNodeList->Reset () ; !allNodeList~>End0fList () ;allNodeList->Next ()){
aNode = allNodeList-3Data();
aNode_name = aNOde—>GetName()
if(fGraph->FindNode(piList, aNode_name) !'= -1){
aNode->MarkVisit (1);
} else {
aNode->MarkVisit(-1);

// Returns global depth difference of fanin nodes

// if left-heavy , +2, and if right-heavy -2, else O returnms.

//int rd_balGetFaninsGlobalDepthDifference(Node *curNode, Node *hvyNode)
Node *rd_balGetFaninsGlobalDepthDifference(Node *curNode, int &gdiff)

{

void rd_balDoSingleRotation(Graph *origNet, Node *curNode,

Reproduced with permission of the copyright owner.

LinkedList<Node *> *finList;

Node *lowNode, *highNode;

NodeFunc lowFunc, highFunc;

int low_depth, high_depth;

finlist = curNode->GetFaninList();

if (finList->ListSize()!=2){

cout<<" Number of fanins are not 2, in "<<__FILE__
<<" at line "<<__LINE._<<endl;

lowNode = finList->Data(Q); // left
highNode = finList->Data(1};// right
lowFunc = lowNode->GetNodeFunc();
highFunc = h1ghNode—>GetNodeFuuc()
if (! (lowFunc == NODE_PI && highFunc == NODE_PI)){
lou _depth = lowNode—>GetGLevel();
§h depth = hléh.Node—>GetGLeve1();
ff = low depth ~ high_depth;
if(abs(§diff) < 2 || abs(gaiff) > 10){
diff = 0;
return NULL;

} else {
if(gdiff > O && lowFunc != NODE_PO) {

return lowNode; // hvyNode = lowNode;
} else if(gdiff < O &k highFunc != NODE_P0){
return highNode; // hvyNode = highNode;

} else {
return NULL;

}

} else {
gdiff = 0;
return NULL;

¥
return (NULL);

Node *hvyNode)

LinkedList<Node
LinkedList<Node
Node *hvInNode,

*> *cfoList, *cfolnList, *cInList;

#> ahvfolist, *hvInList, *hvIn_folist;

*cfoNode, *tmpNodsO, *tmp odel;

char *cur_ name, *hvy_name, *hvyln name, *cfo_name;

int cur_pos_in JcfoInla-1, hvy_pos_in_cInL=-1, hvIn _pos_in_hvInL=-1;
int hvy_pos_in_hvInFoL=-1; // for sct.slif

NodeFunc cfo. Func,

cur_name = curNode—>GetName8;
hvy_name = hvyNode->GetName

// 1) Deleting curNode’s fanout form cfolList
cfoList = curNode->GetFanoutList();
cfoList->Reset(); /] curNode must have only one fanout

cfoNode = cfolist->Data();
2voidgcfoLlst >DeletsCurrentElem(),
void)curNode->Set t (curNode->!

// 2) Deleting curNode from curNode’s fanout node’s faninList (cfoInList)
cfolnlist = cfoNode->GetFaninList();
cur_pos_in_cfoInl = origNet- >FindNode(cfoInList, cur_name) ;
if(cur_pos_in_cfolnl != -1){

cfolnlist->Reset(cur_pos_in_cfoInL);

Evoid) cfolnList->DeleteCurrentElem();
void) cfoNode~>SetNunFanin{cfolode->GetNunFanin ()~1) ;

anout ()~1);

// 3) Deleting curNede from hvyNode’s fanout List (hvfoList)

hvfolList = hvyNode->GetFanoutList();

hvtolist->Reset(); // hvyNode must have only one fanout
(void)hvfoList->DeleteCurrentElem();// deleting curNode from hvfoL
(void)hvyNode~>SetNumFanout (hvyNode->GetNumFanout ()-1);

// 4) Deleting hvyNode from curNode’s fanin List {cInList)

cInList = curNode->GetFaninList();
hvy_pos_in_cInL = origNet->FindNode(cInList, hvy_name);

if(hvy_pos_in_cInL I= -1){
cInList->Reset (hvy_pos_in_cInl);
(void) cInList->DeleteCurrentElem();
//delete cInList->DeleteCurrentElem();
(void) curNode->SetNunFanin(curNode->GetNumFanin ()-1) ;

// 5) find a node (hvIinNode) whose gdepth is smaller from hvyNode’s fanins
hvInList = hvyNode->GetFaninList();

if (hvInList->ListSize()==2){
tmpNode0 = hvInList->Data(0);

tmpNodel = hvInList->Data(1);
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}

Node *rd_balGetUnBalancedNode(Graph *orighNet,

(tmpNode0->GetGLevel () >tmpNodel->GetGLevel()) ? hvInNode = tmpNodel
: hvIinNode = tmpNodel;
hvyIn_name = hvInNode->GetName();
} else {
cout<<"Error ::
exit(0);

in "<<__FILE__<<" at line "<<__LINE__<<endl;

// 6) Deleting hvInNode from hvyNode’s fanin List (hvInList)
hvIn_pos_in_hvInl = origNet->FindNode(hvInList, hvyIn_name);
if (hvIn_pos_in_hvInL != -1){
hvInList->Reset(hvIn_pos_in_hvInL);
(void)hvInList->DeleteCurrentElem();
//delete hvInList->DeleteCurrentElen();
(void)hvyNode—->SetNumFanin (hvyNode- >GetNumFanin()-1);

}

// 7) Deleting hvyNode from hvInNode’s famout 1list (hvIn_foList)

hvIn_foList = hvInNode->GetFanoutList();
hvy_pos_in_hvInFoL = origNet->FindNode(hvIn_folList, hvy_name);

if (hvy_pos_in_hvInFol != -1){ // for sct.slif
hvIn_foList->Reset (hvy_pos_in_hvInFoL);

(void)hvIn_foList->DeleteCurrentElem() ;
(void)hvInfode->SetNumFanout (hvInNode->GetNumFanout ()~1);

// 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’ after tramsform
cfo_name = cfoNode->GetName();
cto_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 ;

int &gdiff)

LinkedList<Node *> *gatelList;
Node *curNode, shvyNode = NULL;
NodeFunc curFunc, hvyFunc;

//int num_fanin, num_fanout, gdiff;
int num_fanin, num_fanout, hv_fanout;

gateList = origNet->GetGateList();
for (gateList->Reset () ; ! gateList->End0fList () ;gateList->Next ()){
curNode = gateList->Data();
curFunc = curNode->GetNodeFunc()
num_fanin = curNode->GetNumFanin({);
num_fanout = curNode->GetNumFanout{);
if (Dum_fanout >= 2) continue;
if(curFunc != NODE_PI && curFunc '= NODE_PO && num_fanin==2){
hvyNode = rd balGetFaninsGlobalepthDifference'(curl»lode gdiff);
if (hvyNode == NULL) continue;
hvyFunc = hvyNode->GetNodeFunc();
hv fanout = hvyNode->GetNumFanout () ;
(gdiffi=0 && hv; Ngde'-NULL &k curFunce=hvyFunc &&hv_fanoutw=1){

#ifdef MAKE_| BA NCED_GRAPH_Di

cout<<"found transformation target, node= "
<<curNode->GetName () <<"\n";

cout<<"heavy_node = “<<hvyNode—>GstName()<<end1~

cout<<"gdiff = "<<gdiff<<endl;

#endif

//1)

break;
} else {
hvyNode = NULL;
} else {
hvyNode = NULL;
return hvyNode;

Calculate global depth (glevel) at each node after resetting visit flag

//2) Check fanin node’s global depth difference at each node (the fanin node
//  should be neither MFP nor PD),

// 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 Queune.

//3) 1f 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 diff >2) -> Q

//5) Repeat step (3)

void rd_balMakeBalancedGraph(Graph *origNet)

{

LinkedList<Node *> *hv_folList;
Node *curNode, xhvyNode;

int gdiff;

Queue<Node *> {;
(void)rd_balResetVisitFlag(origNet);
(void)rd_depthInitGlobalDepth(origNet);

(void)origNet->PrintAl1Nodes();

// 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__<<" at line "<<__LINE__<<endl;
} else {

curllode = hv_foList->Data(0);

Q.QInsert(curNode);
Q QInsert (hvyNode);

¥

// 2) while Q is not empty
while(!Q.QEmpty()){
// 2.1) dequeue
curNode = §.DeQueva();
hvyNode = Q.Defuene()}

// 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();
#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- >ListSlze() 1= 1){

3 cou%« 'Error :: in "<<__FILE__<<" at line "<<__LINE__<<endl;

else
curNode = hv_foList->Data(0);

Q. QInsertécu.rNode; ;
Q.QInsert (hvyNode);
}

{void)rd_balResetVisitFlag(origNet);

void rdeqnRemove2InvsInSeries(Graph *origNet, Node *curNode, Node *foNode)

LinkedList<Node *> *gateList, *finList, *in_folist, *fo_foList;
LinkedList<Node *> *fo_foInList;

Node *inNode, *fo_foNode;

char *del_name, *foName;

int in_foSize, n, pos;

gateList = origNet->GetGateList();
finList = curNode->GetFaninList();
foName = foNode->GetName() ;

115(finList-)ListSize()=-1)g
inNode = finList->Data(0); // curNode’s fanin

} else{

// since a inverter’s fanin is awways one.
cout<<"Node "<<curNode->GetName()<<"\’ fanin is not ome..... \n";
cout<<"in "<<__FILE__<<" at line "<<__LINE__<<"\n";
exit(0);

//1) get curNode fanin node’s fanout list and delete curNode(clear)
del_name = curNode->GetName();
in_folist = inNode->GetFanoutlist();
pos = origNet->FindNode(in_folist,del_name);
if(pos == ~1){
cout<<"Node "<<del_name<<" cannot find in cur Incha s folist"<<"\n";
cout€<')'1n "<<__FILE._<<" at line "<<__LINE__<Z"\n'
exit(0);

in_foList->Reset(pos);
delete in_ foList- >DeleteCurrentElem()
inNode->Se t (inNod; anout ()-1) ;// numfaowt--

//2) insert foNode’s fanout into curNode’s fanout list
//3) for all famout nodes of folNode, get faninhst and find foNode, delete

// and insert inNode into fo_inList;

fo_folist = foNode->GetFanoutList(};
for(fo_foList->Reset();!fo_foList- >End0fL18t() fo_foList->Next ()){
fo foNode = fo_foList->Datal);
inNode->InsertFanout (fo_foNode) ;
fo_folnlist = fo_foNode->GetFaninList();
pos = origNet->FindNode(fo_folnList, foName);
if(pos = -1){
fo_folnList->Reset (pos) ;
delete fo_folnList->DeleteCurrentElem();
fo_follode->SetNumFanin (fo_: foNode-)GetNumFanin() 1);// oumfain--
N fo_foNode->InsertFanin(inNode) ;
}

//4) ds%te curNode and foNode from gatelist
pos = -1;

del_name = curNode->GetName();
pos = origNet->FindNode(gatelist, del_name);
if(pos I= -1){

gateList->Reset (pos);

delete gateList->DeleteCurrentElem();

} else {
cout<<"Node "<<del_name<<"\’ is not found in gateList..... \n";
cout<<"in "<<__FILE__<<" at line "<<__LINE__<<"\n";
exit(0);

pos = -1;

del _name = foNode->GetName();
pos™= origNet->FindNode(gatelist, del_name);

if(pos != -1){
gateList->Reset (pos) ;
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delete gateList~>DeleteCurrentElem();

} else {
cout<<"Node "<<del_name<<"\’ is not found in gateList..... \n";
cout<<"in "<<__FILE__<<" at line "<<__LINE__<<"\n";
exit H

void rdeqnCheckNRemove2ConsecutiveInvs(Graph *origNet)

LinkedList<Node *> *gateList, *folist;
Node *curNode, *foNode;
Quene<Node *> Q;

gateList = origNet->GetGateList();
for(gateList->Reset(); !gateList->End0fList () ;gateList->Next()){
curNode = gateList->Data();
if (curNode->GetNodeFunc () ==NODE_INV) {
folist = curNode->GetFanoutList();
if (folist->ListSize()==1){
foNode = foList~>Data(0);
if (foNode->GetNodeFunc () ==NODE_INV) {
cout<<"2 consecutive node : cur_name = "
<<curNode->GetName () <<endl;
Q.QInsert(curNode);
Q.QInsert(foNode);

}
}

while(1Q.QEmpty()){
curNode = Q.DeQueue();
foNode = Q.DeQueue();
(void)rdeanemove2InvsInSeries(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_folode;

char *foName, *curName;

int pos, n;

curName = curNode->GetName();
foName = foNode->GetName();

//Deleye foNode from origNet’s gateList

gateList = origNet->GetGateList();

1£((pos = origNet->FindNode(gateList, foName))!= -1){
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_folL->DeleteCurrentElem() ;
curNode->SatNunFanout (curNode->GetiimFanout ()-1);// numfain——

curlnList = curNode->GetFaninList();
curInNode = curInList->Data(0);

curInNode~>SetName ( curName) H
curNode->SetName (foName

fo_folist = loNode-)GetFanoutLlst().
for_each(fo_foList){
fo foNode = fo_foList->Data();
folnl = fo_foNode->GetFaninList();
pos = origNet->FindNode(fo_folInL, follame);
if(pos t= -1){
fo_folnL->Reset(pos);
delete fo_foInL->DeleteCurrentElem();
fo_. follode—>SstNu.mFan1ngto foNode->GetNumFanin()-1);// numfain--
fo_foNode->InsertFanin{curInNode);

N curInNode->InsertFanout (fo_foNode);
3

fo_ foList—>Reset()
for(n = 0; n < fo_folList->ListSize(); n“){
delete fo_folIst->DeleteCurrentEiem

void rdeqnChangeNames(Graph *orighet, Node *curNode, Node *foNode)
{

LinkedList<Node *> *fo_folList, *fo_foInL, *curInList;
LinkedList<Node #> *cur_fol, *gatelist;

Node *curlnNode, *fo_foNode;

char *foName;

int cur_name_len, pos, n;

string cur_name,tmp_str;

name += curNode->GetName();
foNams = foNode->GetName();
// 1)Delete foNode from origNet's gateList
gateList = origNet->GetGateList();
1£((pos = origNet->FindNode(gateList, foName))'!= -1){
gateList->Reset (pos);
delete gatelist->DeleteCurrentElem();

// 2) delete foNode from curNode’s fanmoutList
cur_fol = curNode->GetFanoutList();
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pos = origNet->FindNode(cur_fol., foName); if (ch == ’\n’) { // new line char eatup()
if(pos != -1){ (void)nev_line_eatup(fin);
- continue;
g‘ex;e::Lcﬁeisz(gg:iete(}urrentmem() d 7}51?1“35:5;151 'g‘;oc’lui()a"{ "endmodeule"”, "inputs", and "outputs"
curNode->8tNumFanout (curNode->GetNunFanout ()-1) ;// numfain-- h = tin.get(): 4 P ’ P!
fin >> token; '

curlnList = curNode->GetFaninList();

curInNode = curInList->Data(0); it (stremp(token, "module")==0){
fin >> token
(vo;nii)rdeanetGrathame(eGraph fin, token);

// 3) modify curInNode’s name continue;

cur_name_len = cur_name.size(); } elsin1§>(§gigﬁp(token,"endmodula") 04

tmp_str.erase(); #ifdef READ_EQN_DEBUG

if (cur_name.substr(cur_name_len-1,1)=="\’"){ {/the last char cout << "\nmodule "<< token << " has been read !!!" << endl;
tmp_str = cur_name.substr(0, cur_name_len-1 #endif

InNode->SetN: h *)t) tr.c_st H break;

} ei‘sl: { ode->SetName ((char +)tup_str. rO); } else if (strcmp(token,"inputs")==0){ // input pin nodes
tmp_str = cur_name + "\’"; ((:goid)rdeanreateInputNodes(eGraph fin, token);
curInNode->SetName ((char *)tmp_str.c_str(}); } else if (strcmp(token outputs”)==0){ // output pin nodes

//tmplode = rdequCreatefutputNodes(eGraph, fin, token);

// 4) delete old_foNode from foNode’s fainList and insert new_fanin (void)rdeqnCreateOutputNodes(eGraph, fin, token);

/7 And insert fanout of foNode intto cur_in_node’s fanout list contmue,

fo_folist = foNode->GetFanoutList(); } else .

for_each(fo_foList){ w}ule( (ch=fin.get ()} !="\n"){
§o §o¥oga =ffoff§L;st>(>;D1a:;:a()nL L0 fin.get(ch);

o_foInl = fo_foNode->GetFani
pos = origNet->FindNode(fo_folnL, folame) ; zontinue;
if(pos != -1){
fo_foInL->Reset (pos); } else { . i1 2. i
delete fo_foInL->DeleteCurrentElem(); /7 process the expression util ’;’ is read
fo_ folode->SetNumFanin (fo_foNode->GotNunFanin()-1);// mumfain-- if(ch=="#)){
(void)rdeqnLineEatup(fin);
fo_foNode~>InsertFanin(curInNode); }
) cur InNode->InsertFanout (fo_foNode ; while (fin.get(ch))
{
} // exsxxxxk process literal operands *kdckkkxk
;o €0L158 >Rese§()f . Lists o 't /* Ingnore new_line character */
= < t-> ; n X .
r gelete lf‘o 102152 ;geleta(sfur:::tﬁilsg() if (!isoperator(ch) && ECh '= ’)\“;) &&((Ch = ;";)&%
1= 2)’) & (ch 1= *\7*
3 fin.putback(ch); // to get node_name from start
// This routine rearranges node names for the following situations. (void)rdeqnProcessOperand (OperandStack, fin, rank);
// for C880.slif, C1908.slif, C1355.slif, C3450.slif
/ 1)If a node (name = a) is a mfp point and its fanin node name is not a’, but else if (ch==’;’) {
//  a’ exist after mfp point. break;
//.2)If a node (mame = a) is a mfp poix.xt and its fanin node name is not a’. 7/ process an operator
\Eom rdeqnRearrangeNodeNames (Graph *origNet) else if (isoperator(ch)) //* *, *+°, ’%’, *(’, and *)’

]ﬁ‘i)ggsgg‘il:ﬁ;gg"ie*;;l; :‘;9““' *folist, *filist; (void) rdeqnProcessAOperator (eGraph, OperatorStack,

Queue<Node *> G; OperandStack, fin, ch, rank);

gateList = origNet->GetGatelist(); } else if (ch == °\**) { // Inverter oprator process

for(gateList->Reset () ; !gateList->End0fList () ;gateList->Next ()){ (void)rdegnProcessInvOperator (eGraph, OperandStack);
curNode = gateList->Data(); }
if(curNode->GetNodeFunc () ==NODE_INV){ ;
folist = curNode->GetFanoutList(); /4 xtexrwakk process a right parenthesis *wkrstretx
filist = curNode->GetFaninList(), else if (ch == rightparenthesis)
if (foList->ListSize() > {
for (foList->Reset(}; 'foL1st->End0fL15t() foList->Next ()){ // build a MathOperator object holding °)’, which
foNode = folist->Data( // has precedence lower than the stack precedence
1f(fouode->cetuodepunc(5--Nomz INV){ v
cout<<'Rearrange target : curNode = " // of any operator except ’(’. pop the operator stack
<<curNode->GetName() <<"curNode_b = " // and evaluate the subexpression until ’{’ surfaces
<<foNode->GetName()<<endl; // or the stack is empty. if the stack is empty, a
8 Sgigigggﬁggg;a). // *( is missing; othervise, delete ’(’.
} oprl = EqnOperator(ch);
} , H
3 while(!OperatorStack.StackEmpty() &%
3} (opr2 = QperatorStack.Peek()) >= opri)
¥
opr2 = QperatorStack.Pop();
while(!Q.QEmpty ()} { //opr2.Evaluate(OperandStack);
ggﬁgg‘;e_'qnog&l’)‘s‘g‘m O3 opr2.Evaluate(*eGraph, OperandStack);
1 iget, N Nod: }
N (void) rdeqnChangeNamés (origNet, curNode, foNode); 11 (operatorStack.StackBupty ()
error (MissingLeftParenthesis);
} opr2 = OperatorStack.Pop(); // get rid of ' (’
}
// Top routine of equation reading 7/ #xa4xxrxs have some invalid input skmmkkekks
Graph *Read_eqn(char *file_name) else if (!iswhitespace(ch))
error (InvalidInput);

Graph *eGraph = new Graph; } /* Inner WHILE loop End */

//Node *tmpNode, *tmpNodel;; } // Endof If

// declaration of operator stack with MathOperator objects

e eimoporators Booesverttack; Op! 3 i; télr::n;ax‘ﬂ: :1)!{1:119 complete expression must be 1 */

// declaration of the operand stack. cout<<"Processing outside of while() loop...\n";

Stack<char *> OperandStack; error (OperandExpected) ;

EqnOperator opri,opr2; ¥

char *token = new char(80]; /* flush operator stack and complete expression evaluation.

int rank = 0; % if find left parenthesis, a right parenthesis is missing.

. */

char ch; vhile (!OperatorStack.StackEmpty())

ifstream fin(file_name);

if (fin) { oprl = OperatorStack.Pop();
cerr << “File " << file_name << " does not exist" << endl; if (oprl.GetOp() == leftparenthesis) {

3 e1§§“m' N error (MissingRightParenthesis);

t<<" di ile : "<< << L
cou \nReading File £1le_nane<<\n\n"; //opr1.Evaluate(OperandStack) ;
opri.Evaluate (*eGraph, OperandStack);
while ({ch=fin.peek()) '= EOF) { }
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rank = Q;

/* value of the expression is on the top of the operand stack */

//cout << "The value is " << OperandStack.Pop() << endl;

} /* Outer WHILE_loop end */
fin.close();

#ifdef READ EQN DEBUG
cout <<end
eGraph—>Pr1ntP1Nodes s
cout’ <<endl;
eGraph->Pr1ntPoNodes QO;
cout” <<end.
eGraph—>Pr1ntA11Nodes O;
cout’ <<endl;

#endif

int num_deleted
nun_deleted = rdeanlndUndef1ned.cheAndRsarrange(eGraph)

#ifdef READ. EQN DEBUG

cout <<e;

eGraph—)PrintAllNodes O,

cout <<endl;

cout<< "Number of Nodes rearranged is :
#endif

(void)rdegnCheckUndefinedNodes(eGraph) ;
(void) rdeqnCheckNRemove2Consecutivelnvs (eGraph);

#ifdef MAKE_BALANCED_GRAPH
. d(¥01d)rd _balMakeBalancedGraph(eGraph) ;
endil:

(void)rdeqnRearrangeNodeNames (eGraph) ;

cout<<"After Rearrange and before Add Inverter\n";
eGraph->PrintAllNodes();

#ifdef ADD_INVERTER
(void)rdeqnAddInverterNodes(eGraph) ;
#endif

cout<<" PRINT ALL NODES After adding INVs\n";
eGraph->PrintAllNodes();

#ifdef READ_EQN_DEBUG
cout <<endl;
cout<< "New Graph .. \n";
eGraph->Pr 1ntA11Nodes O
cout’ <<endl;

#endif

return eGraph;

} /* EndOf_Read_eqn() */

" << num_deleted << endl;

/
* Read_lib.c¢
* Reads mixed PTL and Static Cell library

#include <fstream.h>
#include <stdlib.h>
#include <ctype.h>
#include <string.h>
#include <stdio.h>

#include "eqn_stack.h"
#include "eqn_o . h"
#include "Node.
#include "Graph.h"

#include "LibCell.h"

// whole line eat-up
int line_eatup(ifstream &fin)

char ch;
while((ch=fin.get()) 1= *\n’){
continue;

}
fin.putback(ch);
return 1;
b4
// tab eat-up
int tab_eatup(ifstream &fin)
{

char ch;

// tab char eatup()

while ((ch=fin.get()) == ’\t’){
continue;

¥
fin.putback(ch);
return (1);

}

// Create a Cell when "GATE" token is encountered.
// Sets cells_name, cGraph name, reads cell’s area and power

LibCell * libCreateCell(ifstream &fin, LinkedList<LibCell *> xCells, \

char *token, int index)

{
float cell_area, cell_power;
Graph *cellGraph;
//char *cell_name = new char{10];
char *cell_namesNULL;
int token_len;

token_len = strlen{token);
cell_name = (char *)calloc(token_len+l, sizeof (char));
1f(cell_name == NULL){
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cout<<"Cell name allocation error!!!{\n";
exit (1);

strcpy(cell_name, token);

LibCell *newCell = new LibCell;
if (newCell == NULL){

cout<<"Memory allocation error for New_Cell !!!!\n";
return (0);

(*newCell) .SetNane(cell_name);

if (!strncmp(cell_name,"ptl",3)){

}
els

newCell->SetCel1Type(PTL);

e {
newCell->SetCellType(STATIC);

fin >> cell_area; fin >> cell_power;
newCell->SetArea(cell_area);
newCell->SetPovwer(cell_power);

cellGraph = (*newCell).GetCellGraph();
cellGraph~>SetName(cell_name);

LibCell *tmpCell;
char *tmp_name;

1f(!Cells->isEmpty ()){

}

for(Cells->Reset(); !Cells->EndOfList () ;Cells->Next()){
tmpCell = Cells->Data();
tmp_name = tmpCell->GetName();
if(stremp(cell_name, tmp_name)==0){
cout << "Cell : "<<cell_name<<" is already exist...\n";
exit(1);

¥

Cells->InsertRear(newCell);
free(cell name); //(I, 0131)
return newCell;

¥

// Allocate memory for signal(input/output) name and assemble char
// into char string vhich is signal name
char *libGetSignalName(ifstream &fin, LinkedList<LibCell *> *Cells,

{

int index, char chr, int *rank)

char *node_name;

char *tmp_name , ch;
node_name = (char *)calloc(11,sizeof(char});
// for single letter string

tmp_name = (char *)calloc(2,sizeof(char));

I7s place the char back to get node_name from start
fin.putback(chr);

while ((ch=fin. get())) {

}

*tmp_name = ch

strcat (node_name ,tmp_name) ;

ch=fin.peek(};

if (isoperator(ch) 1| (ch == *;?)||(ch ==2)?)|] (ch == ’\’>?)){
*tmp_name = °\0’;

strcat (node_name,tmp_name);
break;

#ifdef LIB_DEBUG
cout << "node name = "<< node_name ;
cout << " ramk = "<<xrank <<endl;

#endif

// rank of operand is 1. accumulated rank must be 1

*rank

+=

#ifdef LIB_DEBUG
cout<<"node name = "<< node_name << " rank = "<<*rank<<endl;

#endif

if (*rank >

error(OperatorExpectad) ;

Node *tmpNode; Graph *clGraph

LibCell *11b0811

nt posit. on,

Cells->Reset (index) ;
1ibCell = Cells->Data();
clGraph = 1ibCell->GetCallGraph();

if (strcmp(node_name, "(0")==0){

tmpNode = clGraph->FindOrCreateNode(node_name, position,
PRIMARY_QUTPUT, NODE_PO);

zlse {

tmpNode = clGraph->FindOrCreateNode(node_name, position,

PRIMARY_INPUT, NODE_PI);

3}
free(tmp_name);
return node name,

¥

// Once find an operator, check what the next character is.

void libOperatorPreProcess(ifstream &fin, char #ch, int *rank)

char tmp.ch;
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if (#ch == ? 2) {
tmp_ch = *ch;
while ((*ch = fin.get())) {
if (#ch == 74> |] %ch == ’=’ || *ch == '%’) {
tmp_ch = *ch;

}

if (lisoperator(*ch) &% *ch != *\n’) {
fin.putback(*ch); // to process later
*ch = tmp_ch;
break;

else if (xch == ?(’ || *ch == >\??}) {
fin.putback(*ch);
¥ch = tmp_ch;
break;

}
¥

// rank of each operator other than 1 is -1,
// accumulated rank should be
if (xch t= "(){ // rank of ’(’ is 0

*rank-= H

if (#rank <

error(OperandExpected)

#ifdef LIB_DEBUG

cout << "Operator = " << *ch << endl;
#endif

}

// When ’\’’ opsrator, create a inverted node of the node which is currently
// on the top of the OperandStack.
void libCreateInvertedNode(Stack<char *> *QperandStack, \
{ LinkedList<LibCell %> *Cells, int index)
Node *tmpNode, *tmpNodel;

char * node_name = new char,
int position, positioni;

Graph *clGraph;
LibCell *1ibCell;

Cells->Reset(index);
1ibCell = Cells—>Data();

clGraph = 1ibCell->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);
if (tmpNode->GetNodeType() == UNASSIGNED) {
tmpNode->SetNodeType (INTERNAL) ;

strcat(node_name, "\’");
tmpNodel = clGraph->FindUrCreateNode(node name, positionl);

if (tmpNodel->GetNodeType() == UNASSIGNED) {
tmpNodel->SetNodeType (INTERNAL) ;

}
if (tmpNode1->GetNodeFunc() != NODE_INV) {
‘tmpNodel ->SetNodeFunc (NODE_INV) ;

// Insert tmpNode into the fanin_ list of tmpNodel
if (positiont == -1) {
tmpNode1->InsertFanin(tmpNode);

// Insert tmpNode! into the famout_list of tmpNode
if (positioni == -1) {
tmpNode->InsertFanout (tmpNodel);

#ifdef LIB_DEBUG
cout<< "Created Node => "<<node_name<<endl;

if
OperandStack->Push(node_name) ;

// Read pin information for each cell
%nt 1ibReadPinInfo(ifstream &fin, LibCell *curCell)

Graph *curCellGraph;
LinkedList<Node * tgrPiList,

LinkedList<Pin *> *cCpinList; // current cell pinlist
Pin *curPin = new Pin; // current cell pinlist

int gosition,
float value;
char *token = new char[10];

curCellGraph = curCell->GetCellGraph(};

grPilist = curCellGraph—->GetPiList();
cCpinlist = curCell->GetPinList();
cCpinList = curCell->GetPinList(};

while(1){
fin >> token
1f(s{:)rcm (token," ")==0 || token[strlen(token)-1]==’;’){
re

if(strcmg(token, "PIN") == 0){
fin ken
1 (strcmp(token, "*") ==0){
cout << "Cell Library syntax error!\a";
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cout << "Don’t use wild card for pin names\n";

return (0);

} else {

if (curCell->FindPin(curCell->GetPinList(), token)!=-1){
cout << "Pin name (" << curPin->GetPinName() << "<" H
cout << " is duplicated. Check cell library file i

return (0);

// Create a pin and insert it into pinlist in curCell class
1f ((*curCellGraph) .FindNode (grPiList,token) != -1){
curPin = curCell->FindOrCreatePin(token, position);

fin >> tok
if (stremp (tokan, WINV")==0){

curPin->SetPolarity (INV);

} else if (strcmp(token,"NOINV")==0){
curPin->SetPolarity (NOINV) ;

} else if (strcmp(token,"UNKNOWN")==0){
curPin->SetPolarity (BINATE) ;

T
fin >> value
curP1n->SetInputCap (value);

fin >> value

cuer—->SetTdR (value);

fin >> value

curPin->SetTdR .slop(value);

fin >> value;
curPin->8etTdF (value);

fin >> value;
curPin->SetTdF_ slop(value);

continue;
}
>
delete [] token;
return (1);

// Rpn list for each library cells
void libGetFunctionForBdd(Graph *fGraph, Node *bNode, int &nlit, \

{

LinkedList<char *> *rpnList)

LStack<Node *> *3 = new LStack<Node *>;

LinkedList<Node #*> *finList;
Node *curNode, *aNode;

char *aNode_name;

int visited, num_visit;

ResetVisitFlag(fGraph);
nlit = 0;

if((visited = bNode->GetVisit()) < 0){
S->Push(blNode) ;
} else {
cout <<" In GetFunctionForBdd(), starting node has already been"
<<" visited.\n";
exit(1);

while (!S->Empty()){
curNode = S->Pop();
finList = curNode->GetFaninList();
num_visit = 0;
fcr'{ﬁnust ~>Reset (); 'ﬁnust >End0fList () ; finList->Next ()){
= finList->Dat
1f((visited aNode->GetVisit()) >0)
nun_visit++;

}

if(num_visit == curNode->GetNumFanin()){
// inser node name into list
for(finList->Reset();!finList->End0fList();finList->Next()){
aNode = finList-3Data();
name = aNode->GetName();
if(tGraph >F1ndNode(fGraph->GatPiList() aNode_name) != ~1){
T| ?List >InsertRear (aNode_name);
nlit++;

switch(curche->GetNadsF\mc O{
case NODE_INV: lx;anist->InsertRaar("\’")

ak;
case NODE_AND: ipnl.ist >InsertRear ("*");
case NODE_OR: rgnl.ist >InsertRear("+");
default : break;

3}
// set vigit flag of curNode;
curNode->MarkVisit (1);
} else {
$->Push(curNode) ;
for(finList->Resét (); !finList->End0fList();finList->Next()){
aNode = finList->Data();
1f((visited = aNode->Getvisit()) < 0 )
N S->Push(aNode) ;
}

delete S;
} // EndOf libGetFunctionForBdd()

// Top routine of reading libeary
LinkedList<LibCell *> *libReadLibrary{(char * file_name)

Gra *c\ersllGraph = NULL;
LibCell *curCell = NULL;
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// declaration of operator stack with MathOperator objects
Stack<EqnOperator> Bperatorstack'

// declaration of the operand stack.
Stack<char *> (perandStack;

Eqn[)perator opril,opr2;

int rank =
//char *temp = new char;
char *token = new char[80];

char *node_name, ch;

LinkedList<LibCell *> *CellsList = new LinkedList<LibCell *>;
int num_cell = -1;

ifstream fin(file_name);
if (!fin)

cerr << "File " << file_name << " does not exist" << endl;
exit(1);

while ((ch=fin.peek()) != EOF) {

if (ch == *\n’) {
(void) new_line_eatup(fin);
continue;

¥

else if(ch == ’\t’) g
(void) tab_eatup(fin);
continue;

else if(ch == ’#’) {
(void) line_eatup(fin);
continue;

else if(ch == > ) {
ch = fin.Eet();
fin >> token;

if (strcm{ (token, "GATE")==0) {
num_cell++;
fin >> token;

1if(t(curCell = 11bCreateCell(fm CellsList, token, num_cell))){
cout<<"Cell creation error !!\n";

curCellGraph = curCell->GetCellGraph();
} continue;
/* = reserved for Latch cell
* else if (strcmp{token,"LATCH")==0){
* fin >> token;
* strncpy(temp, token, strlen(token)-1);
* cout << "module "<< temp << " has been read 111" << endl;
* break;
* }
*/

}
else if(ch == 'P’) {
if (!1ibReadPinInfo(fin, curCell)){
cout<< "Cell[" << curCell->GetName() << "]";
cout << " : Library read error !ttllt1! N\a"}
exit(1);

continue;
else {

// process the expression until ’;’ is read
vhile (fin.get(ch))
{

/% Process literal operands and Ingnore new_line character */
if (lisoperator(ch) && (ch != ’\n’) &k (ch != ’;’) &%
(ch t= 2)*) && (ch != *\*?)) {

node_name-libGetSignalName(fin,CellsList,num‘csll,ch,&rank) ;

// push the operand on the operand stack
OperandStack.Push(node_name) ;

}
else if (ch==’;%) {
break;

7/ Rk Rk Process an Ooperator kkkikkkikk

else if (isoperator(ch))
{

(void)libOperatorPreProcess(fin, &ch, &rank);
opri = EqnOperator(ch);
while(!OperatorStack.StackEmpty() &%

(opr2 = OperatorStack.Peek()) >= opri)

opr2 = OperatorStack.Pop();
opr2.Evaluate((*curCellGraph), OperandStack};

}
OperatorStack.Push(oprl);
}

// xxxxwxx  process a right parenthesis
else if (ch == rightparenthesis)
{

Aok ARk

oprl = EquOperator(ch);
while(!OperatorStack.StackEmpty() &k
(opr2 = OperatorStack.Peek()) >= opri)

opr2 = OperatorStack.Pop();
opr2.Evaluate((+curCellGraph), OperandStack);

}

if (OperatorStack.StackEmpty())
error(MissingleftParenthesis);

opr2 = OperatorStack.Pop(}; // get rid of ’(’

else if (ch == ’\’?) {
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libCreateInvertedNode (&0perandStack, CellsList, num_cell);

// *wxxxx¥xx  have some invalid input
else if (!iswhitespace(ch))
error (InvalidInput);

} /* Inner WHILE loop End */
} // Endof If

/% the rank of the complete expression must be 1 %/
if (rank != 1)
error (OperandExpected) ;

Hokkok sk kkk

/* flush operator stack and complete expression evaluation.
* if find left parenthesis, a right parenthesis is missing.

wh{le (!OperatorStack. StackEmpty())
{ // At this stage,
oprl = OperatorStack.Pop(}; // normally opr = ’=",
if (oprl.GetOp() == leftparenthesis) {
error(MissingRightParenthesis);

assignment opr

}
oprl.Evaluate((*curCellGraph), OperandStack);

rank = 0;

#ifdef LIB_DEBUG

cout
cout
(*cu

<<endl;
<<Mm=== "<<(*kcurCellGraph) .GetName()<<endl;
rCellGraph) .PrintPiNodes () ;

(*curCellGraph) .PrintAllNodes ()

#endif
3 /*

fin

Outer WHILE loop end */

.close();

// Create RPN l?iﬁuation list for each cell

Node
char
Link
Link
int

for (

}
#ifdef L

for (CellsList->Reset();

}
#end.

*bNode = LL, *outNode = NULL;
*out_name = o
edList<Node *> *nodeList,
edList<char *> *rpnList;
out_pos, num_liter;

CellsList >Reset () ; tCellsList->End0fList () ;CellsList—>Next ()){
urCell = CellsList->Data();
curCellGraph = curCell->Getlel1Graph() ;

rpnList = curCell->GetFunc();

// find begin node;
nodeList = curCellGraph->GetGateList();
if((out_pos = curCellGraph->FindNode(nodeList, out_name)) != -1){
nodeList->Reset (out_pos);
outNode = nodelList->Data();
} else {
cout << "ERROR !!!!\n";
cout << "In RPN creation routine, can’t find node name \"O\".\n";

*finlist;

finlist = outNode->GetFaninList();

if(finList~ >ListSize() 1= 1){
cout << t\n";
cout << "In RPN creation routine for each cell PO node hasg";
cout << " more than one fanin_nodes !!!\n";

} else {
fin[.ist >Reset(0) ;
biiode = finList->Data();

3
(void) libGetFunctionForBdd{curCellGraph, bNode, num_liter, rpnList);

1B_DEBUG_RPN

'CellsList'>EthtList() CellsList->Next ()){
curCell = CellsList->Data()

curCellGraph = curCell- >Getée1mrapn()

rpnLlist = curCell->GetFunc(}; // at this moment, empty function

cout<< "Cell[" << curCell->GetName() << "g B
for (rpnList->Reset () ; ! rpaList->EndOfList( ,ranist ~>Next ()){
cout<< rpnList->Data() <<" ";

}
cout <<"\n\n";

if
delete [] token;

return CellsList;

/
* Subgraph_Bdd_new.cc

* Graph partitioning and BDD generation
/
#include <fstream.h>
#include <stdlib.h>
#include <cty§|e.h> // used for function ’isdigit’
#include <string.h>
#include <stdio.h> // used for function ’isdigit’
#include <math.h>
#include "eqn_stack.h" // include template-based stack class

#include "eqn‘o T. h" // defines the MathOperator class
#include "Not

#include "LinkedList.h"

#include "Graph.h"

#include "Queue.h" // used for sug-graph utility

#include "Stack.h" // used for sug-graph utility
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#include "cuddInt.h" // include for bdd generation

// Search Network.allnodes, when a PO or multiple-fanout node is found,
// insert it into a LinkedList<Node *> *MfpAndPo. Do this until all the
// nodes in the list Network allnodes.
// Returns a LinkedList
LinkedList<Node *> * GetMultiFanoutAndPoNode(Graph xorigNet)
{
LinkedList<Node *> *gateList, *mfpPoList = new LinkedList<Node *>();
Node * node;
int num_fanout;
NodeFun¢ nodeFunc
char *node_name, *finName,

LinkedList<Node *> *mfpn_filList;
Node *finNode;

gateList = origNet->GetGateList();

for (gateList->Reset () ; !gateList->End0fList () ;gateList->Next (}){

node = gateList->Data();

node_name = node->GetName();

num_fanout = (*node). GetNumFanout(),

nodeFu.nc = node—)GetNodeF‘\mc()

N 0 || (mum_fanout > 1 && nodeFunc!=NODE_PI &&

INV &% nodeFunc!=NODE_PO ||
node- >GetNodaType()“DUMMY)){
if (origNet->FindNode (mfpPolist,node_name)==-1){

(*mfpPolist) . InsertRear(node);

>
} else if(nodeFunc == NODE_INV){
mfpn_filist = node->GetFaninList();
if (num_fanout > 1}{
if (origNet~>FindNode (mfpPoList,node_name)==-1){
(*mfpPoList) . InsertRear(node);

}
if(mfpn_filist->ListSize()==1){

nfpn_filist->Reset(0);

finNode = mfpn_filist->Data();

finNode->GetName () ;
if((flnNode >GetNodeFunc () !=NODE_PI) &
(flnNode—)GetNumFanout 0] ==1) M
if (origNet->FindNode (mfpPoList,finName)==-1){
(xmfpPoList) .InsertRear (finNode) ;

}

} else if (num_fanout == 1){ // rv. code : 010901-01
if (mfpn_filist->ListSize()==1){
finNode = mfpn_fiList- >Data(0).
finName = finNode->GetName()
1f((f1nNode->GetNodeFlmc ()'=NUDE PI) ||
(finNode->GetNodeFunc{) ! =NODE_P
finNode-: >GstNumFanout() > DML
if (origNet->FindNode (nfpPolList,node_name)==-1){
(*mfpPoList) .InsertRear (node);

}
}
}

}
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 sNetWork, Node *begin_node)

Graph * GenSubGraph(Node *begin_node)

{

Graph *sGraph = new Graph;
Queue<Node *> *{ = new ueue<Node *>;
Node *sNode, *aNode

LinkedL1st<cha *> *finList,

char *anode_name;

int 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->GetNodeFu.nc() //10-07
finlList = sNode->GetFaninlist
if (finList->isEmpty() && sNode—>GetNodeFu.nc()'=NODE PI}{
ce;‘r(g "Error::#o0f fanin = 0 at node ("<<sNode->GetName(}<<")\n";
exit(1);

laevel = sNode->GetLevel()+1; // get fanins level of current node
for(finList~>Reset();!finList->End0fList();finList->Next ()){
aNode = finList->Data();
aNode->SetLevel (1 avelg
7)3% Caoae-stetiisie (3 i=1 138
11 (aNode->CetNodeFunc (}==NODE_PI || aNode—>GstNumFanout()>1 \
| aNode->GetNodeFunc () ==NODE_P0] |
(sNodsFunc--NODE INV &k sNode->GetNumFanout()>1)) { //10-07
aNode->GetName () ;
/ / if (sGraph->FindNode (sGraph->GetGateList() anode_name)==-1){
if(sGraph->FindNode (sGraph->GetPiList(),anode_name)==-1) {
allode->SetNodeType (PRIMARY_INPUT) ;
(*sGraph) . InsertPiNode(aNode) ;

¥
} else {
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(*sGraph) . InsertGate(aNode) ;

Q->QInsert(aNode); // Insert aNode to Q to visit its fanins

//}
} /* for_loop */
} /% while() */

delete Q;
return sGraph

}

// Global Depth --> routines are moved to Read_eqn.cc (10-29-00)

/* 10-23-00 Initialize ﬁlobal depth for match pin assu%nment based on
* depth. Here, global_depth in node CLASS is newly introduced

*/
// Subject Graph generation routine (at Multiple fanout point)
// Returns a LinkedList<Graph *> pointer of Graph Class.
LinkedList<Graph *> *GetSubjectGraphs(Graph *origNet)
{

LinkedList<Graph *> *gList = new LinkedList<Graph *>;

Node *sNode;

Graph *sGraph;

char tsubérap _name = (char *)calloc(65, sizeof (char));
LinkedList<Node *> *mfpAndPo;

(void)rd_depthInitGlobalDepth(origNet);

mf Angl.go; GetMnltiFanoutAndPoNode(origNet);
gid=1;

// Subject graph generation

for (mfpAndPo->Reset () ; !mfpAndPo->End0fList () ;mfpAndPo->Next ()){
sNode = (*mfpAndPo).Data();

sGraph = GenSubGraph(sNode);
strcpy(subgraph_name,"");
sprintf(subgraph_name,"Graph # [%d}",gid);
sGraph~->SetName (subgraph_name) ;

(*gList) . InsertRear (sGraph);

#ifdef SUBG_DEBUG
cout<<endl;
cout<<endl;
cout<<"skkk Graph # ["<<gid<<"]\n";
(*sGraph) .PrintPoNodes () ;
(*sGraph) .PrintPiNodes () ;
(*sGraph) .PrintAllNodes();
gid++;

#endif

}
free(subEragh_nams) 5
return glist;

} // End of subject graph generation

// A calling function passes newGraph, node_list(tList), and root_node(bNode).

// 1) foreach gate_list(tList)’s input, if its fanin is not in gate list
// insert it into nmewGraph’s primary imput list.

// 2) Insert the root_ndoe into newGraph’s primary output list.

// 3) Insert the elements in gate_list(tList) into newGraph’s GateList.
void List2Graph(Graph **newGraph, LinkedList<Node #> *tList, Node *bNode)
{

LinkedList<Node *> #piList = new LinkedList<Node *>;
LinkedList<Node *> *finList;

Node *cNode, sfinNode;

char *node name, *bNode _name, *node_nameB;

int name_len;

bNode_name = bNode->GetName();
for(tList->Reset(); 1tList~ >EndOfList() tList->Next ()) {
cNode = tList-3Data();
finList = cNode->GetFaninList
for(finList->Reset();!finList- >£:udomst() ;finList->Next )){
ﬂnNode = finList->Data();
de_name = finNode->GetName();
if ((*newGraph)->FindNode(tList, node_name)== -1 &&
(*newGraph)->FindNode(piList, node name) == -1){
piList~>InsertRear(finNode);
Yelse if(finNode->GetNumFanout() > 1}{ //02-20-01
it ((*newGraph)->FindNode(piList, node_name) == -1){
pilist->InsertRear (finNode);

} else {
// added for xor3 (ptl_y3) 02-20-01
e_len = strlen(noda name) ;
if(node name [pame_len-1] == 5\’’
node_nameB = (char *)calloc(name_len+l, sizeof{char));
strncpy(node_nameB, node_name, name_len-1);
node_nameB {name_len] = '\0’;
} else {
node_nameB = (char *)calloc(name len+2, sizeof{char));
strcpy (node_nameB, node_name) ;
strcat (node_nameB, "\’");

if ((xnewGraph) ->FindNode(piList, node_name) == -1 &&
//finNoda->GetNodeFunc () ! =NODE_ PO &&

(*newGraph) ->FindNode (pilist, node_nameB) ~1)
pilist->InsertRear (finNode) ;

3 %ree (node_nameB) ;
}
}

for(piList~>Reset(); !piList->EndDfList () ;piList->Next ()){
cNode = piList->Data();
(*newGraph) ->InsertPiNode(cNode) ;

for(tList~>Reset(); !tList->End0fList{);tList->Next()}{
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cNode = tList->Data();
node_name = cNode->GetName() ;
if (stremp(node_name, bNode_name)==0){
(*newGraph) ->InsertPoNode (cNode) ;
} else {
if ((*newGraph) ->FindNode(pilist, node_name) == -1){
(*newGraph)->InsertGate(cNode) ;

H

EiLi st->ClearList ();
elete 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

L]nkedLlst<Node *> *flnLlSt, *allNode, *polList;
//char *anode_name, *bNode_name;

char *bNode_name;

int level = 0, count = O;

// find output Node
allNode = sGraph->GetGateList();
poList = sGraph->GetPoList(});
for(allNode >Reset () ; !al1Node->End0fList () ;allNode->Next ()){
bNode = allNoda->Data();
bNode_name = bNode->GetName () ;
if (sGraph->FindNode (poList, bNode_name)!= -1 &k
(bNode~->GetNumFanout (}>1 || bNode->GetNodeFunc()==NODE_P0)){
Q.QInsert (bNode) ;
count++;

if(count > 1){
cout << "In subgInitLevel() : ";
cout << "# of output node (assumed PO or MFP) is more than ONE!!!\n";
exit(1);

while(!Q.QEmpty()){
sNode = .DeQueue(};
finList = sNode->GetFaninList();
if(finList->isEmpty() &% sNode->GetNodeFunc () ! =NODE_PI){
cerr << “"Error::#of fanin = 0 at node ("<<sNode->GetName()<<")"
(;; "in "<<__FILE__<<" line "<<(__LINE__)-2<<"\n"
exit ;

level = sNode->GetLevel()+1; // get fanins level of curremnt node
for{finList->Reset();!finList->End0fList ();finList->Next()){
aNode = finList->Data();
aNode->SetlLevel(level);
1£(! (aNode->GetNodeFuné ()==NODE_PI || aNode->GetNumFanout()>1 \
aNode->CGetNodeFunc () ==NODE_PQ)) {
Q.QInsert(aNode); // Insert aNode to Q to visit its fanins

} /% for_loop */
} /% while() */
#ifdef SUBG_INIT DEBUG
cout<<" Sub-graph Name = "<<sGraph->GetName()<<"\n";

sGraph->PrintAllNodes();
#endi £

void subgCopyNodeList(LinkedList<Node *> *srcList,LinkedList<Node *> *destList)

Node *curNode;

for (srcList->Reset () ; !srcList->EndOfList () ;srcList~>Next ()){
curNode = srcList->Data();
destList- >InsertRear(curNode) H

¥
char *subgCopyNodeName(Node *curNode)
{

char *cur_name, *copied_name;
cur_name = curNode->GetName();

copied_name = (char *)calloc(strlen{cur_name)+1, 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, int rootLvl,
LinkedList<Node *> »sPiList
LinkedList<Node *> *gatsList Graph *3sGraph,
Mueue<LinkedList<Node *> *> *
LinkedList<Node *> *subList, mt dspth)

LinkedList<Node *> *finList, *newList;
Node *curNode, *lowNode, *hiNode;
char *1ow_] name *hi_name;

um_£an; pos urLevel 1vl_aiff;
LinkedList(Node *>" *subList0, *subListl *subList2;
int low_depth, hi_depth;

if ((pos=sGraph->FindNode(gateList, cur_name))!=-1){
curNode = gateList->Data(pos);

curLevel = curNode->GetLevel();
1vl_diff = curlevel - rootLvl;

if ((pos=sGraph->FindNode (sPiList, cur_name))!=-1 {| (lvl_diff > depth) |1

curNode~>GetNodeFunc () ==NODE_PI) {
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return subList;
} else {
subList->InsertRear (curNode);

num_fanin = curNode->GetNumFanin();
finlist = curNode->GetFaninList();
if(finList->ListSize O ==1){

lowNode = finList->Data(0);

low_name = subgCopyNodeName(lowNode) H

subListQ = new LinkedList<Node *>

(void) subgCopyNodeLJ. st(subList, subLi st0);

newList

subgGetSubLlstllecurs1vely(low name, rootLvl, sPilList, gateList,

sGraph, allQ, subListo, depth)

all@->QInsert (subList0);
free(low_name);
return subListO;

} else if(finList->ListSize()==2){
lowNode = finList->Data(0); low_depth = lowNoda->GetGLevel();
hiNode = finList->Data(1); hi_depth = hiNode->GetGLevel();
low_name = subgCopyNodeName (lowNode) ;
hi_name = subgCopyNodeName(hiNode) ;

1f (hi_ depth > low_depth){
subList2 = new LinkedList<Node *>
(void) subgCopyNodeList (subList, subest2) H

subListQ = new LinkedList<Node *>
(void) subgCopyNodeList(subList, subLlstO)

// hi_node

newList =

subgGetSubListRecursively(hi_name, rootLvl, sPiList, gateList,
sGraph, allQ, subList2, depth);

allQ->QInsert(subList2);

// low node

newlis

subgGetSubL1stllecurslvely(low name, rootLvl, sPilList, gateList,
sGraph, allf), subList0, depth);

allQ->QInsert(subList0);

subListi = new LinkedList<Node *>

(void) subgCopyNodeList (newList, subListi) ;

// low hi node

newlList =

subgGetSubListRecursively(hi_name, rootLvl, sPilList, gateList,

sGraph, allQ, subListl, depth);

//al1Q->QInsert (newlList);

allQ->QInsert(subListl);
free(low_name);
free (hi_name);
return newList;
} else {

subList2 = new LinkedList<Node *>

(void)subgCopyNodeList (subList, subLi 5t2);

subList0 = new LinkedList<Node *>
(void)subgCopyNodeList (subList, subLi st0);

// low node
newList
subgGetSubLlstRecursively(lov name, rootLvl, sPiList, gateList,

sGraph, allQ, subList2, clepth)

//allQ->QInsert(newList);
allQ->QInsert (sublList2);

// hi node

newlist =
subgGetSubListRecursively(hi_name, rootLvl, sPilist, gatelList,
sGraph, allQ, sublListO, depth);

//al1Q->QInsert (newList);
allQ->QInsert (subListO0);

subListl = new LinkedList<Node *>
{void) subgCopyNodeList (newList, subLi stl);
// low hi node

newlList =
subgGetSubListRecursively(low_name, rootLvl, sPiList, gateList,
sGraph, allf, subListl, depth);
//al1Q->QInsert (newlist);
allQ->QInsert(subListl);
free(low_name);
free(hi_name) ;
return nswList,

¥
} else {
cout<<"l:‘.rror :: node, "<<cur_name<<" have more than 2 fanins.\n"
<<"In "<<__FILE__<<" at line "<<__LINE__<<endl;

} /*}snd if *
return (NULL), // dummy

// added for ptl_y3->xor3
LinkedList<Node *> *subgGetFullList(Node ¥bNode, Graph *sGraph, int depth)
{

LinkedList<Node #> *fullList = new LinkedList<Node *>;
LinkedList<Node *> *sPiList *gateList, *finList;
Node *curNode, *tfinNode
NodeFunc finFunc;
eue<Node *> Q;
/char *curName, xfinName,
char *curName, *finNam:
int bNLevel, finLavel, pos, vl _diff;

gPiList = sGraph->GetPiList();
gatelist = sGraph->GetGateList();
bNLevel = bNode->GetLevel();

fullList->InsertRear (bNode) ;
Q.QInsert(bNode);

while(!Q.QEmpty()){

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



¥

curNode = §.DeQueue();
curName = curNode->GetName(), // was missing, added 04-03-01
finlist = curNode->GetFaninList();
for(finList->Reset(); 'finL1st >End0fList() finList->Next ()){
finNode = finList->Data();
finFunc_= finNode- >GetNodeF\mC() H
finLevel = finNode->GetLevel();
finName = finNode->GetName();
1vl_diff = finLevel ~ bNLevel;
if (finFunc != NODE_PO && finFunc != NODE_PI && (1lvl_diff <= depth)
&& (pos=sGraph->FindNode(sPiList, curName))==-1){
if (sGraph->FindNode (fullList, finName) == -1){
fullList->InsertRear (finNode) ;
Q.QInsert(finNode);

}
3}

}

if (fullList->ListSize() <= 30){
return fulllist;

} else {
delete fulllist;
return NULL;

// Given a sGraph(there is no nfp),and begin_node(root_node),

// 0) begin_node is selected after Topsort by a calling function

// 1) find nodes within depth from begin_node, and insert it into a Set {S}
// 2) Generate power-set of {S}, and

// select all possible sub-set of {S} except a) signe node which are not
// root_node, b) sub-sets whos elements are not connected.

/7 The selected sub-set {p}, have to have the root_node as a begin_node
/1 of the sub-set. ==> #of selected sub-set << 27S|.

// 3) Insert each {p}, which are actually sub-graph of sGraph, into a Queus
// and return the set of sub-graph. The called routine will generate BDD
17 based on this set P = {{p}|p is sub-set of sGraph}.

LinkedList<Graph *> *GetSetOfFuncGraphs(Graph *sGraph, Node *bNode, int depth)

LinkedList<Graph *> *fgList = new LinkedList<Graph *>;
LinkedList<Node *> *sPiList, ate ist
Queue<LinkedList<Node *> %> *a =
Linkedlist<Node *> *fulllist, *subLlst =
Queue<Node *> [;

new Queue<LinkedList<Node *> #>;
new LinkedList<Node *>;

LStack<Node *> S;

char #*bName;

int bNLevel;

LinkedList<Node %> *bNodeFolist;
NodeFunc bNodeFunc;

//1) Starting from bNode, generate node lists which are going to be a Graph
sPilist = sGraph->GetPilist();
gateList = sGraph->GetGateList();

bNodeFoList = bNode->GetFanoutList();
bNodeFunc = bNode->GetNodeFunc();
blLevel = bNode->GetLevel();

biame = bNode->GetName();

LinkedList<Node *> *sublList_root = new LinkedList<Node *>;

if (bNodeFunc == NODE_INV && bNodeFoList->ListSize() >= 2){
subList_root~>InsertRear (bNode) ;
a11Q->Qinsert (subList_root);
} else
subList_root->InsertRear (bNode);
a11Q->QInsert (subList_root) ;
(void) subgGetSubListRecurslvely(bName bNLevel, sPilList, gateList,
sGraph, allQ, subList, depth);
fullList = subgGetFullList(bNode, sGraph, depth);
if(fulllist != NULL){
a11Q->QInsert (fulllist);

}

/*nﬁenerating graphs using node lists for the function to generate bdd*/
edlList<Node *> *curList;
Graph *newGraph;
char *graph_name;
int graph_num = 11
//2) Build subGraph for an individual lists
while('allQ >0Empty()){
graph_
curList = allQ >Defueue () ;
newGraph = new Graph;

graph_name = newGraph->GetName();

graph_name = (char *)calloc(strlen(bName)+10, sizeof(char));
(void) sprintf (graph_name,"%s[%d]l" ,bName,graph_num) ;
(*newGraph) . SetName (graph_name) ;

free(graph_name);

List2Grth(&:newGraph curList, bNode);

#ifdef DEBUG_FUN

cout<<"\n#*#x "<< newGraph->GetName() <<endl;
newGraph->PrintPiNodes();
cout<<endl;
newGraph—>PrintPoNodes [N
cout<<end.
nevGraph—>]5rintAllNodes 0
cout<<endl;
sGraph-> PrintNodes0fList (curList);

#endif

}

fglList->InsertRear(newGraph);
delete curlist;

delete allQ;
return fglist;

// Check if all the fanins are visited of a node (bNode)
int isAllFaninVisited(Graph *funcGraph, Node *bNode)
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/7
/7

LinkedList<Node *> *faninList;
Node *aNode = NULL;

char *aNode_name,
int count;

*bNode_name H

if (funcGraph->FindNode (funcGraph->GetGateList(), bNode_name) == -1){
cout << "Node : "<< bNode->GetName() << "cammot find in the \n";
cout << "funcGraph (" << funcGraph->GetName()} << ".\n";
return(0);

fanmLisB = bNode->GetFaninList();
count = 0;
for (faninList~ >Reset(); !faninList->End0fList(); faninList->Next()){
aNode = faninList->Data();
aNode_name = aNode->GetName() ;
if (funcGraph->FindNode (funcGraph->GetPiList() ,aNode_name) != -1 &k \
aNode->GetVisit() > 0) {
count++;

if(count == aNode->GetNumFanin()){
return(1);
} else {

return(0);

Reset (~1) visited falg for all nodes in a sub-graph except the nodes in
PiList of the graph. The visited flag of the nodes in PilList is set to 1.

void ResetVisitFlag(Graph *fGraph)
{

}

//
//
/7
//
/7
/7
/7
//
1/
//

LinkedList<Node *> *piList,
Node *aNode;
char *aNode_name;

pilist = fGraph->GetPiList();
allNodelList = fGraph->GetGateList();

for(allNodeLlst >Reset () ;!allNedeList->End0fList();allNodeList->Next()){
= allNodeList-3Data();
aNode _name = aNode->GetName () ;
1f(fGraph->FindNode (piList, aNode_name) != -1){
3 1aNode >MarkVisit(1);
aNoda-)MarkVisit(—i) ;

*allNodeList;

}

For a given function graph (Graph format), returns 1)a List of char which
represents a function in Reverse Polosh Notation (RPN) using dfs, 2) #of
literals by passing addres of a integer variable(integer pointer).

-> can determine #of literals (equals to just (list size) - #of operators)
Input : Graph *fGraph, Node *bNode, int 4num_literal

Returns : LinkedList<char *> *rpn_function.

The next step of this subroutine is to indentify support-set to gemerqte
BDD. BDD is generated using non-inverted and inverted signals, but

to generate it in a different variable order (applied for library cells,
@spacially PTL-cells) only non-inverted signals can be used.

LinkedList<char *> *GetFunctionForBdd(Graph *fGraph, Node *bNode, int &nlit,

{

int bar_bar_delate = 1)

LinkedList<char *> *rpnList = new LinkedList<char #*>;
LStack<Node *> S;

LinkedList<Node *> #finList;
Node *curNode, *aNode;

char *aNode_name, *tmp_var;

int visited, num_visit, cur _pos;
NodeFunc cur_func, finFunc;

(void)ResetVisitFlag(fGraph);
nlit = Q;

1f((visited = bNode->GetVisit()) < 0){
S.Push(bNoda) ;
} else {
cout <<" In GetFunctionForBdd(), starting node ("
<<bNode->GetName()<<")\n has already been"
<<" visite
tGraph—)PrintPi%odes t) B
fGraph->PrintPoNodes() ;
fGraph->PrintAl1lNodes();
exit(1);

}
while(!S.Empty ()){
curNode = S.Pop{();
finList = curNode->GetFaninList();

num_visit = 0;
for{finList->Reset(); !finList->End0fList();finList->Next{()){
aNode = finList-3Data Q;
if({visited = aNode->CetVisit(})) > 0 )
num_visit++;

}

if (oum_visit == curNode->GetNumFanin()){
or(ﬁnList >Rasec()'lfinList ->End0fList(};finList->Next )){
aNode = finList-3Data();
7}! d2 namgl- aNode->CetName() ;
if (fGraph->FindNode (fGraph->GetPilist () ,aNode_name) != -1){
gnList >InsertRear (aNode_name) ;
nlit++;

switch((cur_. func = curNode->GetNodeFunc())){
case NODE_INV:
1f (bar_bar, delate){ // bar_bar_delete = 1(default)
/* 2 consacutive \’\’ will be removed *
ur_pos = ranist-)(,\xrrentPosition().

if((cu:_pos) >= 1){
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rpnList->Reset (cur_pos);
tmp_var = rpnList->Data();
if (stremp(tmp_var,"\’")==0){
delete rpnlist->DeleteCurrentElem();

} else {
rpoList->InsertRear("\’");

¥
} else {
rpnList->InsertRear ("\’");

}
} else { // if bar_bar_delete = 0
rpnList->InsertRear ("\’");
break;
case NODE_AND:
case NODE_OR:
case NODE_NOR:

rani st->InsertRear ("+");

ranlst >InsertRear ("+");
break;
rpuList->InsertRear ("+");
ranist >Insertllear("\"')

break;
rpnList->InsertRear ("+");
rpnList->InsertRear ("\’");
break;

case NODE_NAND:

default :
cout<<"Error..... \n'
cout<<"In Getl’-‘\mctlonForde(), node function of"
<<" Decomposed Graph is not correc

<<".\n Expected node funcctions are NODE_INV,"

<<" NODE_AND, NODE_NAND, NODE_OR, and NODE_NOR.\n";

exit(0);
//or eak;

}
// set visit flag of curNode;
curNode->MarkVizit(1);
} else
S.Push(curNode) ;
for(finList->Reset(); !finList->End0fList () ;finList->Next()){
aNode = finList->Data();
finFunc = aNode->GetNodéFunc
if((visiteq = aNode—>GetV1s1t(5) <0 ){
S.Push(aNode) ;

¥

// Returns a function at node "bNode" based on fGraph@bNode
return rpnList;

¥
int IsOperator(char *str)
{
if(str == NULL) return (0);
if(stremp(str,"™\’")==0 [| stremp(str,"*")==0 || stremp(str,"+")==0){
return(1);
} else
return(0);
}
%nt IsConstant (char *str)
if(str == NULL) return (0);
if(stremp(str,"VDD")==0 |] strcmp(str,"GND")==0){
return(1);
} else {
return{0) ;
¥

void PrintCharList (LinkedList<char #> xList)

if(List->List8ize () !=0){
for(List->Reset() ;! List->End0£List (); List->Next()){
cout << List->Data()

} else {
cout << "In PrintCharList(), ListSize is zero or negative !!!\n";

}
cout << endl;
}
void PrintCharListi(LinkedList<char *> *List)

if(List->ListSize()!=0){
for(List->Reset () ; !List- >EndeList() List->Next () {
cout << List->Data() <

} else {
cout << "In PrintCharList(), ListSize is zero or megative !!!\n";

3
int subgFindNode(LinkedList<Node *> *gList,char *curVar, int ktmp_pos)
{

int position = -1;
Node *curNode;
char *curName;

tmp_pos = -~1;;
for (%List-msset (); tglist->EndOfList () ;glist->Next ()){
mp_pos++;

curNode = gList->Data();

curName = curNode->GetName();
cout<<tmp_pos<<" : 1<<curNamé<<™\n";

1f (stremp(curName, curVar)==0){
osition = tmp_pos;
reak;

return position;

}
// Get a support variable of a RPN function
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// For a given a function in RPN, returns support variables in a List
LinkedList<char *> *GetSupportVarSet (Graph *fGraph,LinkedList<char *> *rpnFunc,
c int gnum_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;
int foun positmnx-l'

int tmp_] pos,

num_suf = 0;
gateList = fGraph->GetGateList();

tor (rpnFunc->Reset () ; ! rpnFunc->End0fList () ;rpnFunc->Next () {
tmp_var = rpnFunc->Data();

if(IsOperator(tmp_var) || IsConstant(tmp_var)) {
continue;

ch = twp_var[strlen(tmp_var)-1];

if(strlen(tmp var) <= 64){
curVar = (char *)calloc(strlen(tmp_var)+1, sizeof(char));

} else {
cout<<"Variable name{"<<tmp_var<<" is too lon§ (max 64 chars).\n";
cout<<"in "<<__FILE__<<" at line "<<__LINE__<<en

if(ch == *\2){

strepy(curVar, tmp_var);

curVar [strlen(tmp_var)-i] = ’\0’;
} else {

strepy(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();
} else {
fGraph->PrintPiNodes();
fGraph->PrintPoNodes () ;
fGraph->PrintAl1Nodes() ;
cout<<"\n";PrintCharList(rpnFunc) ;
position = subgFindNode(gateList,curVar, tmp_pos);
cout<<"In GetSupportVarSet(), "<< curNode_name << " cannot find\n";
cout<<"tmp_var = "<< tmp_var << "\n";
cout<<"In GetSupportVarSet(), "<< curVar << " cannot find\n";
cout<<"Position = "<<position<<" : tmp_pos = "<<tmp_pos<<endl;
cout<<"in "<<__FILE__<<" at line "<<__LINE__<<"\n";
exit(1);

3
free(curvar);
/ sgarch suplist to if curVar is already in the List(sufList)

if('squist >isEmpty () {

for (sufList->Reset () ; !sufList->End0fList();suflList->Next()){
tmp_var = sufList- >Data();
if (stremp(curNode_name, tmp_var)==0) found = 1;

}

int pos;
if (!found){
if (suflist->ListSize ) ==0){
sufList->InsertRear (curNode _name);
}else if(sufList- >ListSize()>-15{
pos = sufList->ListSize(}-1

vhile(pos>=0){
sufList->Reset (pos);
sup_var = sufList->Data();
if (stremp(sup_var, curNode_name) > 0){

1f(pos==0){
sufList->InsertFront(curNode_name) ;
292 H
} else {
pos--;
}

} else {
sufList->InsertRight(curNode_name);
break;

}
}
num_suf++;

return suflist;

~~ Bdd handling routines
//DdNode *GeneratedeVar(DdHanagar #bddm, LinkedList<char *> *sufSet,
1/ har *curVar )

DdNode *GaneratedeVar(DdHanager *bddm, LinkedList<char *> *sufSet,

t char *curVar)

DdNode *temp = NULL;

char *tmp_var, ch;

//char *nonInvVar = new char{20];
char *nonInvVar;

int var_id, num_matches=0;

ch = curVar[strlen(curVar)-1];

nonngvVar): (char *)calloc(strlen(curVar)+i, sizeof(char));
ch ==
strncpy(nonlInvVar, curVar, strlen(curVar)-1);
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nonlnvVar[strlen{curvar)-1] = *\0’;
} else {

strcpy (nonlnvVar, curVar);

int comp;
for (sufSet->Reset () ; !sufSet- >End0fL1st() sufSet->Next ()){
tmp_var = sufSet->Data();
if (stremp(tmp_var, nonIanar)==0){
num_matc. es++
1f (oum_matches > 1) {
cout <<"Var1able (" << curVar << ")"

<< "matched more than one times in GenerateBddVar()\n";

exit(1);

_id = sufSet->CurrentPosition();
if( h 1=2\?2){
temp = Cudd_bddIthVar (bddm, var_id);
comp = Cudd_IsComplement(temp);
Cudd_Ref (temp) ;
} else {
temp = Cudd_Not(Cudd_bddIthVar(bddm, var_id));
Cudd_Ref (temp);

¥
break;

}

by
free(nonInvVar);
return temp;

¥

//DdNode *GetBdd(Graph *Ckt, DdManager ¥bddm, LinkedList<char *> *rpnFunc)
DdNode *GetBdd(DdManager *bddm, LinkedList<char *> *rpoFunc,
c LinkedList<char *> *sufSet)

LinkedList<char *> *supportSet

DdNode *f, xf1, *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->End0fList () ;rpnFunc->Next (0){
curData = rpnFunc->Data();
if (1 IsOperator (curData) && !IsConstant(curData)){
tmpl = GenerateBddVar(bddm, supportSet, curData);
S.Push{(tmpl);
} else if(IsConstant(curData)==1){
if (stremp(curData, "VDD")==0){
S.Push(one);
} else {
S.Push(zero);

} else {
if (strcmp(curData, "\’")==0){
tmpl = §.Pop();
f = Cudd_Not (tmpl);
Cudd_Ref(f);
S.Push(£);
Cudd_| RecursiveDeref (bddm, tmpl);

¥

else if (strcmp(curData, "*")==0){
tmpl = S.Pop(); //==Cudd_Ref (tmp2);
tmp2 = 5.Pop(); //==Cudd_Ref (tmp2);
f = Cudd_bddIte(bddm, tmpl, tmp2,zero);
Cudd_Ref(f);
S.Push(f);
Cudd_RecursiveDeref (bddm, tmpl);

Cudd_RecursiveDeref (bddm, tmp2);

¥

else if(strcmp(curData, "+")==0){
tmpl = S.Pop(); //==Cudd_Ref (tmp2);
tmp2 = S.Pop(); //==Cudd_Ref (tmp2);
f = Cudd_bddIte(bddm, tmpl, one, tmp2);
Cudd_Ref (f);
S.Push(f);
Cudd_RecursiveDeref(bddm, tmpl);
Cudd_RecursiveDeref (bddm, tmp2);

}

¥

1
£1 = 5.Pop(Q);
return 13

// Bd4 equivalence checking rootine, returns (1) if £ = g, or returns (0)
// This Routine check if the both bdds have same childern recursively.
//int BddEqCheck(DdManager *bddmf, DdNode *f, DdManager *bddmg, DdNode *g)
int BddEqCheck(DdNode *f, DdNode *g)

{

DdNode *fT, *fE, *gT, *gE;
int fVal, gVal;
1f(Cudd_IsConstant (f) && Cudd_IsConstant(g)){
if (Cudd_IsComplement (f) && Cudd_IsComplement(g)){
fVal = (int)(Cudd_Regular (f)->type.value);
g¥al = (int) (Cudd_Regular(g)->type.value};
if (fVal == gVal) {
return (1);
} else {
return(0);
} else if(!Cudd_IsComplement(f) && !Cudd_IsComplement (g)}{
fVal = (int)(f->type.value);
gval = (int) (g->type.value);
if(fVal == gval) {
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return (1);
else
return(0);

} else

ret\{xrn 0);

else if (!Cudd_IsConstant{(f) && Cudd_IsConstant(g) ||
(Cudd_Regular (f)->index != Cudd_Regular(g)->index) |}
Cudd_IsConstant(f) && !Cudd_IsConstant(g) ) {
return{0);
else {
if{(Cudd_IsComplement(f)){

£T = cuddE(Cudd_Not(f));
fE = cuddT(Cudd_Not(£f));
1f (Cuda_IsComplament (g)5{

gT = cuddE(Cudd_Not(g));
gE = cuddT(Cudd_Not(g));
return(BddEqCheck (fT,gT) && BddEqCheck(fE, gE});

return(Q);

else {
fT = cuddT(f);, fE = CllddE(f),
if(Cudd_IsComplement (g)){

return(0) ;
else {
gT = cuddT(g); gE = cuddE(g);
return(BddEqCheck (fT,gT) && 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 this routine, the variable index x or y should checked in order

// to protect fetching wrong bdd pointer from the dd_manager.
int IsSymmetry(DdManager *bddm, DdNode *f, int x, int y)
{

DdNode *fx, *fx_, *fxy, *fxy., *fx_y, *fx_y_;
DdNode *ddx, *ddy;

ddx = Cudd_bddIthVar(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_, £x_ y)){
Cudd_RecursiveDeref (bddm,ddx) ; Cudd_RecursiveDeref (bddm,ddy) ;
Cudad BecursiveDarefﬁbddm ,£x) ;Cudd_RecursiveDeref (bddm,£x_);
Cudd_RecursiveDeref (bddm fxy5 Cudd_RecursiveDeref (bddm fxy );
Cudd_RecursiveDeref (bddm,fx_y) ; Cudd_RecursiveDeref (bddm,fx_y.);
return(i); // positive symmery

}
else if(BddEqCheck(fxy, fx_y_ )){
Cudd_RecursiveDeref (bddm,ddx) ; Cudd_RecursiveDeref (bddm, ddy),

Cudd_RecursiveDeref Ebddm ,£x) ;Cudd_RecursiveDeref (bddm, fx.
Cudd_RecursiveDeref (bddm, £xy. ;Cudd_RecursiveDeref (bddm fxy )

Cudd_RecursiveDeref (bddm,fx_y) ; Cudd RecursiveDeref (bddum, !x_y_);
return(2); // negative symmery

¥
else {
Cudd_RecursiveDeref (bddm,ddx) ; Cudd_RecursiveDeref (bddm,ddy) ;

Cudd _| RecursiveDerefébddm ,£x) ;Cudd_RecursiveDeref (bddm,fx_);
Cudd_RecursiveDaref (bddm fxy5 Cudd_| RecursivsDeref(bddm 1Xy.);

Cudd_RecursiveDeref (bddm,fx_y) ; Cudd_RecursiveDeref (bddm,fx_y.);
return(0); // not a symmetry variable

//-- Symmetry sets
// returns #of variables in SymmSets, *nset is #of symm set.
int GetSymmSet(DdManager *bddm, DdNode *f, LinkedList<char *> *suppSet, \

{

LinkedList<char *> #newArItem, int *nset)

LinkedList<char *> arrayItem[10];
char *vari, #var

int varlId varZId symm;
Queue<char *> Q;

int index = ~1;

// check if the List is support set of a functiom.

for (suppSet->Reset () ; | suppSet->End0fList () ; suppSet->Next ()} {
varl = suppSet->Data();
Q.QInsert(varl);

// compare support var{i) which is in Queue and support var[j), j!=i.
while(!Q.QEmpty()){
vari = Q.DeQuene();
if(Istgracg:(varlj){
cout<<"The argument List is not suppoerSet of a function\n";

cout<<"because it contains "<<vari<<"\n";
exit(1);
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}
index++; // increase symmetry set list index
arrayltem[index] . InsertRear(varl);

// Permlist is an n elements array of integers. generate the permutations
// of the elements whose indices are in the range start <= i <= n-1. when
// a permutation is complete, print the entire array. to permute all n

varild = index;
for (suppSet->Réset () ;  suppSet->End0fList () ; suppSet->Next ()){

var2 = suppSet->Data(};
if (stremp(varl,var2) !=0){
var2Id = suppSet->CurrentPosition();
symm = IsSymmetry(bddm, f, varlld, var2Id);
if(symm){ // positive and negative symmetry
arrayItem[index].InsertRear(var2);

// elements, begin with start=0.
void getPermute(int permlist[], int start, int n, LinkedList<int *> *pList)
int *tmparr = new int [UpperLimit];
int temp , i;
// stopping condition: land at last array elements
if(start == n-1){
int *permItem = new int[UpperLimit];
+ #ifdef PERM_TEST
. ¥ // print the permutation
#ifdef DEBUG_Symm

for(i=0 < n;
for(arrayTtem[index] .Reset () ; !arrayItem{index].End0fList(); r(cou{, 2< pgrmhs?; il << vy

arrayItem[index] .Next ()){ 3
cout << arrayItem[index].Data() << " "; cout <<"\n";
3} #endif
#endif cout << endl; copy(permItem, permlist, n);
pList->InsertRear (permItem);
. } else {
// delete 1list that duplicates another // recursive step: exchange permlist(start] and permlist(i],
{/int n, 11st51zei 11“51?‘?1’ char_index; // make a copy of the array in temparr, and permute elements of
éﬁ:rn;ciiitszﬁ;z istSize // temparr from start+l through end of the array
int dup_. 1i5t{10] dup_count // Here, I assumed that maxi{suf}|<=10. for(i=start; i < m; i++ . .
Queue<char *> Q2; // exchange permlist i] with permlist[start]
if (index>10) { temp x pem11st[i] s
cout<<"Support variables are too many in GetSymmtrySet()\n"; perolist(i] = permlist[start];
exit(1); permliststart] = temp;
for (n=0;n<10;n++) dup_list[n] = 0; // create a new list and call permute
? ’ - ’ copy(tmparr, permlist, mn);
for(n = 0; n <=index-1; n++){ getPermute(tmparr, start+l, n, pList);
listSize = arrayItem[n] LlstSJZe(), 3}

for(int k = 1; k <= index;
listSizel = arrayltemtk] LnstSme(),
dup_count = 0;
if (listSize==1listSizel &% !(n==k) &k dup_list[n]==0){
for (arrayItem[n].Reset();'!arrayltem[n}.End0fList();
arrayItem[n} .Next(0){
chrl = arrayItem[n].Data();
Q2.QInsert(chrl);
while(!Q2.QEmpty()){

chri = Q2.DeQueue();
for (arrayItem[k] .Reset(); 'arrayitem[k] .EndOfList () ;

delete [] tmparr;

#ifdef TEST_main

\‘Eoid main({void)
// permlist contains the n number we permute
int *permlist = new int [UpperLimitl;
int n, i;

LinkedList<int #> *pList = new LinkedList<int #*>;

cout << "Enter a number ’n’ between a and "
arrayItem[k]. Next()){ << UpperLimit << ":
chr2 = arrayItem(k].Data(); cin 5> n;
if(stremp(chrl,chr2)==0){ i
dup_count++; // initialize permlist to {1, 2, ... ,n}
} for(i=0; i < n; i++){
} permlist(i] = i}
}// while

Y /7 if
if((dup_count == listSize) && (dup._count == listSizel)) {

// print permutations fo elements in array
dup_list[k] = 1;

// permlist from indicies 0 to n-1
getPermute(permlist, 0, n, pList);

(o

} // inner for
} cout << "Data from pList\n";
int index = {;
for (pList->Reget(); !pList->End0fList();pList->Next ()){
permlist = plist->Data();
printf("}3d : ", index ++);

// copy arrayltem to newArItem and delete arrayItem.
int new_index = ~1; // new_ArItem’s index
int num_var_of symm set = 0;

= <=ind ++ for(i = 0; i< n; i++
for(nf?du; ligte[:j s ;§{ cout<< permllst[ig <"y
new_index++
for(arrayltem[n] Reset () ;tarrayItem(n] .EndOfList(); cout<< "\n";
arrayItem([n]. Nsxt()){ }

newArItem[new, index].InsertRear(arrayltem[n] .Data());

} #endif
num_var_of_symm_set += newArItem[new_index].ListSize(};
/
} * Match_depth.cc
* 1.Check match between cluster and cell
#ifdef DEBUG_S: © * 2.Builds match list at every nodes
com(: << "Index = "<<index<<" )I}sw index = "<<new_index<<endl; /
for(n = 0; n <=new_index; n++
PrintCharList (knevAriten[n]); : :: :::: g:;ﬁgmhly
#include <ct
#ondif #include <st¥ ng h>
*nset = new_index+1; x::; :::: ::;ctllilohly
return num_var_of_symm_set; #include <new.h>

// For a given subject-graph, search all nodes in the graph and insert the
// node into a Queue if it’s mot PI or PO.

// Returns the (ueue to the caller to get possible functions for each node.
LStack<Node *> *matchGetGateListOfSubGraph(Graph * sGraph)

* Permute.cc
* Subroutines for BDD variable re-ordering

{
/ 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();

pilist = sGraph->GetPiList();

for (nodeList->Reset () ; inodeList->End0fList () ;nodeList->Next()){
nrNods = nodeList->Data();

curNode_name = curNode->GetName();
} 1f(sGraph->FindNode (poList, curNode_name)!=-1){

tmpQ.QInsert (curNode);

#include <fstream.h>
#include <stdio
#include "Linkadl.ist n"

1/ ngerlet is maximum pumber of elements to permute
const int UpperLimit = 8;

// copy n element array y to array x
void copy(int x[], int y[I, int n)

for(int_ i=0;i<m;i++){
x(1] = y[il;
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%f(tme.QLength() > 1
cout << "In matchGetGateList0fSubGraph(), there are more than";
cout << " one outputs. Graph name is [" << sGraph->GetName();
cout <<"J\n";

+

curNode = tmpQ.QFront();

if (curNode->GetNodeFunc{) != NODE_PO) {
/ since NODE_PQ has same func as its famin.
nodeS->Push (curNode) ;

while(!tmpQ.QEmpty()){
curlNode = tmpQ.DeQueune();
finList = curNode->GetFaninList{();
if(finlist->ListSize() != 0
for(finList->Reset ();!finList~>EndOfList();finList~->Next()){
tNode = finList- >Data()
curNode name = tNode->Ge1:Name()
// if it is not in PiList and in GateList
if (sGraph->FindNode (pilist, curNode_name)==-1){
tmpQ.QInsert (tNode);
nodeS->Push(tNode) ;

b
}

return nodeS;

// Print symmetry sets
void PrintSymmSet (LinkedList<char *> *symmSet, int num_symm)

cout <<"\n SymmSet :: "<< num_symm <<"\n";
for(int n = 0; n < num_symm; n++){
PrintCharList (2symmSet [n]);

}
void matchDeleteCharLinkedList(LinkedList<char *> #charList, int 1d = 0)
int listSize, n;

listSize = charList-: >L1stsize();
if(listSize < 1) return
for(n=0;n<listSize; ner L

charList- >Reset()

delete charList- )DeleteCurrentElem(),

¥
if(1q == 1){
delete charList;

3
void matchDeleteDCharLinkedList(LinkedList<char *> *charList, int 1d = 0)
int listSize, n;

listSize = charList- >Listsize();

if(listSize < 1) retu

for (n=0;n<listSize; n++){
charList->Reset () ;
free(charList->DeleteCurrent());

if(1d == 1){
delete charList;

void MemFreeForSymmSet (LinkedList<char *> *symmSet, int num_symm)

for(int n = 0; n<num_symm; n++){
(void)matchDeleteCharLinkedList (&symmSet [n]);

}

void MemFree_Bdd. SymmSet(DdManager *fbddm, DdManager *gbddm
*f, DdNode *g,
L1nkedList<char *> *sy‘mmSetl-‘ int num_f_symm,

LinkedList<char *> *symmSetG, int num_g_symm)

Cudd_RecursiveDeref (fbddm, £);
Cudd_RecursiveDeref (gbddm, g):
{void) MemFreeForSymmSet(symmSetF, num_f_symm);
{void) MemFreeForSymmSet(symmSetG, num_g_symm);
Cudd_| Qult(fbdd.m;
Cudd_Guit (gbddm

}

// Copy rpn
LinkedList<char *> * matchCopyRpn(LinkedList<char *> *old.rpn)
{
LinkedList<char *> *new_rpn = new LinkedList<char *>;
char *testVar;
for(old_rpn->Reset () ; {old_rpn->End0fList () ;old_rpn->Next (3} {
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.

LinkedList<char *> *matchModifyVarPhase(LinkedList<char *> *rpnG,
LinkedList<char *> *supSetG, int phaseFunc)

LinkedList<char *> *new_rpnG = new LinkedList<char *>;

int polantg = 0;
char xtargetVar, *testVar;

181

// copy rnpG to new_rmpG

for (rpnG->Reset () ; ! rpnG->End0fList () ; rpnG->Next ()} {
testVar = rpnG->Data();
new_rpnG->InsertRear(testVar);

if (phaseFunc > 0){ // if phaseFunc = 0 , no varables are inverted.
for(int n = 0; n < supSetG->ListSize(); n++)}{
polarity = phaseFunc & 1<<n; // test bit position "n"
if (polarity){
(void)supSetG->Reset(n);
targetVar = supSetG->Data();

for (new_rpnG->Reset () ; tnew_rpnG->End0fList () ;new_rpnG->Next ()){

testVar = new_rpnG->Data();
if (stremp(targetVar,testVar)==0){
new_rpnG->InsertRight ("\’"};

¥
3}

return new_rpnG;

}

// Returns a List that contains arrays as its 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)

LinkedList<int *> *matchGetPermutationList(int num_g_symm)

LinkedList<int *> *pList = new LinkedList<int *>;
int spermArray = new int [8]; // max #of elements of symmSetG = 8.

// initialize permutation array
for(int i = 0; i < num_g_symm; i++){
permArray(i] = i;

3
(void)getPermute{permArray, O, num_g_symm, pList);// result is in pList
delete [] permArray;

return pList;

}

// Returns ordered supportset based on permutation array (ordArray).
LinkedList<char *> *matchGetNewOrder(fSupSetG(LinkedList<char *> *symmSetG,

int *ordArray, int pum_g_symm)
{

LinkedList<char *> *orderList = new LinkedList<char »*>;
LinkedList<char *> #symmList;
int index;

// Get one permutation --> Actual variable ordering
for(int i = 0; i < num_g_symm; i++){
index = ordArray[il;
symmList = ksymmSetG(index];
for (symmList->Reset () ; ! symmList->EndOfList () ; symmList->Next()){
orderList->InsertRear(symmList->Data(});

return orderlist;

// Check Unateness, returns (0, positive unate), (1, neg. unate), (2, binate)

// in a function
int matchCheckUnateness(Linkadhst(char *> *rpoFunc, char *checkingVar)

{

int unateness = 0, position;

char *tmp_char

LinkedList(char *> rpnCopy;

// copy linkedlist to array;

for (rpnFunc->Reset () ; !rpnFunc->End0fList () ;rpnFunc->Next () ){
tmp_char = rpnFunc->Data();
rpaCopy . InsertRear (tmp_char) ;

for (rpnFunc->Reset () ; {rpnFunc->End0fList () ; rpnFunc->Next () ){
tmp_char = rpnFunc->Data();
if (strcop(tmp_char, checkingVar)==0){
position = rpnFunc->CurrentPosition();

}

return unateness;

¥

// general linked list;
int matchFindNameInGenList(LinkedList<char #> *genList, char *f_name)
{

int position = -1;

if((genList->ListSize() 1=0)){
for(genList->Reset();!genList->End0fList ();genList->Next ()){
if(strcmp(f_name, genList->Data())==0){
position = genList->CurrentPosition() H
return position;

¥
return position;

}

// Only for functions in Rpn format
int matchFindNameInRpnF(LinkedList<char *> *rpnF, char *f_name)
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{ } else {

int position = -1; break;
char *prime; 3
} else {
next_var = (char *)calloc(2, sizeof(char));
next_new = 1;

char *rpn_var, *tmp_var, *tmp_var
LinkedList<char *> #*rpnFunc = new L1nkedL15t<char *>5

if((rpoF->ListSize()!=0) && (rpnF->ListSize() > 2)){

// copy rpuF to tpm_rpnFunc; added on May 12, 2000 1f(IsC03]s-tant(prev var)){

// to make correct rpn_func =d ’ e * , etc... /% to chack "a * * GND e " when current 1listPos points "a®

for (rpnF->Reset () ; ! rpnF->End0fList () ;rpnF->Next ()){ *ex) GNDb*b?d’>*+a’*xa’’ GNDe’*a’ g +5x*+
rpn_var = rpnF->Data(); */
tmp_var = (char *)calloc(strlen(rpn_var)+l, sizeof(char)); } else if(IsConstant(nmext_var)){

if((cur_pos+1) <= listSize -1){

strcpy(tmp_var, rpn_var);
py (tmp, P ) rpnL—>Reset (cur_pos+1) ;

if (stremp(rpn_var,"\’") 1=0){ tmp_var = rpnL->Data();
rpnFunc->InsertRear (tmp_var) ; if (! Isterator (tmp var)){
} else if (strcmp(rpn_var, "\’")==0){ result
//pos = tuwp_rpnG->CurrentPosition(); b eligs;glt -1
//tmp_rpnG->Reset (pos-1); ’
tmp_varl = rpnFunc->Data(); } else {
strcat(tmp_varl, rpn_var); result = 1;
¥ } else {
} result = 0;
for (rpnFunc->Reset () ; ! rpnFunc->End0fList () ; rpnFunc->Next () { +
if (stremp(f_name, rpnFunc->Data())==0){ rpnL->Reset(listPos);
position = rpnFunc->CurrentPosition(); if(prev_new) free(prev_var);
) return position; if (next_new) free(next_var);
} return result;
} else if (rpnF->ListSize()==2){ // Inverter function }

prime = &f_name[strlen(f.name)-1];
if (!stremp(prime, "\’ ")){
return (1);

// The support set elements must be extracted from rpnl
//int matchIsVarBinatex(LinkedList<char #> *rpnG, char *g_name)
int matchIsVarBinateS(LinkedList<char *> #rpnL, char *g_name)

¥
. int pos_unate[10], neg_unate(10), name_len, listPos, pos_count;
(void)matchDeleteCharLinkedList (rpnFunc) ; int var_match_count, n, bar_cnt;
delete rpnl:‘u{xc; int posUnate, negUnate,
return position; //char *sup_var, tmp_var, srpm.var;
3 char *tmp_var, *rpn v
int result = 0;
int matchIsCellQutputPhaseNegative(LibCell *curCell) for (n=0;n<10;n++){
1 pos_unate[n] = 0 ; neg_unate[n] = 0;
char *cell_name;
int negative = Q; var_match_count = 0;
11_nam Col1->GotN posUnate = neglnate = 0;
cell_name = curCe etName - . - i . -
if(Ystrcmp(cell_name, "nor2") || Istrcmp{cell _name, "nand2") |} for(:an >Reiet()1,'il>'gnlg ?);.:.delest(),ran Next 0)4
tstrcmp(cell_name,"nor3") || !strcmp(cell_name, "nand3") |} n:ﬁ;"i;n =r§ltlrlen?txanp \yrar)~
' " " ) Tinvl" - - H
)jtiit‘gifg}l‘nmﬂe’ 20121") |1 !strcup(cell name, "invi®) Il 1f(!IsOperator(tmp_var) && !IsConstant (tmp_var)){
tstrcmp(cell_name,"a0i22") || rpn_var = (char *)calloc(name_len+l, sizeof{char));
'stremp(cell_name,"0ai21") || istromp(cell_name,"inv2")){ if (name_len>1 &k tmp_var([name_len-1]=="\’?){
negative = 1; stracpy (rpn_var, tmp_var, name_len-1);
rpn_var {name_len] = ’\0’;
return negative; } else {
¥ strcpy(rpn_var, tmp_var);
// Check if the var is binate, in library func (rpnG) binate } else {
int matchIsVarBinate(LinkedList<char *> *rpnG, char *g_name) 3 continue;

int count = 0; if(strcmp(g_name, rpn_var)==0){

for (rpnG->Reset () ; rpnG->End0fList () ;rpnG->Next () { listPos = rpnL->CurrentPosition{);
if (strcmg (rpnG->Data(), g_name)==0){ if (matchCheckConstVarInRpn(rpnL, listPos)) continue;
count++; pos_count = listPos;

var_match_count++;
if (Tmp_var [name_len-1]==7\"?){

if(count/Z--O){ // check next item in the rpn_List, if it is ’ or * or +
urn (1); bar_cnt = 0;
} else et{ ©; vhile(pos_count < (rpnL->ListSize()-1)){
return B rpnL->Next(); pos_count++;
¥ //-bar_cnt = 0;

1f(strcmp((tmp_var = rpoL->Data()),"\’")==0){
// Check rpn function if the list elemrnt is VDD or GND at listPos-1 (current bar

iy }
// List positio -1) or listPos+l. 11 (bar_cat¥2 == 0)

{
// ex) EB’ * ? DB & >+ 2 A? %> CA*’ 4+ =>3-unate, 2-binate 1] = 1:
1/ GNDb*b’d*+a*a’GDe*o’gs+*+ =>4i-unate, 1-binate neg‘“nateEv”'m:c:-w“n:_g - (i)j
V2 GNDb*b’>d’%«+a*xa’VDDe*e’ g+ +=> 4-unate, i-binate ) 1{::-‘{“““ var_match.coun i
int matchCheckConstVarInRpn(LinkedList<char *> *rpnL, int 1istPos) eneg_unate[var_match_count-l] -0;

pos_unate[var_match_count-1] = 1;

char *prev_ var-g‘ULL *next_ va(r)-NULL 1*tmp6var, }
ﬂ'ﬁ ;cz‘rl:v};g:w ;151:5?:?,: -new = 0, result ’ 1if(t (stremp(tmp_var,"\’")=«0)) break;
- }

// Backward search rpnL->Reset (1istPos);
if(listPos-1 >= 0){ } else {

rpoL->Reset (1istPos-1); bar_cat = 0;

prev_var = rpunL->Data(); while(pos_. count < {rpanL->ListSize()-1)){
} else { rpnL—>Next () ; pos_count++;

g;gg}g : (cha.r *)calloc(2, sizeof(char)); if(sg;gz_ngggriq?_var = rpnL->Data(}),"\’")==0){

if(bar_cnt%2 == 1){

// Forward search neg_unate[var_match_count-1] = 1;
listSize = rpnL->ListSize(); pos_unate(var_match_count~1] = 0;
cur_pos = listPos+i; } else {
if(cur_pos <= 115t5125){ neg_unate(var_match_count-1] = 0;
vwhile(cur_pos <= 1listSize-1){ pos_unatel[var_match_count-1] = 1;
rpnL->Reset (cur_pos);
next_var = rpnL->Data{); if (! (stremp(tmp_var,"\’")==0)) break;
if(strcmp(next var,"\’")==0){ }
cur_post++; rpnL->Reset (1istPos);
continue; 3
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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;
}else if(neg_unate[n]==1){
neglnate = 1;

¥

if(posUnate &% negUnate){
return result = 1;

}else if(!posUnate && negUnate || posUnate && !negUnate){
return result = 0;

return result;

}

// check if a variable phase in function of G (library) is modified.
int matchIsVarPhaseInverted(LibCell *curCell, LinkedList<char *> *rpnG,
char *g_name)

{
int t1_flag = 0, t2_flag =
char *rpn_var, *tmg _var, *tmp varl;
char *tVari, *tVar
LinkedList<char *> tmp rpnG;

// copy rpnG to tpm_rpnG; (debuging--ok)
for (rpnG->Reset () ; { rpnG->End0fList () ; rpnG->Next () {
rpn_var = rpnG->Data();
//cout<<"tmp_var = "<<tmp_var<<"\n";
tmp_var = (char *)calloc(strlen(rpn_var)+2, sizeof(char));
strcpy(tmp_var, rpo_var);

if(stremp(rpn_var,"\’>")!=0){
tmp_rpnG.InsertRear (tmp_var);

} else if(stremp(rpn_var, "\’")==0){
tmp_varl = tmp_rpnG.Data();
streat(tmp_varl, rpn_var);
free(tmp_var);

}

// check if 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));
strepy(tvarl,g_name); strcat(tVarl,"\’");
strcpy(tVar2,g_name); strcat(tVar2,"\’\’");
for (tmp_rpnG.Reset () ; 'tmp_rpnG.End0fList () ;tmp_rpnG.Next O){

rpn_var = tmp_rpnG.Data();

if (matchIsVarBinate(rpnG, g_name)){

if (}strcmp(rpn_var, tVarl) && (t1_flag==0)){
til_flag = i;

} else if (Istrcmp(rpn_var, tVar2) &&(t2_flag==0)){
t2_flag = 1;

}
} olse {
if(!stremp(rpn_var, tVarl) && (tl_flag==0)){
1_flag = 1;

¥
}

(void)matchDeleteDCharLinkedList (§tmp_rpnG);

free(tVarl);
free(tVar2);

if (matchIsVarBinate (rpnG, g_name)){
return (t2_flag==1 && ti_flag==1);

} else {
return (t1_flag==1);

}

// check if a variable phase in function of G (library) is modified.

// ONLY for mon-control variables (ex: ¢, 4, f, g of pyl_y3,

int matchIsVarPhaseInvertedl(LibCell *curCell, LinkedList<char *> *rpnG,
char *g_name)

{

char *rpn_var, *tmp_var, *tmp_vari;
char xtVarl, stVar:

LinkedList<char *> tmp rpnG;

int flag = 0, n;

int pos = -1, count=-1, posArr([10];
for (rpn$->lleset() ; 'rpnG->End0fList () ;rpnG->Next () {
pos++;

rpn_var = rpnG->Data();

if (¢ strcmp (rpn var, g_name)){
count:
posArr[count] = pos;

for(n = 0; n <= count; n++){
pos = posArr([n];
rpn_var = rpnG->Data(pos+1);
if (! stremp(rpn_var,"\’"*)){
flag = 1;
}

¥
return flag;

}

// Change Pin name to reflect binate variable phase inversiom.
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void matchChangePinMap(LinkedList<pinMap *> *pinMapList, char *ni,

int

char *n2)

pinMap *pinInfo;
if(pinMapList->ListSize()==0) return; // 0731
for (pinMapList->Reset () ; !pinMapList->End0fList () ;pinMapList->Next ()){
pinInfo = pinMapList->Data();
if (!strcmp(pinInfo->cell_pin,n1)){
strcpy(pinInfo->cell _pin,n2);

}

matchIsNodeNameInverted(char *target_name)

int n, name_len, count=0;
char ch;

name_len = strlen(target_name);
for(n = 0; n<name_len; n++){
ch = target_name[n];
if(ch==’\?7){
count++;

}
if(count¥2 == 0){
return FALSE;

// Check if all pins are same or not for both lists.

int

{

}

matchMappedPinsAreEqual (LinkedList<pinMap *> *oldPinList,
LinkedList<pinMap *> *newPinList)

pinMap *0ldPin, *newPin;
char *0ld_name, *new_name;
int count, listSize;

hstS1zeo= 0ldPinList->ListSize();
count = 0;
for (oldPinList->Reset () ; !0ldPinList->End0fList();oldPinList->Next()){
0ldPin = oldPinList->Data();
old_name = oldPin->net_node;
for (newPinList->Reset () ; InewPinList->End0fList () ;newPinList->Next ()){
newPin = newPinList->Data();
new_name = newPin->net_node;
:Lf(strcmg(old name, mew_name)==0)<{
count+

¥
if(count == listSize){
urn (1);

} else
return (0);

// Check if current "match” is already in targetNode’s matchList,

// if so, return (1),

int

{

otherwise return (0).
matchmrrentnatchlsDuplicatad(L1nkedLlst<Match *> *matchList, Match *match)

Match *oldMatch;

L1nkedL1$t<p1nMap *> #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->End0fList () ;matchList~>Next ()){
oldMatch = matchList->Data();
0ld_match_name = olclMatch->cell hame;
1#(strcmplold_match_name, new_match_name)==0){
oldPinList = oldMatch->pinmap
it (matchnaptedPinsAreEqual {oldPinList, newPinList)){
dupgica d = 1;
bre

b

return duplicated;

// Find binate variables uhose polarity are inverted from orig func inlibCell,
// and ingert it to invlLis
void matchFindInvartedBinataVariable(LinkedList<char *> *supSet!

¥

LinkedList<char *> *rpnG, P a1l *curCell,
LinkedList<char #*> *1nvList)

char *g_name;

for (supSetG->Reset () ; ! supSetG->End0fList();
g.name = supSetG->Data();
if(matchIsVarBinate(rpnG, g_name)){ //appears two times
if (matchIsVarPhaseInverted(curCell, rpnG, g.name)){
invList->InsertRear (g_name);

supSetG->Next ()} {

¥
}

void matchInsertStrapInfo2PinList(LinkedList<char *> #*strapT,

{

LinkedList<pinMap *> *pinMapList)

Queue(char *> Q H
char *tmpchar
pinMap *straplnfo H
1f(strapT->ListSize() !=0){
for (strapT->Reset () ; ! strapT->End0fList () ; strapT->Next ()){
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if (stremp(strapT->Data(),"0") 1=0){
Q.QInsert(strapT->Data(});
T

}
while(!Q.QEmpty O){
tmpchar = Q.DeQueue();
if (!stremp(tmpchar,”b") || !strcmp(tmpchar,"c") ||
tstremp(tmpchar,"d") || !strcmp(tmpchar,"e") ||
'strcmp(tmpchar "£") j| !strcmp(tmpchar,”g") ){
strapInfo = new pinMap;
strcpy (strapInfo->cell_pin,tmpchar);
strepy (strapInfo->net_node,Q.Defueue());

}
pinMaplList->InsertRear (strapInfo);

}

// Determine matched cell type of ptl.y2 and ptl_y3.
void matchDetermineY23CellName(LinkedList<char *> *invList, LibCell #*curCell,
‘ Match *match)

int position;

if (tstremp(curCell->GetName (), "ptl_y2")){
if ({position=matchFindNameInGenList(invList,"a")}!=-1){
strcpy (match->cell_name,"ptl_y21");

} else {
strcpy(match->cell _name,"ptl_y22");

} else if(!stremp(curCell->GetName(),"ptl_y2x")){
if((position=matchFindNameInGenList (invList,"a")}1=-1){
strcpy (match->cell _name,"ptl_y2x1");
} else {
strcpy(match—>cell name,"ptl_y2x2");

} else if(¢strcmp(curCell->GetName(),"ptl_y3")){
if ((position=matchFindNameInGenList (invList,"a")}!=-1){
strcpy(match->cell_name, "ptl_y31");

} else {
strcpy (match->cell_name, "ptl_y32");

} else if(!strcmp(curCell->GetName(),"ptl_y3x")){
1f ((position=matchFindNameInGenList(invList,"a"))!=-1){
strepy (match->cell_name, "ptl_y3x1");
} else {
strcpy(match->cell_name,"ptl_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., yi-> {a,b,c}, y2->{a,b,c,d,e}.. during supSet gen
void matchSupSetFDepthReorder (LinkedList<char *> *supSetF,

LinkedList<char »> *tmpList, Graph *origNet)
{

char *tmp_var, *f_var;

int tmp_size, cur_pos, index = -1;

if((tmp_size = tmpList->ListSize())<=0) return;
int f_pos(tmp_sizel;

// find positions in supSetF at which varables are match with tmpList
for(tmgList ->Reset(); !tmpList->End0fList () ;tmpList->Next (0){

tmp.. var’- tmpList >Data();
cur, pOS = -
for(supSetF—>Reset() | supSetF~>End0fList () ; supSetF->Next (3) {
cur_pos++
f_var = supSstF >Data() ;
if (stremp(tmp_var, f_var)==0){
l1;_po:;[inclex] = cur_pos;
roak;

N }

// 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).

LinkedList<Node *> *gateList = origNet->GetGateList();
LinkedList<char *> *new_tmpList = new LinkedList<char’ *>;
Node *curNode;
int net_pos = -1, glevel, oglevel=0, pos;
char *new_tmp_var;
for (tmpList->Reset(}; ltmpList->End0fList () ;tmpList->Next ()){
tmp_var = tmpList->Data();
if((net_pos = origNet->FindNode(gatelList, tmp_var))!=-1){
curNode = gateList->Data(net_pos);
glevel = curNode->GetGLevel();
if (new_tmplist->ListSize()==0){
new_tmpList->InsertRear (tmp_var);
} else if (new_tmpList->ListSize()>0){
pos = new_tmpList->ListSize()-1;
new_tmp_var = naw_tmpList-)Data(pos);
while(pos>=0){
if ((net_pos=origNet->FindNode{gateList, new_tmp_var))!=-1}{
curNode = gateList->Data(net_pos);
oglevel = curNode->GetGLevel();

}
if (glevel>ogLevel) {

if (pos==0){
new_tmpList->InsertFront (tmp_var);
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break;
} else {
pos——;

}

} else {
new_tmpList->InsertRight (tmp_var);
break;

}

#ifdef MATCH_ BASED_ON_DEPTH_DEBUG
cout<<"######## Printing tmpLists #######\n";
(void)PrintCharList (tmpList);

(void)PrintCharList (new_tmpList);
#endif

Queue<char *> Q;
int fSet_size, n, k, count, found;

// Insert all support vars of F into a Queue. During the step, some
// support variables order is changed if the vars are in new_tmpList
// byireplacing the vars with new_tmpList.
= -1; coun
new _tmpList- >Reset()
for(sEESetF—ﬂ.esat() ; ! supSetF->End0fList () ; supSetF->Next (3) {
n ound
for(lndex-o mdex(tmp size; index++){
k = f_pos[index];
if (n==k){found = 1;
if(found &% count==1){
tmp_var = new_tmpList->Data();
Q.QInsert(tmp_var);
} else if(found k& count>1){
new_tmpList->Next();
tmp_var = new_tmpList->Data();
Q.QInsert (tmp_var);
} else {
f_var = supSetF->Data();
Q.QInsert(f_var);

count ++; break;}

}

// Clear supSetF to replace with (Quene which have new order.
fSet_size = supSetF->ListSize();
for(n=0; n < fSet_size; n++){

supSetF->Reset ()

(void) supSetF->DeleteCurrentElem() ;

// Update supSetF by dequeuing Q.
while(!Q.QEmpty () {
f_var = (.DeQueuea();
supSetF->InsertRear (f_var) ;

delete new_tmpList;

void matchReorderSupportSetBasedOnDepth(
LinkedList<char *> ¥supSetF, LinkedList<char *> *symmSetF, int num_f_symm,
LinkedList<char *> *supSetG, LinkedList<char *> *sypmSetG, int num_g_symm,

Graph *origNet)

LinkedList<char *> *s;mml.ist;
Queue<fueue<char *> *> qQ;
fueue<char *> *sQ;
char *symm_var, *f _name, *g_name;
int n;
#ifdef MATCH_BASED_ON_DEPTH_DEBUG
cout<<"«k*x Support Set reorder Debug ...\n";
PrintSymmSet (symnSetF, num_f_symm); PrintSymmSet(symmSetG, num_g_symm);
PrintCharList(supSetF); PrintCharList (supSetG);
#endif
//1) find a symmsetG whose caldinality is GT 1.
for(n=0; n<num_g_symm; n++){
symmList = &symmSetGln);
if(s ist->ListSize()>1){
eue<char *> *( = new (ueue<char *>;
for(symmList->Reset(); 'symmList->EndﬁtList();symmList->Next()){
sSymm_var = symmList->Data(};
Q->0Insert(symm_var);

(more than one sets)

<}iq .QInsert{(®);

while(!qQ.QEmpty()){
sQ = 3'(-]. .DeQuene () ;
LinkedList<char »> *tmpList = new LinkedList<char *>;
while(!sQ->QEmpty (O){
symm_var = sQ->DeQueue();
for (supSetG->Reset () ,supSetF->Reset () ; ! supSetG->End0fList ();
supSetG->Next () ,supSetF->Next (}){
// if syum_var=g _name, insert f name to tmpList and reorder
// supSetF based on depth
g.name = supSetG->Data();
if(stremp(g_name, symm_var)==0){
f_name = supSetF->Pata();
tmpList->InsertRear (f_name);

}

(void)matchSugSstFDspthanrder(supSetF, tmpList, origNet);
delete tmpList;
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delete sQ; } }

3} } return ret_val;
// 11-25-00 id h PinN
// This routine changes support set-G’s ordering based on symm set soze of F void matchCopyPinName(char *dest_ptr, char *src_ptr)
// Ex) a match happens when : symmSetF={{n4}, {i1 i3}}, and supF={n4 il i3}, { int src_len:
/7 SymmsetG={{b d}, {a}}, and supG = {b 4 a} ==
1/ after a match happens, but the correct order of support sets are src_len = strlen(src_ptr);
/ supF = {n4 il i3} and supG = {a b d}. dest_ptr = (char *)realloc{dest_ptr, src_len+3);
P P P P
/7 circuit example : ci7 strcpy(dest_ptr, src_ptr);
// 11-19-01 }
// if the order of supSetF has been changed, return (1)
int matchSupportSetFreorderBasedOnDepth(LinkedList<char %> *supSetF, // Get sub-network graph (cluster func) polarity by checking
LinkedList<char *> *symmSetF, int num_f_symm, Graph *origNet) // rpoF’s last two elements. Because the last elem in rpoF should
¢ // be either "\’" or (+/%).
LinkedList<char %> *symmList; // ex) if ..., (+/¥) ==> positive, ...(+/%) ' --> negative
Queue<char *> *Q = new Queue(char *>4 // 11-08-01
char *symm_var, *f_name, *nf_name; void matchGetRpnFuncPolarity(LinkedList<char *> *rpnF, stringk rpnF_pol)
int n, net pos-—l glevel, ogLevel=0 pos; {

char *last_char, »last_1;

LinkedLlst<Noda *> xgatelist; int size;

Node *curNode
LinkedList<char *> *tmplist; size = rpoF->ListSize();
LinkedList<char *> oldSetF; //11-19-01 last_char= rpnF->Data(size-1);

last_1 = rpnF->Data(size-2);
for_each (supSetF) {

oldSetF . InsertRear (supSetF->Data()); rpuF_pol.erase();
3 if(!string(last_char) .compare ("\’ ")) {
if(size > 2){
gatelList = origNet->GetGateList(); 1f('str1ng(1ast"1) compa.l:e("*") 11 !string(last_1).compare("+")){
for(n=0; n<num_f_symm; n++){ 3 i'P {P°1 += "negative";
= else
fﬂ;ﬁ{lsﬁﬂfggéﬂ'nx Comt << vin Ve TPILR ool " ne RO Ther e o,
tmplist = new LinkedList<char *>; exit(0);
for(symmList->Reset () ;!symmList- >End0fList();symmList->Next()){ } ¢
symm_var = symmList->Data(); else " i
QZI:EInsert(symm_var); rpoF_pol += "negative";
T Yelse{
Vhllz(ig;za?gtgéiaie‘/lé(5°" TpnF_pol += "positive";
if((net_pos=origNet-: >F1ndNode(gateLlst f_name))}!=-1){ ¥
curNode = gateList->Data(net_pos);
glevel = curNode->GetGLevel(); //11-08-01 .
if (tmpList->ListSize()==0){ int matchGetSTMatchPolarity(Match *match, string& match_pol)
- . {
}elszm}zmst >InsertRear(f_name) ; char #cell;
e -0
pos = tmpList->ListSize()-1; int rev.value = 0;
nf_name = tmpList->Data(pos); cell = match->cell_name;
while(pos>=0){ match_pol.erase();
if((net_pos-crigNst—>FindNode(gateList,| if (tstrncmp(cell,"nand",4) || !strocmp(cell,”nor”,3) il
curlode = gateList—)Data(ngf:-;gg()a)-)"_1){ !strocmp{cell,"a0i",3) |} !stroncmp(cell,”oai",3) ||

!strncop(cell, *inv",3)){

oglevel = curNode->GetGLevel(); ret_value = 1,

} else 1{:<<"Er ivechat "<< LINE. matih_pol += 'negative";
cou ror at * }else if(!strncmp(cell,"and",3) || !strncmp(cell,”or",2) i}
win << _<<"Sa";
3} <«<'in -FILE_ A 'strncnilp(cell *ao”,2) || !strncmp(cell,"oa",2) ){
ret_value = 0;
if(gli-;‘é;i;s:gg?‘{’el){ match_pol += fpositive";
tmpList->InsertFront (f_name); }sllszg“é << \n";
1 elts)ze%k; cout <<"Error :: Unsupported cell in Mixed PTL mapping: "<<cell<<"\n";
pos--; cout <<::\in "<<__FILE__<<" at line "<<__LINE__<<"\n"; \
' cout <<"\; n";
3 1} < exit(0);
tmpList >InsertRight (f_ name), return ret_value:
break; - !
y ! //11-08-01
3 // if £ = s17GATS s2TGAT8’ * > s227GAT99’ + °, 77
} 7/ end_of _sort int matchVariableInnpnFInvertedx(LinkedList<char *> »rpnF, char *f_name)
(void)matchDeleteCharLinkedList (ksymmSetF{n]); é/ Only works for 2-imput gates (nand2,nor2,...)
for(tmpList->Reset () ; HtmpList->End0fList(); tmpList->Next ()){ -
f_name = tmpList->Data(); iﬂi :g;eva%:: g found = O
//symmList->InsertRear (f_name); string var, tﬁp_var f_str, fo_str;
(&symmSet¥ [n] ) ->InsertRear (f_name); t_str.erase();f_str += f_name;
3 astr -
(void)matchDeleteCharLinkedList (tmpList, 1); ti_str.erase(S;Tn_sur = E_str’+ "\1%;
} // end_if if(!f_str.compare("s330GATi51")){
} cout<<*\n";
// replace supSetF
(void)matchDeleteCharLinkedList (supSetF); size = rpnF->ListSize();
for (n=0; n<num_f_symm; n++){ for(n=0;n < size; n++){
symmList = &symmSetFin]; tmp_var.erase();
for (symeList->Reset(); !symnList~>EndOfList () ; symmList->Next O){ tmp_var += rpnF->Data(n);
symm_var = symmList->Data(); 1 o | nanr
supSetF->InsertRear(symm_var) ; '::II(’ ::E-Z:;p:::}(x::g;)} ) 1[!tmp_var. compare("+) 1|
continue;
delete Q;
// check if org order and new order are differemt (11-19-01) len - tmpzvar sizeQ:
string new_str, old_str; MrTeet | won
int ret_val = 0; $({o+1 < size) && !string(rpuF->Data(n+1)). compara("\*")){
for(supSetF >ReSet(),0ldSetF .Reset(); !supSetF->End0fList () ; if (tmp_var.substr(len-1,1) == "\?"){
supSetF->Next () ,01dSetF.Next ) { var = tmp_var.substr(0,len-1);
new_str.erase();old_str.erase(}; } else {

var = tmp_var + "\’";
new_str += supSetF->Data();

old_str += oldSetF.Data(); } else {

if (new_str.compare(old_: ste)){ var = tmp_var;
ret_val = i;
break;
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¥

found =
break;
}

+

if (found){
if (!fn_str.compare(var)){
ret_value = 1;

} else {
cout <<"\ \n";
cout <<"Error :: A variable in support set F is not in rpmnF: "
<<f_name<<".\n";
cout <<"1n "< FILE _<<" at line "<<__LINE__<<"\n";
cout <<"
exit(0);

if(!f_itr.compare(var) 11 !fn_str.compare(var)){

\n";
g

return ret_value;

int matchCheckNumInversionsX(LinkedList<char *> *rpnF, int& n, int& size)

}

int kk, numinv=0;
string var_n, var_ni;

for(kk=n+1; kk < size-2; Kk++){

var_n.erase();

var_ni.erase();

var_n += rpnF->Data(kk);

var_nl += rpnF->Data(kk+1);

if((!var_n.compare("+")]|!var_n.compare("*")) && !var_nl.compare("\’")){
nug1nv++

return numinv;

int matchCheckNumInversions(Graph *fnGraph, Node *tgtNode, string& cur_str)

int pos, numinv=0;
LinkedList<Node *> *sGateList;
LinkedList<Node *> *curFolist;
Queue<Node *> Q;

Node xcurNode, *foNode;

NodeFunc qF\mc, fol-\mc, tgtFunc;
char *cur_name, *fo_name;

string q_str, fo str, tgt str;
int num_fapout;

cur_name = (char *)cur_str.c_str();
tgt_str.erase();

tgt_str = tgtNode->GetName();
tgtFunc = tgtNode->GetNodeFunc();

sGateList = fnGraph->GetGateList();

if ({pos = fnGraph->FindNode(sGatelList, cur_name)) != -1}{
curNode = sGateList->Data(pos);
Q.QInsert (curNode);

} else {

cout <<\ \n";
cout <<"Error :: Current node("<<cur str

<<") cannot be found in funcGraph.

cout <<"in "<<__FILE__<<" at line "<< _LINE__<<"\n";

cout << \n";

exit(0);
} X1

while(!Q.QEmpty()){
curNode = (.DeQueue();
qFunc = curche >GetNodel-‘unc().
curFolList = curNode->GetFanoutList();
num_fanout = curFoList~->ListSize();

q.str.erase();
q.str += curNode->GetName();
if(tq_str.compare{tgt_str)) break;

if (num_fanout >= 1){
for_each{curFoList){
foNode = curFoList->bata();
fo_name = foNode->GetName();
if ((pos=fnGraph->FindNode (sGateList, fo_name)) t= -1){

if(stremp(fo_name,q_str.c_str())==0){
cout<<"Error : fanin and fanout name are the same !!!\n";
cout<<"cur_name="<<q_str.c_str()<<" fo_name="<<fo_] name<<"\n"
cout<<"in "<<__FILE__<<" at line "<<__LINE__<<"\n";

exit(0);
break;
} else {
cout <<" num_ fanout "<<num tanout«"\n"
cout <<™ one fanout at Node

TOYr than "<<cur_str<<"\n";
cout <<"in "<<_ FILE -<<" at line "<<_ LINE _<<"\n";
exit(0);

fo_str.erase();
fo_str += toNode-)GetName().

/#* Ckeck root_node(target_node) if

* 1)IFfoFunc (- {NAND, NOR} and tgtFunc = INV, because this combination
* leads to a non-inverting function, ex) (a’ b)’’ --> a’ b *

*

luring matchin

/* dur stage the graph contains onl
*/NAND2 NOR2 AND: g grep v

NO2TINV

foFunc = foNode->GetNodeFunc();

if(fo str.compare(tgt_str) && {foFunc==NODE_NAND | | £oFunc==NODE_NOR) ) {
numinv+

} alse "1 (foFunc==NODE_INV) {
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¥

/ if f = s17GATS s27GAT8® * ' s227GAT99’

if(fo_ itr Compare(tgt str)){
Rum: ++

}else if(unnc == NODE_NAND| |qFunc == NODE_NOR||qFunc==NODE_INV){
numinv++;

Q.QInsert(foNode);
return numinv;

+ 2, 77

/
int matchVanableIannFInverted(L1nkedList<char *> *rpnF, char *f_name,

{

Graph *fnGraph, Node *tgtNode)

int ret_value = 0, found = O;
int size, len, n;
int num_inv, var_len;

string var, tmp_var, f_str, fn_str;

f_str.erase();f_str += f_name
ta_str.erase(};fn_str = I_ str + o

if (1£_str.compare("s330GAT130")){
cout<<"\n";

size = rpnF->ListSize();
for(n=0;n < size; n++){
tmp_var.erase();
tmp_var += rpnF->Data(n);

if ('tmp_var.compare("\’") {|!tmp_var.compare("+") ||
'tmp_var.compare("*")){
continue;

len = tmp_var.size();

var.erase();

if({n+1 < size) && !string(rpnF->Data(n+1)).compare("\’")){
if (tmp_var.substr(len-1,1) == "\’"){

var = tmp_var.substr(0,len-1);
} else {

var = tmp_var + "\’";

} else {
var = tmp_var;

if(1f_str.compare(var) || !fn_str.compare(var)){
// Check the number of inversions for “var"
_inv = matchCheckNumInversions(fnGraph, tgtNode, var);

#ifdef MATCH DEBUG

cout<<"var = "<<var<<" Num inversons = "<< num_inv <<"\n";

#endif
if(num_invy2==1){
ar_len = var.size();
it(var substr(var_len-1,1)=="\’"){
var = var.substr(0,var.len-1);
Yelse{
var += "\’";
}
found = 1;
break;
}
if (found){
if (Vfn_str. compare(var)){
ret_value = 1;
} else {
cout <<"\; \n";
cout <<"Error :: A variable in support set F is not in rpoF: "
<<f_name<<".\n";
cout Zenin "<<__FILE__<<" at line "<<__LINE_._<<*\n";
cout << \n";
exit(0);

}

return ret_value;

H
// Static cell pin assignment
void matchStPinMapping(LinkedList<char »> *supSetG,LinkedList<char *> *supSetF,

Match *match, LibCell *curCsll Node *tgtNode,
LinkedList<char *> *rpnG, LinkédList<char *> n-rpnl-‘

Graph *fnGraph)

LinkedList<pinMap *> *pinMapList, H
char *f_name, *g_nam

char *fn name *targec name;
inMap *mapPin,

int num_sup;

string rpnF_pol, match_pol;

ta;ﬁat_name = t%tNode->GetName()
pinMapList = match->pinmap

(void)matchGetRpnFuncPolarity(rpnF, rpnF_pol);
(void)matchGetSTMatchPolarity(match, match_pol);

num_sup = supSetG->ListSize();
for (supSetG->Reset (), supSetF->Reset () ; ! supSetG->End0fList();
supSetG->Next () ,supSetF->Next ()){
mapPin = new pinMap;
strcpy(mapPin->cell_pin, (g_name = supSetG->Data(}));
f_name = supSetF->Data();
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// determine polarity of mapPin->net_node
fn_name = (char *)calloc(strlen(f_name)+2,
strcpy(fn_name, f_name) ;

strcat (fno_name, “"\’\0");

sizeof (char));

if(strnemp(curCell->GetName (), "inv",3)==0){
if (matchIsNodeName Inverted(target_name)){
strepy(mapPin->net_node, f_name); //
Yelse {
strcpy(mapPin->net_node, fn_name);

} else {
if ({rpnF_pol.compare (match_pol)){
if (matchVariableInRpnFInverted(rpnF, f_name,fnGraph,tgtNode)}{
strcpy(map?in->net_node, fn_name) ;
Yelse{
strcpy (mapPin->net_node, f_name);

xorPin = new pinMap;
strepy (xorPin->cell_pin,"c");

if (matchFindNameInGenList (invList,"a") t=-1){
strcpy(xorPin->net_node, fn_name);

} else {
strcpy(xorPin->net_node, f_name);
pinMaplist->InsertRear(xorPin);
}tinMapList—ﬂnsertnear (mapPin) ;
}
// PTL Type2 (y2) pin mapping

void matchY2P1nMap(LmkedLlSt(char *> *supSetG,LinkedList<char #> *supSetF,
Match #match, LibCell *curCéll, Node *tgtNode

} LinkedList<char *> »rpnG, LinkedList<char *> #1nvList)
Yolse{ {
if (matchVariableInRpnFInverted(rpnF,f_name,fnGraph,tgtNode)){ LinkedList<pinMap *> *pinMapList;;
strcpy (mapPin->net_node, f_name); char iinniﬁgg *§t:§29t name:
Yelse{ » H
strcpy (mapPin->net_node, fn_name); pinlfap *napPin;
a;ﬁet_name = tgtNode->GetName () ;
}} pinMaplist = match->pinmap;
pinMapList->InsertRear (mapPin); for (supSetG->Reset () , supSetF->Reset () ; { supSetG->End0fList ();
free(fn_name); supSetG->Next () , supSetF->Next () ){
mapPin = new pinMap;
} strcpy (mapPin->cell_pin, (g_name = supSetG->Data()));
// PTL Typel (y1) pin mapping f_name = supSetF->Data();
void matcthPinMap(hmk}e;dListhaIr‘ _:E ﬁupSetg ’i_'inkﬁdglst:gﬁr *> *supSetF, // determine polarity of mapPin->net_node
atch *matc ibCe. *curCe’ lode * od
LinkedList<char *> *rpnG, LinkedList<char > *1nvl.ist:) g:‘rgg??f: ég::rf*l)l:::el%océ:ggigl&rfl ﬁxg)‘&{ sgzeof(char))
< H
LinkedList<pinMap *> *pmMapList,, if(matchIsVarBinate(rpnG, g_name)){
char *f_name, *g_nam strcpy (mapPin->net_node, f_name);
char *fn _hame, *target name; i
pinMap *mame; N e:ngee(fn_nzmua),
et_name = tgtNode->GetName(); if (matchIsVarPhaseInverted(curCell, rpnG, g_name)){
pmﬁapList = match->pinmap; strcpy(mapPin->net_node, fn_name);
for (supSetG->Reset () , supSetF->Reset () ; tsupSetG->End0fList () } el::,gpy(mapm_)net_mde . f_name);
supSetG->Next (), supSetF->Next ()){ free(fn_name);
mapPin = new pinMap;
strcpy (mapPin->cell_pin, (g._name = supSetG->Data())); if (matchFindNameInGenList (inviist,"b") I=-1){
f_name = supSetF->Data(); if (!strcmp(g_name,"c")){
. i . strcpy (mapPin->cell _pin, "d");
// determine polarity of mapPin->net_node (void)matchChangePinMap(pinMapList, "d",/*tox/ "c");
fn_name = (char *)calloc(strlen(f name)+2, sizeof(char)); } else if (!strcup(g_name,"d")){
strcpy (fn_name,f_name); strcat(fn_name, "\’"); strcpy(mapPin-N-:ell pin, "c");
if ({stremp(g_name,"a")){ (void)matchChangePinMap(pinMapList, "c",/*to*/ "d");
strcpy(mapPin->net_node, f_name);
" lfret{a(fn_name); }
else
if (matchIsVarPhaseInverted{(curCell, rpnG, g_name)){ pinMapList->InsertRear (mapPin);
strcpy (mapPin->net_node, fn_name); 3 }
} else {
strcpy(mapPin->net_node, f_name); // PTL Type2x (y2x) pin mapping
free(fn_name); void matchY2xP1nHap(LlngedList;chgrb:;)ﬂsupSeéGl;...inksd!.ist<char *> xsupSetF,
Mo nY fae Match *matc ibCell *curCe Node *tgtNode,
e nCorL st pLast. "2 =i . LinkedList<char #> *rpnG, LinkedList<char *> *invList)
strcpy (mapPin->cell_pin, "b");
(void)matchChangePinMap(pinMapList, "b",/xtox/ "c"); Ié')llgleeglf-lxs):;gim:ap ot *p:lnHapList,,
} else if(!strcmp(g_name,"b")){ char *fn_name, target name;
strcpy (mapPin->cell_pin, “c"); pinMap #mapPin, *xorPin;
(void)matchChangePinMap(pinMapList, "c",/+to*x/ "b"); arget_name = tgtNode->GetName();
} pinMapList = match->pinmap;
T X for (supSetG->Reset (), supSetF->Reset () ; | supSetG->End0fList();
pinMapList->InsertRear (mapPin); supSetG->Naxt () ,supSetF->Next ()){
3 mapPin = new pinMap;

strcpy (mapPin->cell_pin, (g.name = supSetG->Data()));
// PTL Typelx (yix) pin mapping f_name = supSetF->Data();

void matchYixPinMap(LinkedList<char *> *supSetG, LmkedLlst(char *> xsupSetF,

Match *match, LibCell *curCell Node *tgtNod
LinkedList<char *> *rpnG, LinkedList<char *> *invList)

L1nkedL15t<pinMap *) *pinHalest,,
char *f_name, §

char *fn. name target name;
pinMap *mapPin, *x0rPin;

a;ﬁet_name = tgtuode-met"amé();
pinMaplist = match->pinmap;
for (supSetG->Reset (), supSetF->Reset () ; | supSetG->End0fList();
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, Wy

if (!stremp(g_name,"a")){
strcpy (mapPin->net_node, f_name);
free(fn_name) ;
} else if ()strcmplg_name,"b™)){
if (matchFindNameInGenList(invL:lst "a')t=-1){
strcpy (mapPin->net_node, f_nane);
} else

{
strcpy {mapPin->net_node, fn_name);
free(fn_name);
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// determine polarity of mapPin->net_node

fn_name = (char *)calloc(strlen(f_name)+2, sizeof(char));
strcpy (fo_name, f_name); strcat{fn_name, " “);

if(!strcmp(g_name,"a") || !strcmp(g_name, "b")){
strcpy (mapPin->net_node, f_name);
free(fn_name);
} else 1f(lstrcmp(g name,"e")){
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")!=-1 &&
matchIsVarPhaseInverted(curCell, rpnG, g_name)) ||
(matchFindNameInGenList (invList,"b")==~1 &&
‘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 1f((matchFindNamsInGenList(invList "b") t=-1 gk
ImatchIsVarPhaseInverted(curCell, rpnG, g_name))||
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(matchFindNameInGenList (invList,"b")==-1
matchIsVarPhaseInverted(curCell, rpnG, g_name) M

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, *cellPln,

for(pinMapList->Reset () ; !pinMapList->EndOfList () ;pinMapList->Next ()){
mapPin = pinMapList->Data();
netNode = mapPin->net_node;
cellPin = mapPin->cell pln,
if(!strcmp(netNode, g_name)){
strcpy(netNoda,net_name) H

¥
}

// PTL Type3 (y3) pin mapping

void matchY3PinMap(LinkedList<char *> xsupSetG,LinkedList<char *> *supSetF,
ﬁatch *match, LibCell *curCell Node *tgtNode,
LinkedList<char *> *rpnG, LinkedList<char *> *invList)

{
LinkedList<pinMap *> a«pmMamet, H
char *f_name, *g_nams
char *fn_name, *target name;
inMap *mapPin;
int nsupG;

target_name = tgtNode->GetName();
inMapList = match->pinmap;
nsupG = supSetG->ListSize();

for (supSetG->Reset (), supSetF->Reset () ; ! supSetG->End0fList ();
supSet.G->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, "\’%);

if(nsupG == 3){

if (Istremp(g_name,"a")){
strcpy(mapPin->net_node, f_name);
free(fn_name) ;

Yelse 11( Vstrcmp(g_name, "b")){
strcpy(mapPin~>net_node, f_name);
{void)matchStrapChange (pinMapList, f_name, g_name);
free(fn_name);

} else {
if (matchIsVarPhaseInvertedi(curCell, 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(matchFindNameInGenList (invList,"b")!=-1){
if(!stremp(g_name,"c")){

strcpy(mapPin->cell_pin, "d");
(void)matcnChangePinMap(pinMapList, "d",/*tox/ "c");
// for "t" and "g"
(void)matchChangePinMap(pinMapList, "f",/#tox/ "x");
(void)matchChangePinMap(pinMaplList, "g",/*tox/ "f");
(void)matchChangePinMap(pinMapList, "x",/xtos/ "g");

¥

pinMapList~>InsertRear (mapPin);
}else if(nsupG > 3){
if(natchIsVarBinate{rpnG, g_name)){
strcpy (mapPin->net_node, f_name);
free(fn_name) ;
} eise {
if (matchIsVarPhaseInverted(curCell, rpnG, g name)){
strcpy(mapPin->net_node, fn_name);
} else
strcpy(mapPin->net_node, f_name);
free(fn_name);

if (matchFindNamsInGenList (invList,"b") 1=-1){
if (Ystrcmp(g_name,”d")){
strcpy(mapPin->cell_pin, "c");
(void)matchChangePinMap(pinMapList,
} else if (!stremp(g_name,"c")){
strepy (mapPin->cell_pin, "d"});
(void)matchChangePinMap(pinMapList,

neh, /xtox/ "d");

QN fator/ Me);
¥
Yelse if(matchl-‘mdNamaInGenList(invList "g") I=-1){
if(!stremp(g_name,"£")){
strepy (mapPin~>cell_pin, "g");

188

(void)matchChangePinMap(pinMapList,
} else if(!stremp{g_name,"g")){

strcpy(mapPin->cell_pin, "f");

(void)matchChangePinMap(pinMapList,

ngh, [xtox/ "f);

g fxtox/ "g");
}

}
pinMapList->InsertRear (mapPin);
} /* end of if %/
} /* End of For */

// PTL Type3x (y3x) pin mapping

void matchYSxPinMap(LinkedL1st<char *> *supSetG,LinkedList<char *> *supSetF,
Match *match, LibCell *curCell Node *tgtNode,
LinkedList<char *> *rpnG, LinkedList<char *> *invList)

LinkedList<pinMap *> *pinMapList,.
char *f_name, *g_nam

char *fa, name, *target name;
inMap *mapPin, *xorPin;

int nsupG;

target_name = tgtNode->GetName();
pinfaplist = natch->pinmap;

nsupG = supSetG->ListSize();

for (supSetG->Reset (), supSetF->Reset () ; ! supSetG->End0fList();
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, "\’");

1f (nsupG==3){

if (!stremp(g_name,"a")}{
strcpy (mapPin->net_node, f_name);
pinMapList >InsertRear (mapPin) ;

free(fn_name) ;

}else 1f('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);

Yolse if(!strcmp(g_name, "c¢")){

if ((matchFindNameInGenList (invList,"b") !=-1 &&
matchIsVarPhaseInverted(curCell, rpnG, g_name))|!
(matchFindNameInGenList (invList,"b")==-1 &&
ImatchIsVarPhaseInverted(curCell, rpnG, g_name))){
strcpy (mapPin->net_node, fn_name);
pinMapList->InsertRear (mapPin);

¥orPin = 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,"g");
strcpy(xorPin->net_node, fn_name);
pinMapList->InsertRear (xorPin);

} else if((matchFindNameInGenList(:lnvList "p") t=-1 k&
!matchIsVarPhaseInverted(curCell, rpnG, g_,name)) fl
(matchFindNameInGenList (invList,"b")==-1
matchIsVarPhaseInverted(curCell, rpnG, g_ nama))){

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, fu_name);

pinMapList->InsertRear (xorPin);

xorPin = new pinMap; // for original “g"
strepy(xorPin->cell_pin,"g");
strcpy(xorPin->net_node, f_name);
pinMapList->InsertRear (xorPin);

}
3
} else if(nsupG > 3){
if(!strcmp(g_name,"a") || !strcmp(g_name, "b")

|} tatremp(g_name, "e")){
strcpy(mapPin->net_node, f_name);
pinMapList->InsertRear(mapPin);
free(fn_name);
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}

} else if(!strcmp(g_name,"c")){
1f ((matchFindNameInGenList (invList,"b")1=-1 &
matchIsVarPhaseInverted (curCell, rpnG g_name)) {1

(matchFindNameInGenList (invList,"b")==-1 &&
ImatchIsVarPhaseInverted(curCell, TpnG, g_name))){

strcpy (mapPin->net_node, fn_name);

xorPin = new pinMap;
strepy (xorPin->cell_ pin,"d"};
strcpy (xorPin->net _node, f_name);

pinMapList->InsertRear (xorPin);
} else if((matchFindNameInGenList(invList,"b")t=-1 k&
‘matchIsVarPhaseInverted(curCell, rpnG, g_name))!l|

(matchFindNameInGenList (invList,"b")==-1 k&
natchIsVarPhaseInverted(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 if(!strcmp(g_name,"f")){

if((matchFindNameInGenList (invList,"e")!=-1 &
matchIsVarPhaselnverted(curCell, rpnG g.name)) | |

(matchFindNameInGenList (invList,"e")==-1 &&
ImatchIsVarPhaseInverted(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,"e")!=-1 &&
\matchIsVarPhaseInverted(curCell, rpnG, g name)) il

(matchFindNameInGenList (invList,"e")==-1 &
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) ;
3}
}//ptl_y3x

// Ptint pin-map of a match
void matchPrintPinMap(Node *targetNode, Match *matchS)
{

H

LinkedList<B1nMap *> *pinlist;
pinMap *curPin;

pinlist = matchS->pinmap;

cout<<" <<<< PIN Mapping >>>>>\n";

cout<<targetNode->GetName()<<" :
<<" matched cell --> "<<matchS->cell_name<<"\n";

for (pinList->Reset () ; !pinList->End0fList(); ;pinList-3Next ()){
curPin = pinList->Data();
cout<<curPin->cell_pin<<" ("<<curPin->net_node<<") ";

b
cout<<endl;

// Assign pins for matched function at targetNode, and record matched cell name
void matchAssignPins(LinkedList<char *> *rpnF,LinkedList<char *> *supSetF

LinkedList<char *> *rpnG, LinkedList<char *> *supSeté
LinkedList<char *> *siraj

LibCell *curCell, Node *Earl‘lods,

LinkedList<char *> *symmSetF, int num_f_symm,
LinkedList<char *> *symmSetG, int num_g_symm,

Graph *origNet, Graph *funcGraph=NULL)

Match *match = new Match;
pinMap *mapPin, *xorPin;

LinkedList<pinMap *> *pmHapmst,,
LinkedList<Match *> #*matchList;
LinkedlList<char #> *invList = new LinkedList<char x*>;

char *f _name, *g_name;
char *fn_name, *target_name,
int nsupG;

*curCellName;

match->cell_name=(char *)realloc(match->cell_nam
rlen(curCell—>GetNama O)+2);
nMpy(ma!:ch >cell_name,curCell- >GetNama()),
apList = match->p1nmap,
curCellName = curCell->GetName();

if (curCell->GetCellType ()==PTL){
(void)matchFindInvertedBinateVariable(supSetG, rpnG, curCell,invList);

// Inert Strap info to pinMapList

(void)matchInsertStraplnfo2PinList (strapT,pinMaplist);

if (!strncmp(curCellName, "ptl_y2",6) || !strncmp(curCellName,"ptl_y3",6){
(void)matchDetermineY23CellName{invList, curCell, match);

}

target_name = tarNode->GetName();
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nsupG = supSetG->ListSize();

if(curCell->GetCellType ()==STATIC){
if (! string(match->cell_name) .compare("and2") &&
!string(target_name) .compare("$859°")){
cout<<'nand3...\n";

(void)matchStPinMapping(supSetG, supSetF,match,curCell,tarNode,
rpnG,rpnF, funcGraph);

Jelse if(curCell->GetCellType()==PTL){

if(strcmp(match->cell_name,"ptl_y1")==0){

matchYiPinMap(supSetG, supSetF,match,curCell, tarNode,rpnG,invList);
} else if(strcmp(match->cell_name,"ptl_yix")}==0){

matchY1xPinMap (supSetG, supSetF,match, curCell,tarNode, rpnG, invList);
} else if(strcmp(curCell->GetName(),"ptl_y2")==0){

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 if(strcmp(curCell->GetName(),"ptl_y3")==0){
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();

// insert match to node’s map list
if( 'matchCurrentMatchIsDuplicated (matchList, match)){
#ifdef MATCH_PIN_DEBUG
cout<<"\n INSERTING NEW MATCH
#endif
tchList->InsertRear (match);
#ifdef MATCH PIN_DEBUG
Match *matchS;
match§ = matchList->Data();
(voxd)matcthntPlnMap(tarNode matchS);

} else {
delete match;

delete invList
} /¥ End of pin assigmnem: */

// The support set elements must be extracted from rpnL

void matchGetNumUBinateVars(LinkedList<char *> *rpnL,LinkedList<char *> supSet,

c int *ufNum, int *bfNum)
int pos_unate[10), neg_unate[10], name_len, 1listPos, pos_count;
int var_match_count, n, bar_cnt;
int posUnats nS§Unate,
char *sup_var, mp_var, *rpn_var;
(*bfNum) = (*ufNum) = 0;
for (supSet->Reset () ; ! supSet~>End0fList () ; supSet->Next 0){
sup_var = supSet->Data();
for (n=0;n<10;n++){
pos_ “unate{n] = 0 ; neg_unatefn] = 0;
¥
var_match_count = 0;
posUnate = neglnate = O;
for (rpnL->Reset () ; {rpnLl-~>End0fList () ;rpnL->Next ()){
tmp_var = rpnL->Data();
name_len = strlen(tmp_var);
if(!IsOperator(tmp_var) && !IsConstant (tmp_var)){
rpn_var = (char *)calloc{name_len+i, sizeof(char));
if(name_len>1 &k tmp_var[name_len-1}==’\’’){
strocpy(rpn_var, tmp_var, name_len-1);
} else {

strcpy{rpn_var, tmp_var);

¥
} else {
continue;

if (stremp(sup_var, rpn_var)==0){
listPos = rpnL->CurrentPosition();
it(matchCheckConstVarIann(ran listPos)) continue;
pos_count = listPos
var_match_count++;
1r(tmp_var[nam8 _lan-11==7\?){
t =
while(pos_count < (rpaL->ListSize()-1)){
rpanL->Next () ; pos count++;
//-bar_cnt = 0;
if(sttcmp((tm !var = rpaL->Data()),"\’")==0){
bar_cnt++;

}

if(bar_cnt%2 == 0){
neg_unate[var_match_count-1] = 1;
pos_unate[var_match_count-1) = 0;

} else {
neg_unate[var_match_count-1] = 0;
pos_unate[var_match_count-1] = 1;

}r (! (stremp(tmp_var,"\’")==0)) break;

}
rpnL->Reset (1istPos);
} else {
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bar_cot = 0; if(matchCheckSupsetPinlistEquivalence(prstinList supSetF)){
while(pos_count < (rpuL->ListSize()-1)){ mappe =13
rpnL->Next(}; pos_count++;
if (stremp((tmp_var = rpoL->Data()),"\’")==0){ 3}
bar_cnt++;

1f (bar_cntf2 == 1){ return mapped;
neg_unate[var_match_count-1] = 1;
. ‘{“‘“9["“ -match_count-1] = 0; void matchDeletePermuList(LinkedList<int *> *pList)
else
neg_unate[var_match_count-1} = 0
1

int size,
pos_unatelvar_match_count-1] =

n;
size = lest—>L15tS1zs(),
pList->Reset();
N if(pList != NULLY{
. for(n=0; n<size; n++){
rpnL->Reset (1istPos); //--pList->Reset(n);
¥ delete [] pList->DeleteCurrent();

/% delete [ rpn_var;+/

free(rpn_var);
} // End of inner for_loop 1
¥

// Perform match with library

int matchDoStaticMatch(LinkedList<char *> *rpnFunc,
LinkedList<char *> *supSetF
int num_sup,
LinkedLIst<char *> *rpnG,

} LinkedList<char #> *supSetG,

int num_su)

LibCell *curlell,

Node *target}lode,

DdNode *f, DdNode *g,

L (! (strcmp(tmp_var, "\’ ")==0)) break;

}
delete plist;
pList = NULL;

for(n=0; n < var_match_count; n++){
if (pos_unateln]==1){
posUnate = 1;

Yelse if(neg _unate(n]l==1){
neglUnate = 1;

if (posUnate &% neginate){

(*bfNum) ++;
Yelse if(!posUnate && neglnate |} posUnate && !megUnate){

(*uiNum)H; c Graph *origNet, Graph *funcGraph = NULL)
else
// exit(0); //Linkedest(char *> »rpnFunc, *supSetF, *rpnG, *supSetG;
} int num_f_symm, num_g_symm;
3 int match ="0;

}

. DdManager *fbddm, *ghddm;
int matchCheckSupsetPinlistEquivalence(LinkedList<pinMap *> *pinList,
LinkedList<char *> *supSetF) LinkedList<char *> *symmSetF = new LinkedList<char *> [10];
L L1nkedL15t<cixar *> *symmSetFA;
symmSetFA = &xsynmSetF;
inMap *0ldPin; -
it gpmName, *sup_var, #wob_name; int num_symsetF = 0, num_symsetG = 0;

int num_pins, num_constant = 0, count = 0, name_len; int phaseFunc;

LinkedList<char *> *new _rpnG, *new_ord_supSetG;

LinkedList<int *> *pList; // permutation list (list of integer array)
int *ordArray, ufNum, bfNum, ugNum, bgNum;

int mapped, ord_ chn-O type,

num_pins = pinList->ListSize();

for (pinList->Reset(); !pinList->End0fList () ;pinList—>Next ()){
0ldPin = pinList->Data();
pinName = oldPin->net_node;

if(stremp(pinName, "VDD")==0 || strcmp(pinName, "GND")==0){
num_constant++; fbddm = Cudd_Imit(0,0, 1, 1, 1);
continue; f = GetBdd(fbddm, rpnf-\mc supSetF) ;

num_symsetF = GetSymmSet(fbddm, f, supSetF, symmSetF, knum_f_symm);
#ifdef MATCH_BASED_ON_DEPTH
ord_chn=matchSupportSetFreorderBased0nDepth(supSetF, symmSetF,
num_f_symm, origNet);

name_len = strlen(pinName);

if (pinName {name_len-1] ==’\*?){
wob_name = (char *)calloc(name_len, sizeof(char)).
stracpy(wob_name, pinName, (name_len -1));

} else { if(ord_chn){ //if supF order has been changed(11-19-01)
wob_name = (char *)calloc((name_len+1), sizeof(char)); Cudd_RecursiveDeref (fbddm,f);
strcpy(wob_name, pinName); Cudd “Quit(f

} dm = Cudd, ‘Iigluoo 1, 1, 1);

for (supSetF->Reset () ; ! supSetF->End0fList () ; supSetF->Next ()){ f = Gsthd(fbddm TpnFuné, SupSetF);
sup_var = supSetF->Data();

if (strcmg(wob _name, sup_var)==0){

coun’ #endif

(void)matchGetNumUBinateVars (rpnFunc, supSetF, tufNum, &bfNum);

/*delete [] wob_name;*/

free(wob_name) ; #ifdef MATCH_FUNC_DEBUG

PrintCharList{rpnFunc);

}
if(count == (num_pins-num_constant)){ PrintCharList(supSetF);

return (1);
} else
return (0);

cout<<"num_unate = "<<ufNum<<" num_binate = "<<bfNum<<"\n";
PrintSymmSet (symnSetF, num_f_symm);
Cudd_PrintDebug(fbddm, £, 1, 5);

#endif
}
// This routine checks if curCell is already mapped for the targetNode,
// if so, do not generate BDD for matching
int matchCheckIfCurCellMapped(Node *curNode, LinkedList<char *> *supSetF,
LibCell *curCell)

int maxNum = (int)pow((double)2, (double)num_supG);

for{int n = 0; n < maxNum ; n++){
num_g_symm = 0;

{ 26~
LinkedList<Match *> *matchList; 4;”1,5 % 8? */
[élix:rkegé;ﬁ a;:l:la}:m;:c* g:zl.’ianst, mapped = matchCheckIfCurCellMapped(targetNode, supSetF, curCell);

CellType cellT
Match *prevMatc
int numFVar, mapped = 0, equal_cell;

if (mapped) break;
/% 12-26-00 */
LinkedList<char #> *symmSetG = new LinkedList<char *> [5];

LinkedList<char *> *sgmmSet
symmSetGA = &*symmSet!

cellType = curCell->GetCellType();

cel%vl“;ame - cuéCe%‘l-igetg?meg;
numFVar = supSetF->ListSize();
if(cellType I:. STATIC){ phaseFunc = n & Oxff; // cannot be processed #elements > 8 in supSetG

matchList = curNode->CetSMatchList(); new_rpnG = matchModifyVarPhase(rpnG, supSetG, phaseFunc);
} else { (void)matchGetNumUBinateVars(new_rpnG, supSetG, fugNum, &bgNum);
matchList = curNode->GetPMatchList();
if (ugNum==ufNum && bgNum==bfNum){
gbddm = Cudd_Init(0,0, 1, t, 1); //->
g = GetBdd(gbddm, new_rpnG, supSetG);

if (matchlist->ListSize()==0) return (0);
for (matchList->Reset() ; !matchList->End0fList () ;matchList->Next ()){
prevMatch = matchList->Data();
matchName = prevMatch->cell_ name,
prevPinlist = prevMatch~>pinmap;
equal_cell = 1}

num_symsetG = GetSymmSet(gbddm, g, supSetG, symmSetG, imum_g_symm);
#ifdef MATCH_FUNC_DEBUG

1f(cellType==STATIC){ PrintCharList (new_rpnG);
equal_cell = strcmp(matchName, cellName); PrintCharList (supSetG) ;
} else { cout<<"num_unate = "<<ugNum<<" num_binate = "<<bgNum<<"\n";

equal_cell = strncmp(matchName, cellName, 6); PrintSymnSet (symmSetG, num_g_symm);

} .
if(lequal_cell){ Cudd _PrintDebug(gbddm, g, i, 5);
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i 3
#endif for (i=num_f_symm-1;1>=0;i--){
Cudd_RecursiveDeref (ghddm,g); symmList = gsymmSetF[il;
Cudd_Quit(gbddm) ; for (synmList->Reset(); !synmList->End0fList () ; symmList->Next()){

symm_var = symmList->Data();

it (num_f_symm == num_g_symm){ supSetF->InsertRear (symm_var) ;

// Permute Symmetry set (Re-Ordering) and re-generate Bdd 3

plist = matchGetPermutationList(num_g_symm); }

// for each permutation of rpnG y

for(pList~>Reset(); {pList->End0fList () ;pList->Next ()){ // PTL match . .
/% 12-26-00 */ // Perform match with library
mapped = 0; int matchDoPtlMatch(LinkedList<char *> *rpnFunc,
mapped = matchCheckIfCurCellMapped(targetNode, supSetF, i-lgkgg{_;lstschar *> *supSetF,
N curCell); LinkedList<char *> *rpnG,
if (mapped) continue; LinkedList<char *> *supSetG,
/% 12-26-00 */ int num_supG

LinkedLIst<char > *strapT,

ordArray = plList->Data(); LibCell *curCell,
new_ord_supSetG = matchGetNewOrder(0fSupSetG(symnSetG, Node *targetNode,

DdNode *f, DdNode *g,

ordArray, nun_g_sym); Graph *origNet, Graph *funcGraph = NULL)

gbddm = Cudd_Init(0,0, 1, 1, 1);

g = GetBdd(gbddm, new_rpnG, new_ord_supSetG); { int num_f_syom, nun_g_syom;
1f ((Cudd_DagSize (£)==Cudd_DagSize(g)) && int match = 0;
(Cudd_IsComplement (f) && Cudd_IsComplement(g)!| DdManager *fbddm, *gbddm;
{Cudd_IsComplement (f) &%& !Cudd_IsComplement(g))}){ LinkedList<char > SetF v LinkedList<char #> [10]
- R inkedList<char symmSe new LinkedList<char :
match = BddEqCheck(f,g); LinkedList<char *> *symmSetFA

symmSetFA = &*symmget ¢ -0
t symsetF = symsetG =
if (match){ //Static int num_sym num_sym
int phaseFunc
(void)matchAssignPins (rpnFunc, supSeltnliL new_rpnG, L1nkgdL1st<char *> knew_rpnG, *new_ord_supSetG;

new_ord_supSetG,
LinkedList<int *) *pList; // permutation list (list of integer array)
curCell, targetNode, char wcurCeliName: T P 3 Y.

#i5det MATCH_DEEUG NULL, O, NULL, O, origNet, funcGraph); int *ordAé‘ray, quum, beum, ugNum bgNum;
e | t =0, t
cout<<"\n..... "<< targetNode->GetName()<<" ...... \n"; int mapped, ord_chn=0, tmp_int
type = targetNode->GetNodeFunc();
cout<<"\n. .NodeFunc= "; fbddm = Cudd_Init(0,0, 1, 1, 1);
(void)origNet->Print_Node Func(type) f = GetBdd(fbddm, rpnfunc, supSetF);
num_symsetF = GetSymmSet(fbddm, f, supSetF, symmSetF, &num_f_symm);
cout<<"\n\n";
PrlntCharList(rpnI-\mc) #ifdef MATCH_BASED_ON_DEPTH
PrintCharList (supSetF); ord_chn = matchSupportSetFreorderBasedOnDepth(supSetF, symmSetF,
PrintSymmSet (symmSetF, num_f_symm); £ Cord_cnm) € pum_f_symm, origNet);
. if(ord_c
Cudd_PrintDebug(fbddm, f, 1, 5); %dd gﬁguigaeberef(fbddm s
Pr:lthharL?st(new_rpnG); ) badn = Cudd.Init(0,0 1;
PrintCharList (new_ord_supSetG); f = GetBdd(fbddm, rpnf"unc, SupSStF) ;
PrintSymmSet (symmSetG, num_g_symm); }
cout<<curCell->GetName () ;
Cudd_PrintDebug(gbddm, g, 1, 5); #ondif
#endif {void)matchGetNunUBinateVars(rpnFunc, supSetF, &ufNum, &bfNum);
(void) MemFreeForSymmSet (symmSetG, num_g. symm);
delete [] symmSetGA; #ifdef MATCH_FUNC_DEBUG
delete new_rpnG; PrintCharList {rpuFunc);
(void) MemFreeForSymmSet (symmSetF, num_f_symm); PrintCharList (supSetF);
delete [l symmSetFA; cout<<'num_unate = “"<<ufNum<<" num_binate = "<<bfNum<<"\n";
PrintSymmSet (symnSetF, num_f_symm);
Cudd_RecursiveDeref (fbddm, f) ; Cudd_PrintDebug(fbddm, £, 1, 5);
Cudd_Quit(fbddm) ; #endif
Cudd_RecursiveDeref (gbddm, g) ; curCellName = curCell->GetName();
Cudd_Quit (gbddm) ; int maxNum = (int)pow((double)2, (double)num_supG);
(void)matchDeleteCharLinkedList (new_ord_supSetG, 1); if (num_f_symm <= 7 &k ! (bfNum==1 &k !strncmp(curCellName, "ptl_y3",6))){
delete pList; for(int n = 0; n < maxNum ; n++)}{
N return (1); num_g_symm = 0;
delete (] ordArray; mapped = 0;
(void)matchDeleteCharLinkedList (new_ord_supSetG, 1); mapped = matchCheckIfCurCellMapped(targetNode, supSetF, curCell);
Cudd_RecursiveDeref (gbddm,g); if (mapped) break;;

Cudd_Quit(gbddm); //--> LinkedList<char *> *symmSQtG = new LinkedList<char *> [10];

} LinkedList<char %> *syomSetG
delete pList; symmSetGA = &*symmSetXmm
%void) MenmFreeForSymnSet (symmSetG, num_g._symm) ; phaseFunc = n & Oxff; // cannot be processed #elements > 8 in supSetG
dolete [] symmSetGA; new.rpnG = matchModifyVarPhase(rpnG, supSetG, phaseFunc);
(void)matchDeleteCharLinkedList (new_rpnG, 1); {void)matchGetNumUBinateVars(new_rpnG, supSetG, &ugNum, &bgNum);
zlse { if (ugNum==utNum && bgNum==bfNum){
(void) MemFreeForSymmSet(symmSetG, num_g_symm); gbddm = Cudd_Init(0,0, &, 1, 1); //->
delete {] symmSetGA; g = GetBdd(gbddm, new_rpnG, supSetG);
N (void)matchDeleteCharLinkedList (new_rpnG, 1); num_symsetG = GetSymmSet(gbddm, g, supSetG, symmSetG, ¥num_g_symm);
3} Cudd_RecursiveDeref (gbddm,g);

#ifdef MATCH_FUNC_DEBUG

{void) MemFreeForSymmSet (symmSetF, num_f_symm); PrintCharList (new_rpnG) ;

delete [1 symmSetFA;

PrintCharList (supSetG);
gggg gﬁ\:x(-sixgxbnsref (fbddm, £} ; cout«"num_unacep- “<<ugNum<<" pum_binate = "<<bgNum<<"\n";
PrintSymmSet (symmSetG, num_g_symm);
return match; Cudd_PrintDebug(gbddm, g, 1, 5);
¥ cout<<"Regular.................. \n";
void matchChangeSupportSetOrder{LinkedList<char *> *supSetF, Cudd_PrintDebug{gbddm, Cudd_Regular{(g), 1, 5);
LinkedList<char *> *symmSetF, int num_f_symm) #endif
{ Cudd_Quit (gbddm) ;
LinkedList<char *> *symmList;

char *symm_var; 1f ((oum_f_symm == num_g_symm)){

int i, list8ize; // Permute Symmetry set (Re-Ordering) and re-genmerate Bdd
. pList = matchGetPermutationList(num_g_symm);

listSize = supSetF->ListSize();
supSetF->Reset(); // for each permutation of rpnG
for(i=0;i<listSize;i++){ for (pList~>Reset(); !pList->End0fList () ;pList->Next()){
(void) supSetF- 3DeleteCurrent(); /% 12-26-0 */
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mapped = 0;

mapped = matchCheckIfCurCellMapped(targetNode, supSetF,
curCell);

if (mapped) break;

/% 12-26-0 */

match = 0;

ordArray = pList->Data();

new_ord_supSetG = matchGetNewOrderOfSupSetG(symmSetG,

ordArray, num_g_symm);

ghddm = Cudd_Init(0,0, 1, 1, 1); //~->/% */
g = GetBad(gbddm, new_rpnG, new_ord_supSetG);

if (Cudd_DagSize(f)==Cudd_DagSize(g) &&
(Cudd_IsComplement(f) && Cudd_IsComplement(g) ||
!Cudd_IsComplement(f) && !Cudd_IsComplement(g))){
match = BAdEqCheck(f,g);

if (match){ // Ptl
(vmd)matchAssigans(rpnFunc, sugSetF new. rpnG
_supdetG, strapT,
curCell targetNode
Symm! etF num_f_symm,
symmSetG, num_g_symm, origNet);
#ifdef MATCH_DEBUG
cout<<™\n.... "<< targetNode->GetName()<<" ..... \n";
cout<<"\n\n";
PrintCharList (rpnFunc);
PrintCharList (supSetF);
cout<<"num_unate = "<<ufNum<<" num_binate = "
<<bfNum<<"\n";
PrintSymmSet (symmSetF, num_f_symm);
cout << "#symm_setF = "<< num_symsetF<<"\n";

Cudd_PrintDebug(fbddm, £, 1, 5);

cout<<"Cell = "<<curCellName<<"\n";

PrintCharList(new_rpnG);

PrintCharList(new_ord_supSetG);

cout<<"num_unate = "<<ughum<<" num_binate = "
<<bgNum<<"\n";

PrintSymmSet (symmSetG, num_g_symm);

cout << "#symm_setG = "<< pum_symsetG<<"\n";

cout<<curCell->GetName() ;

Cudd_PrintDebug(gbddm, g, 1 5);

#endif
(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);

glelete (1 ordArray;

(void)matchDeleteCharLinkedList (new_ord_supSetG, 1);
Cudd_RecursiveDeref (gbddm,g) ;

Cudd_Quit(gbddm); //->

%mp_int = pList->ListSize();

for(int k=0; k<tmp_int; k++){
plList->Reset(};
delete pList->DeleteCurrentElem();

3
delete pList;

%void) MenFreeForSymmSet (symmSetG, num_g_symm);
delete [] symmSetGA;
(void)matchDeleteCharLinkedL.ist (new_rpnG, 1);

} //1f (ugNum==ufNum &% bgNum==bfNum)

else
(ioid) MemFreeForSymmSet (symmSetG, num_g_symm);
delete {1 symmSetGA;
(void)matchDeleteCharLinkedList (new_rpnG, 1);

}
Y/ if

(void) MemFreeForSymmSet (symmSetF, num_f_symm);
delete [] symmSetFA;

Cudd_RecursiveDeref (fbddm,f);
Cudd_Quit(fbddm) ;

return match;

}

// In Cell library, unate variable appears only once in function{(rpnGc)

LinkedList<char *> *matchGetUnateVars{LinkedList<char *> *rpnGc,
LinkedList<char *> *supSetG,

int num_unateG)
LinkedList<char *> sunateVar = new LinkedList<char *>;

char *su Var, *rpnVar;
int matc

num_unateG

for{su SetG-SReset () ; ! supSetG->End0fList () ; supSetG->Next ()){
match =
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supVar = supSetG->Data();

for{xrpnGe->Reset () ; rpnGc->End0fList () ; rpnGe->Next () {
rpnVar = rpnGe->Data();
if (strcmg( supVar, rpnVar)==0){

if (match==1){ // Unate variable
unateVar->InsertRear(supVar);
num_unateG++;

return unateVar;

¥

LinkedList<char *> *matchStrapan(thell *curCell char *pl, char *vi,

char *p3=NULL, char *v3=NULL,
char *p4=NULL, char *v4=NULL,
char *pS=NULL, char *v5=NULL)

LinkedList<char *> *tmpRpn
LinkedList<char *> *rpnGc = new LinkedList<char *>;
char *tmp_char;

tmpRpn = curCell->GetFunc();
// copy cell rpn to rpnGc, if a var is strapped insert strap info.
for (tmpRpn->Reset () ; ! tmpRpn—>End0fList () ; tmpRpn->Next ()){

¥

tmp_char = tmpRpn->Data();

if (stremp(tmp_char,p1)==0){
rpnGe->InsertRear(vl);

else if (strcmp(tmp_char, p2)==0){
rpnGe->InsertRear(v2);

else if (p3!=NULL && strcmp(tmp_char, p3)==0){
rpnGe->InsertRear(v3);

else if (p4!=NULL & strcmp(tmp_char, pd)==0){
rpnGe->InsertRear (v4);

else if (p5!=NULL &% strcmp(tmp_char, pd)==0){
rpnGe->InsertRear (v5) ;

else {
rpnGe->InsertRear (tmp_char);

B e

return rpnGc;

// strapT = matchGetStrapInfo("b", "GND", "", "");

LinkedLi

ar *p3=NULL, char *v3=NULL,
char *p4=NULL, char *v4=NULL,
char *p5=NULL, char #v5=NULL)

LinkedList<char *> *strapT = new LinkedList<char *>;
if (stremp(pl,"") !=0 && strcmp(vl,"")!1=0){

strapT->InsertRear(pil);
strapT->InsertRear(v1);

}
if(stremp(p2,"™) 1=0 && strcmp(v2,"")!1=0){

strapT->InsertRear (p2);
strapT->InsertRear(v2);

}
if(p3!=NULL){

1£(v31=NULL){
strapT->InsertRear (p3) ;
strapT->InsertRear (v3);

} olse {
cout<<"In matchGetStrapInfo() of "<<__FILE__<<",\n";
cout<<"p3 is not NULL, but v3 is NULL. Program dies.\n";
oxit(0);

%f {pa!=NULL}{

}

if(v4!=NULL){
strapT->InsertRear (p4);
strapT->InsertRear(v4);

} else {
cout<<"In matchGetStrapInfo() of "<<__FILE__<<",\n";
cout<<"p4 is not NULL, but v4 is NULL. Program dies.\n";
exit(0);

if (pS1=NULL) {

}

if(v5!=NULL){
strapT->InsertRear (p5);
strapT->InsertRear (v5) ;

} else {
cout<<"In matchGetStrapinfo() of "<<__FILE__<<",\n";

cout<<"p4 is not NULL, but v4 is NULL. Program dies.\n";
exit(0);

return strapT;

¥

// Returns #of straped pins, modify rpnG an dinsert it to pointer to array

int matchGetPtlStrap[-\mc(LibCell *curCell

LinkedList<LinkedList<char *> *> *strapRpnG,
LinkedList<LinkedList<char *> *> *strapTable)

Gra nﬁh *cellGraph;;

edList<char *> *rpnGc, *supSetG, *unateVar, *strapT;

char *cell _name;
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int num_supG, num_unateG;

(void;matchDeleteCharLinkedList EunateVar . 1)
int index = 0, num_ strapFunc = 0;

(void)matchDeleteCharLinkedList (supSetG, 1);
return num_strapFunc;

cellGraph = curCell->GetCellGraph(); }else if(!strcmp(cell_name,"ptl_y3")){
cell_name =curCell->GetName(); //- y3 match test with 3 variables
rpnGe = matchCopyRpn(curCell->GetFunc()); rpnGc = matchStrapRpn(curCell, “"d", "GND", "e", "b",

strapRpnG->InsertRear (rpnGe); // unmmodified function . “f", "VDD", "g", "c");
strapT = matchGetStrapInfo("0", "0", "0", "0");//dummy to align list index strapRpnG->InsertRear (rpnGe) ;
strapTable->InsertRear(strapT); strapT = matchGetStrapInfo("d", "GND", "e", "b",

index++; ' ngn. nyppr, vgt. Memy;
strapTable->InsertRear (strapT); num_strapFunc++;

supSetG = GetSupportVarSet(cellGraph, rpnGc, num_supG); Tap n (strapl) Taplunce;

unateVar = matchGetUnateVars(rpnGe, supSetG, num_unateG); rpnGec = matchStrapRpn(curCell, "d", "GND", "e", "e");
. . strapRpnG->InsertRear (rpnGc);
// Strap is done only for unate variables. strapT = matchGetStrapInfo("d", "GND", ", "n);

if (unateVar->ListSize()==0 && !(strcmp(cell _name, "ptl_y3x")==0)){

strapTable->InsertRear (strapT); num_strapFunc++;
(void)matchDeleteCharLinkedList (unateVar, 1);

(void)matchDeleteCharLinkedList (supSetG, 1); rpnGe = matchStrapRpn(curCell, "&", "VDD", "e", "e");
} lreturn num_strapFunc; strapRpnG->InsertRear (rpnGc) ;
= ngn  wyppv. Mt wny.
$% (stremp(cell_name, "ptl_yl" strapT = matchGetStrapInfo("d", "VDD", . );
(xpnGcPi matghstrapngn(szr&)!ﬁ. U, YGNDY, "G®, "c); strap'rable—>1usertnear(strap’l‘); num_strapFunc++;
strapRpnG->InsertRear (rpnGc); /¢
strapT = matchGetStrapInfo("b", "GND", "", ""); rpnGc = matchStrapRpn(curCell, "c", "GND", "f", "GND");
strapTable->InsertRear (strapT); num_strapFunc++; strapRpnG->InsertRear (rpnGc) ;

strapT = matchGetStrapInfo("c™, "GND", "f", "GND");

rpnGc = matchStrapRpn(curCell, "b", "VDD", "c", "c"); strapTable->InsertRear {strapT); num_strapFunc++;

strapRpnG->InsertRear (rpnGc) ;
strapT = matchGetStrapInfo("b", "VDD", "", ""); rpnGc = matchStrapRpn(curCell, "c, "GND", "f", "VDD");
strapTable->InsertRear(strapT); num_strapFunc++; strapRpnG->InsertRear (rpnGe);

d)matchDeleteCharLinkedList (unateVar, 1); strapT = matchGetStrapInfo("c", "GND", "f", "VDD");
void)matchDeleteChar edList (unate - . K
EvoidgmatchDelateCharL1nkedL1st(supSetG 1); strapTable->InsertRear (strapT); num_strapFunc++;

return num_strapFunc; rpnGc = matchStrapan(curCell, weM, “YDD", "f", "GND");
strapRpnG->InsertRear (rpnGc);

strapT = matchGetStrapInfo("c", "VDD", "f", "GND");
strapTable->InsertRear (strapT); num_strapFunc++;

zlse if(!strcmp(cell_name, "ptl_y2")){
rpnGc = matchStrapRpn(curCell, "¢“, "GND", “"d", "a");
strapRpnG->InsertRear (rpnGe);
strapT = matchGetStrapInfo("c", "GND", "", ""); rpnGe = matchStrapRpn(curCell, "c¢", "VDD", "f", "VDD");
strapTable->InsertRear(strapT); num_strapFunc++; strapRpnG->InsertRear (rpnGe) ;
- wen o Woowan wamy . strapT = matchGetStrapInfo("c", "VDD", "f", "VDD");
g:g;}lpn:;iﬁg::g?a’:E:«:ﬁgg}’ ety VDD, Tt tdm; strapTable->InsertRear (strapT); num_strapFunc++;

strapT = matchGetStrapInfo("c", "VDD", ", ""); (void)matchDeleteCharLinkedList (unateVar, 1);

strapTable->InsertRear (strapT); num_strapFunc++; (void)matchDeleteCharLinkedList (supSetG, 1);

rpnGe = matchStrapRpn{curCell, "e", "GND", "c", "c"); return num_strapFunc;

strapRpnG->InsertRear(rpnGe); (vo d)matchDeleteCharLinkedList (unateV: v

strapT = matchGetStrapInfo("e”, "GND", ", .y id)m: etal inkedLi unateVar, ';

strapTable->InsertRear (strapT); num_strapFunc++; ﬁzgﬁf%miﬁﬁhgﬁﬁ;&fﬂfhnk“““ (supSetG, 1) '

rpnGc = matchStrapRpn(curCell, "e", "VDD", "c", "c"); 3} 3

strapRpnG->InsertRear(rpnGc);

strapT = matchGetStrapInfo("e", "VDD", "", ""); // Do Boolean match at targetNode with library cells

strapTable->InsertRear (strapT); num_strapFunc++; void matchDoBooleanMatch(Graph *orENet, Graph tsGraYh Node *targatl‘lode,
inkedList<LibCell *> *cellLib,

rpnc = matchStrapRpn(curCell, “c", "GND", "e", "GND"); DdNode *f, DdNode *g, int fDepth)

strapRpnG->InsertRear (rpnGc); { .

strapT = matchGetStrapInfo("c", "GND", "e", "GND"); int nliterals, num_sup, num_supG;

strapTable->InsertRear(strapT); num_strapFunc++; LinkedList<Graph *> xfglist; //pure

rpnGe = matchStrapRpn(curCell, "c*, "GND", “"e", "VDD"); ﬂgﬁ:ﬁﬁ:z:zgg 3 :;'g?r;;?c; *suy SetF *rpnG, *supSetG = NULL;

strapRpnG->InsertRear (rpnGc); Gr gh *tuncGragh *cellGraph;;

strapT = matchGetStrapInfo("c", "GND", "e", "VDD"); LibCell »curC

strapTable->InsertRear (strapT); num_strapFunc++; char *cur_cell.name;

int num_strG;

rpnGc = matchStrapRpn(curCell, "c", "VDD", "e", "GND"); int match§ = 0, matchP = 0;

strapRpnG->InsertRear (rpnGc) ; int mapgsd dummy = -1;

strapT = matchGetStrapInfo("c", "VDD", “e", "GND"); int n, 1listSize;

strapTable->InsertRear (strapT); num_strapFunc++;

rpnGc = matchStrapRpn(curCell, "c”, "VDD*, “e", “VDD"); // get possible functions at targetNode (all possible functions in Graph)

strapRpnG->InsertRear (rpnGe) ; fglList = GetSetQfFuncGraphs(sGraph, targetNode, fDepth);

strapT = matchGetStrapInfo("c", “VDD", "e", "VDD"); // for each function 1)get rpn 2)Graph Generate BDD

strapTable->InsertRear(strapT); num_strapFunc++; tor(fglist->Reset() ;! fgList->End0fList () ;fgList->Next ()){
(vo:Ld;matchDeleteCharLinkedList éunateVar 1; (fi\mcGraph = fglist->Data();
(void)matchDeleteCharLinkedList (supSetG, 1); ummy+-+

return num, strap 'unc,;
¥ else if(!stremp(cell_name,"ptl_y2x")){ #itdes M{EDH c = gggl}J\énctionForde(funcGraph, targetNode, nliterals);

rpnGe = matchStrapRpn(curCell, "e", "GND", “c", "c\’")}; cout«"\n FUNCTION GRAPH "<<dummy<< "sswksexxsa\n";

strapRpnG->InsertRear (rpnGc); funcGraph->PrintPiNodes();

strapT = matchGetStrapInfo("e", "GND", "", "*}; funcGraph->PrintPoNodes () ;

strapTable~>InsertRear(strapT); num_strapFunc++; funcGraph->PrintAllNodes() ;

" n "y, .

rpeGe = matchStrapRpn(curCell, "e", "VDD", "c", "c\’"); ;::;:én:?[, ;22?:(“;::\:)!\1le« e

strapRpnG->InsertRear (rpnGc); #endif P '

strapT = matchGetStrapInfo("e", "VDD", "", "");

strapTable->IngertRear (strapT); num_strapFunc++; // orgNet is original network before gerneration of subject Graph;
(vmd)matchDelete(marLinkedListEunats\lar 1); supSetF = GetSupportVarSet(orgNet, rpnFunc, num_sup);
("°1‘}3‘{‘“&"2{}},"325&;’&2‘,‘“’“1“ supSetG, 1); // For each library gate, chack if #of support vars, check unateness

N " // if same get symmetry sets of both functions.

}else if({strcmp(cell_name, "ptl_y3x")){ for(cellLib->Reset() !cel1Lib->End0fList () ; celiLib->Next ()){

rpnGec = matchStrapRpn(curCell, "e", "b", "f", "c\’"); matchS = 0; matchP = 0,

strapRpnG->InsertRear(rpnGc); ggicgéil' g:%”_-”g”ga{? 3EetNane ()

strapT = matchGetStrapInfo(®", ®*, #v,  nu); cellGraphn- cm-Ce‘ﬁ icetcﬁmﬂ;h(s

strapTable->InsertRear (strapT); num_strapFunc++; 40

wpn . wgn mewy. mapped = 0;

rpnGe = matchStrapan(curCel?., e, "bM, "M, "e"); mapped = matchCheckIfCurCellMapped(targetNode, supSetF, curCell);

strapRpnG->InsertRear (rpnGe) ; if (mapped) continue;

strapT = matchGetStrapInfo("", "v, ", @),

strapTable->InsertRear (strapT); num_strapFunct++; if(curCell->GetCellType () ==STATIC) {

/* 01-03-01 */
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mapped = 0;

mapped = matchCheckIfCurCellMapped(targetNode, supSetF,curCell);
if (mapped) continue;

/* 01-03-01 */

rpnG = curCell->GetFunc();
supSetG = GetSupportVarSet(cellGraph, rpnG, num_supG);

if(num_sup == num_supG && num_sup <= 4 && num_supG<=4){//a0i22
#ifdef MATCH_FUNC_DEBUG

cout<<"\n....... Functionm .............v... \n";
PrintCharList (rpnFunc};

PrintCharList (supSetF);

cout<<”....Cell Function .... "<<curCell->GetName{)<<"\n";
PrintCharList (rpnG);

PrintCharList (supSetG);
#endif

matchS = matchDoStaticMatch(rpnFunc, supSetF, num_sup,
rpnG, supSetG, num_supG,
curCell, targetNode,
f, g, orgNet, funcGraph);
(void)matchDeleteCharLinkedList (supSetG, 1);
#ifdef MATCH_DEBUG_SHORT
if (matchS){
cout << "STATIC MATCHED f#I1!11!!t\n";
//exit(1);

#endif
} else {
(void)matchDeleteCharLinkedList (supSetG, 1);

} else if(curCell->GetCellType ()==PTL){

/* 01-03-01 */

mapped = 0;

mapped = matchCheckIfCurCellMapped(targetNode,supSetF,curCell);
if (mapped) continue;

/% 01-03-01 */

num_strG = 0;
LinkedList<LinkedList<char *> *> *strapRpnG =

new LinkedList<LinkedList<char *> *>;
LinkedList<LinkedList<char *> %> xstrapTable =

new LinkedList<LinkedList<char *> *>;

// Get strapped function for ptl_yl, ptl_y2, ptl_y3;

num_strG = matchGetPtlStrapFunc(curCell, strapRpnG, strapTable);

for (strapRpnG->Reset () ; ! strapRpnG->End0fList () ;
strapRpnG->Next ()){
// 01-03-01
mapped = 0;
mapped = matchCheckIfCurCellMapped(targetNods, 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) && (num_sup>=2) &k (num_supG>=2) &&
(num_sup<=7) && (num_supG<=7)){
#ifdef MATCH_FUNC_DEBUG
cout<<"\n....... Function
PrintCharList (rpnFunc);

PrintCharList (supSetF);

cout<<"..Cell Function ..
PrintCharList (rpnG);

PrintCharList (supSetG);
cout<<"PTL num_spuSet matched\n";

"<<curCell->GetName ()} <<"\n";

#endif

matchP = matchDoPtlHatch(rEnnmc supSetF, num_sup,
rpnG, supéetc, num_supG,
strapT,
curCell, targetNode,
£f,g, orgNet);

(void)matchDeleteCharLinkedList (supSetG, 1);
if(matchP){

break; //exit(1);
#ifdef MATCH_DEBUG_SHORT

cout<<"\m....,.. Function
PrintCharList (rpnFunc);
PrintCharList(supSetF);
cout<<"..Cell Function ..
PrintCharList(rpnG);
PrintCharList (supSetG) ;
cout<<"PTL num_spuSet matched\n";

cout << "PTL MATCHED !f11111111\n";

“<<curCell->GetName () <<"\n";

#ondif

} else {
(void)matchDeleteCharLinkedList (supSetG, 1);

}

1istSize = strapRpnG->ListSize();

for(n = 0; =n < listSize; n ++){
strapRpnG->Reset () ;
rpnG = strapRpnG->Data(); //-
(void)matchDeleteCharLinkedList (rpnG, 1);
delete strapRpnG->DeleteCurrentElem();
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}
delete strapRpnG;

listSize = strapTable->ListSize();

for(n = 0; n < listSize; 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;

¥

listSize = fglist->ListSize();

for (n=0;n<listS8ize;n++){
fglList->Reset () ;
delete fgList->DeleteCurrentElem();

}
delete fglist;

/
* MapGragh.h
* Class definition of mapped circuit and its member funtioms

#ifndef MAPGRAPH_CLASS
#define MAPGRAPH_CLASS

<iostream.h>
<fstream.h>

#include
#include

#include
#include
#include

"MapNode .h"
"1sElem.h"
"LinkedList.h"

// Definitoin of Graph class
class MapGraph

o
private:
char * network_name;

LinkedList<MapNode *> *pilist; // Lists of all primary imputs
LinkedList<MapNode *> *polist; // Lists of all primary outputs
LinkedList<MapNode *> #allnodes; // Lists of all pi/po/gates
//int numgate, numpi, numpo, numedge;

int numgate, numpi, numpo;
int sizé, unique_id;

int visited;

double area_given;
double delay_given;
double power_given;

// Required area
// Required delay
// Required power
double area;

double delay;
double power;

int used_in_gchrom;
public:

MapGraph();

“MapGraph() ;

void SetName(char *& name);

char *GetName();
int GetSize();

// Destructor

void SetArea(double narea);
double GetArea(void);

void SetDelay{double ndelay);
double GetDelay(void);

void SetVisited(int flag);
int GetVisited(void);

void SetUsed(int flag);
int GetUsed(void);

// Node modification method

void InsertPiNode(MapNode *& node_name);
void InsertPoNode(MapNode *& node_name);
void InsertGate(MapNode *& gate_name);

LinkedList<MapNode *> * GetPiList(void);

LinkedList<MapNode *> * GetPoList(void);

LinkedList<MapNode *> * GetGateList(void);

MapNode * GetGate(char *& gate_name, NodeType &ntype, NodeFunc
int DeleteGate(char *& gate_name);

int FindNode(LinkedList<MapNode *> *L, char *& item_name);

MapNode * FindOrCreateNode(char *& node_name, int &position,
odeType ntype=UNASSIGNED,
NodeFunc nfunc=NODE_UNDEFINED);

//int numgate, numpi, numpo, numedge;
int GetNumPi(void);
void SetNuwmPi(int npi);

mfunc) ;
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int GetNumPo(void);

void SetNumPo(int npo).

int GetNumGate(void);

void SetNumGate(int ngate) B

void PrintPiNodes (vo1dg
void PrintPoNodes(void

void PrintAllNodes(void);

void Print_Node_Type(int type);
void Print_Node_Func(int type);

void PrintNodesOfList(LinkedList<MapNode *> *nodeLlist);

¥

// Constructor
MapGraph : :MapGraph ()
{

network_name = NULL;

allnodes = new L1nkedL1st<MapNode *>3
pilist = new LinkedList<MapNode *>;
polist = new LinkedList<MapNode *>;

area_given = area = 0.0;
delay_given = delay = 0.0;
power_given = power = 0.0;

size = numgate = numpi = npumpo = 0;
unique_id = 1;

visited = 0;

used_in, gchrom =0;

bH
// Destructor
MapGraph: : "MapGraph ()

olist->ClearList(});
elete polist;

glhst >CleaIL1st()
elete pili

allnodas-)ClearList() H
delete allnodes;
delete network_name ;

void MapGraph: :SetName(char *& name)

if(!name){
free (network_name) ;
network_name = strdup(name)

}
¥

char * MapGraph::GetName() { return network_ name; }
int MapGraph::GetSize() { return size; }

void MapGraph: :SetArea(double narea}{ area = narea;}
double MapGraph::GetArea(void){return area;}

void MapGraph: :SetDelay(double ndelay){delay = ndelay;}
double MapGraph::GetDelay(void){return delay;}

void MapGraph::SetVisited(int flag){visited = flag;}
int MapGraph::GetVisited(void){return visited;}

void MapGraph: :SetUsed(int new_flag){used_in_gchrom = new_flag;}
int MapGraph::GetUsed(void){return used_in_gchrom;}

LinkedList<MapNode *> * MapGraph::GetGateList(void) {return allnodes;}
LinkedList<MapNode *> * MapGraph::GetPiList(void) {return pilist;}
LinkedList<MapNede *> * MapGraph::GetPoList(void) {return polist;}

void MapGraph::InsertPiNode (MapNode *& item)
{

item->SetNodeId(size);
pilist~ >InsertRear (itém);
allnodes->InsertRear (item);
numpi++; numgate++;

size++;

¥
void MapGraph: :InsertPoNode (MapNode *& item)
{

item->SetNodeId(size);
polist->InsertRear (item);
allnodes~>InsertRear (item);
numpo++; numgate++;
sizet++;

}
void MapGraph: :InsertGate (MapNode *& gate_name)
{

gate_name->SetNodeId(size);
allnodes~>InsertRear (gate_name) ;
numgate++;
size++;
}
1/4/ ﬁstrive MapNode class by searching the node_name
lapNo *
MapGraph: :GetGate(char *& gate_name, NodeType imtype, NodeFunc &nfunc)
{

int
Map
if ((position = FindNode(allnodes, gate_name)) != -1) {
allnodes->Reset (position);

tempNode = allnodes->Data();

ntype = tempNode->GetNodeType{);

nfunc = tempNode->GetNodeFunc();

osition;
ode *tempNode;

return tempNode;
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else {
return tempNode = NULL;
b3

¥

// Delete a MapNode (pi, po, gates) searching the node name
// Returns 0 if it exist and deleted, -1 otherwose

int MapGraph::DeleteGate(char *& gate_name)

{

int position;
char *temp_name;
MapNode * empNode,
NodeType type;

if ((position = FindNode(allnodes, gate_name)) != -1) {
allnodes->Reset (position);
tempNode = allnodes->Data();
temp_name = tempNode->GetName();
type = tempNode->GetNodeType();

// Delete all edges that are connected to this MapNode
// 1. find all nodes (fanins and fanouts)
// 2. find all edges (returns position in the edgelist)
// 3. delete those edges from the list

tempNode = allnodes->DeleteCurrent();
numgate--;
delete tempNode->GetFaninList();

delete tempNode->GetFanoutList();
delete tempNode;

if (type == PRIMARY_INPUT) {
position = FindNode(pilist, temp_name);
if (position == -1) {
cout << " MapGraph::DeleteGate("<< gate_name << ")" <<endl;
cout << " MapNode is in GateLists but not in PiList !!™;
cout << endl;
exit(1);

pilist->Reset(position);

tempNode = pilist->DeleteCurrent();
numpi--;

delete tempNode->GetFaninList();
delete tempNode->GetFanoutList();
delete tempNode;

return 0;

}

else if (type == PRIMARY_OUTPUT) {
position = FindNode(polist, temp_name);
if (position == -1) {
cout << " MapGraph::DeleteNode("<< gate_name << ")" <<endl;
cout << " MapNode is in Gatelists but not in Polist !!";
cout << endl;
exit(1);

polist->Reset (position);

tempNode = polist->DeleteCurrent();
numpo--;

delete tempNode;

return 0;

}
return 0;

return ~1i;

// Find a MapNode by searching pilist, polist, gatelist.
// Returns item position , if not found return -1.
int MapGraph: :FindNode(LinkedList<MapNode *> #L, char *& item_name)

int item_position = -1;

if (L->front->Next != L->rear) {
lsElem<MapNode *> *temp_node = L->front->Next;
while(temp_node->Next i= NULL) {
item_position++;
if (strem g(temp node->data->name, item_name)==0) {
return item_position;

}
temp . node = temp_node->Next;
¥

¥

raturn -1;

// Find a node, if not exist create a noden and return it’s pointer and

// position in allnides. If it is ceated, position=-1 is returned.

MapNode * MapGraph: :FindOrCreateNode{char *& node_name, int &positionm,
NodeType ntype, NodeFunc nfunc)

{

position = -1;
if (éposition = FindNode(allnodes, node_name))
apNode *tempNode;
allnodes->Reset (position);
tempNode = allnodes->Data();
return tempNode;

t=-1) {

}
else {

*t = new Map H
tempNode-)SatName (node_name) ;
if (ntype == PRIMARY_INPUT) {
tempNode->SetNodeType(ntype) ;
tempNode->SetNodeFunc (nfunc) ;
InsertPiNode (tempNode) ;

else if (ntype == PRIMARY_QUTPUT) {
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tempNode->SetNodeType (ntypse); fanout_pos = -1
tempNode->SetNodeFunc (nfunc) ; cout << "fan

InsertPoNode (tempNode) ; wbil:}(]g::pggsﬂext '- NULL) {

else { polist->Data()->fanout->Reset (fanout_pos);
tempNode->SetNodeType (ntype) ; cout<<polist->Data()->fanout->Data()->name <<" ";
tempNode->SetNodeFunc (nfunc) ; tempF0 = tempFO->Next;
InsertGate(tempNode) ; }
} t PQ = >
return tempNode; cgﬁg (96:1 d{“‘PPO Next;
}
Y ¥
}

int MapGraph::GetNumPi(void){ return numpi;} . .
void MapGraph: :SetNumPi(int npi){numpi = npi;} // Ptint all MapNodes and it’s fanin/fanout nodes
void MapGraph::PrintAllNodes(void)
int MapGraph: :GetNumPo(void){ return numpo;} {
void MapGraph: :SetNumPo(int npo){ numpo = npo;} MapNode *aNode, *inNode, *outNode;
LmkedLlst(MapNode *> *inlist, *outList;
int MapGraph: :GetNumGate (void) {return numgate;}

. .. 5 - . cout << "Printing Al} Lists of MapGraph !!!!"<<endl;
void MapGraph: :SetNumGate(int ngate){numgate = ngate;} SO << "Neaver E: llnedcs o "<<pnum}g)ate << ondl;

// Ptint all Primary Input MapNodes and it’s fanin/fanout nodes

1 -
void MapGraph: :PrintPiNodes(void) it (‘allnodes->iskupty()) {
{

for (allnodes->Reset () ; 'allnodes->End0fList () ;allnodes->Next(}){

i = -1 aNode = allnodes—)Data ;
int position print£("%3d[%2d] (%2d) : %6s ", allnodes->position,aNode->GetGLevel(),\
int fanin_pos = -1.
int fanout_pos = -1; aNode-. >GetV1s1t() aNode-)GetName())
char *node_name; ! Print_Node_Type(allnodes->Data()->type);
NodeType node type, Print_Node_Func(allnodes->Data() >func)
NodeFunc node_func; Cout << allnodes->Data()->id << " *;
cout << "Printing Input Lists of MapGraph '!!!"<<endl; inlist = aNode->GetFaminList();
cout << "Number of mputs = "<< pumpi << endl; if ('inLlst‘;is?xpty()) {
cout <<
if (' ilist- >isEmpt¥( for(mList >Reset(); iinlist~ >End0fList () ;inList~->Next()){
sElem<MapNode * *tempPI pilist->front->Next; nNode = inList->Data();
whjlg (tempPI >Next != NULL) { cout<< 1nNode->GetName(5 <« oy
position++; "
pilist->Reset (position); Cm)ft << Mt
node_name = pilist->Data()->name; . o
node_type = pilist->Data()~>GetNodeType(); outList = aNode->GetFanoutList
node_func = pilist->Data()->GetNodeFunc(); if (loutList->isEmpty()) { //1s_polist empty
printf("%s %d %d ", node_name, node_type, node_func); cout << "famout : ";
if (!pilist->Data()->fanin->isEmpty(}) { for (outList->Reset () ; loutList- >End0fList () ;outList->Next()){
1sElem<MapNode #> *tempFI = pilist->Data()->fanin->front->Next; outNode = outList->Data();

fanin _pos = -1; cout<< outNode->GetName()<<" *;
ut << "fani
while(tempFI >Next 1= NULL) {

>
fanin_pos++; cout<<endl;

} // for loop

pilist->Data()->fanin->Reset(fanin_pos); }
cout<<pilist->Data()->fanin->Data()}->name <<" "; }
N tempFI = tempFI->Next; void MapGraph::Print_Node_Type(int type)
} swyitch (type
if (!pilist->Data()->fanout->isEmpty()) { //is_polist_empty case 0: cfmi’p<1 :EUNASSIGNED(O) ",
1sElem<MapNode *> *tempFO = pilist->Data()->fanout->front->Next; bre
fax\:gut(:{po; -0\:1;~ v //case 1: cout <¢ "PRIMARY_ INPUT(l) b
<<
while(tempFO->Next != NULL) { case 1: cou;k RY_INPUT(D)
fanout_pos++; //case 2: cout << "PRIMARY 0UTPUT(2) "5
pilist->Data()->fanout->Reset (fanout_pos); case 2: goma:k<< "Y_DUTPUT(3) *
- = "o,
%2:§§6Pi1%2§,p53“§§éi >fanout->Data() ->name << case 3: cout. < *INTERNAL(3) *;
} default: cout << "Invalid MapNode Type ("<<type<<") ";
Pl = tempPI->Next;
cou¥<<end1 P b
} void MapGraph::Print_Node_Func{int type)
}
switch (type) {
// Ptint all Primary Output MapNodes and it’s fanin/fanout nodes case 0: cout << "NODE_UNDEFINED “;
void MapGraph: :PrintPoNodes (void) case 1: E:Jog:k« “NODE_PT w.
t " break; !
int position = -1; . < .
int ganin_pos - - case 2 g?:§k§< *H0DE_PO "
int fanout_pos = H case 3: {;ou:k << "NODE_O "5
char *node_name; , oroak; .
NodeType node t;rpe, case 4: f,?‘;;kf‘ "NODE..1 "
NodeFunc node_func; case 5: gout, < "NODE.BUF  ";
cout << "Printing Qutput Lists of MapGraph !!!!"<<endl; . coedKiow .
cout << "Number %f ougputs = "< numgo <}<’ endl; case 6: f,g‘;ﬁkf‘ NODEINV "
if ('Egh“ >1smpt¥( case 7: gg\exgkg "NODE_AND b
em<MapNode™ * *tempPO = polist->front->Next; case 8: cout << "NDDE_OR ".
while (tempPO->Next != NULL) { break; B ’
position++; case 9: gout << "NODE_NAND “;

polist->Reset(position);

reak ;
node_name = polist->Data()->name; case 10: cout << "NODE_NOR ";

b .
node_type = polist->Data()~>GetNodeType(); case 11: gg‘allé,« "NODE_CPLX ";
node_func = polist->Data()->GetNodeFunc(); break; N
printf("%s %d %d ", node_name, node_type, node_func); case !2=b§g“t << "NODE.PTL1 ";
if (!polist->Data()->fanin->isEmpty(}) { case 13:b°°:f( << "NODE_PTL2 *;

1sElem<MapNode *> *tempFI = polist->Data()->fanin->front->Next; case 14: cout << "NODE_PTL3 ";

fan:m pos = -1;

fanin " "
while(tempFI Shant |= MI'ILL) { default: cout << "Invalid MapNode Function("<<type<<")";

fanin_pos++; 3}
polist->Data()->fanin->Reset(fanin_pos);
cout<<polist->Data() ->fanin->Data()->name <<" *; // Ptint all MapNodes and it’s fanin/fanout nodes
N tempFI = tempFI->Next; void MapGraph::PrintNodesOfList(LinkedList<MapNode *> *nodeList)
{
¥t (1porist->bata)->tanout->isEmpty0) { //is_polist_empty iny Pominton m 7l
1sElem<MapNode *> *tempF0 = polist->Data()->fanout->front->Next; int fanout_pos = -1
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cout << "Printing All MapNodes In a Lists !!!!"<<endl;
cout << "Size of List = "<< nodeList->ListSize() << endl;
if (!'nodeList->isEmpty
1sElem<MapNode *: *tempAll nodeList->front->Next;
while (tempAll->Next != NULL) {
positiont+;
nodeList~>Reset (position);
printf("%3d : %6s ", position, nodeList->Data()->name);
Print_Node_Type(nodeList->Data()~>type);
Print_Node_Func(nodeList->Data()->func);

cout << nodeList->Data()->id << " *;

if (!nodeList->Data()->fanin->isEmpty()) {

1sE1em<MapNods *> *tempFI = nodeList->Data()->fanin->front->Next;

fanin_pos = -
cout << "fan:
while(tempFI- >Next 1= NULL) {
fanin_pos++;
nodeList->Data()->fanin->Reset(fanin_pos);
cout<<nodeList->Data()->fanin->Data()->name <<" ";

tempFI = tempFI->Next;
}
cout << "\t";
if (!nodeList->Data()->fanout->isEmpty()) { //is_polist_empty

1sElem<MapNode *> *tempF0 = nodeList->Data()->fanout->front->Next;

fanout_pos = -1;
cout << "fan
while(tempFO >Next l= NULL) {
fanout_pos++;
nodeList->Data()->fanout->Reset (fanout_pos);
cout<<nodeList->Data()->fanout->Data()->name <<" ";
tempF(0 = tempFO->Next;
}

}
tempAll = tempAll->Next;
cout<<endl;

}
#endif

/
* MapGrag
* Class definition of mapped circuit and its member funtions

#ifndef MAPNODE_CLASS
#define MAPNODE_CLASS
#include "LinkedList.h"
#include “"Node.h"

class MapNode

private:
char  *name; // node name
Match *mappedCell; // match for a solution of the node
NodeType type; // node type
NodeFunc func; // node function
int id; // node id
int numfanin; // Number of Inputs
LinkedList<MapNode *> xfanin; // List of fanin nodes
int numfanout // Number of fanout nodes
L1nkeclList<MapNode *> »fanout; // List of fanin nodes

double area; // A

double power; // Power for a cell (reserved)
double tDR; // Rising delay

double tDF; // Falling delay

double tTR; // Rising slope

double tTF;

int level;
int visited;
int glevel;

public:
MapNode (void) ; // Default constructor
MapNode(char *& name, NodeType type, NodeFunc func, int id);
“MapNode (void) ; // Destructor
void SetName(char * nname);
char * GetName(void);
void SetNodeType(NodéType gtype);
NodeType GetNodeType(void);
void SetNodeFunc{NodeFunc gfunc);

NodeFunc GetNodeFunc(void);
void SetNodeId(int gid);

int GetNodeld(void);

// Falling slope

void SetLevel(int level);
void SetGLevel(int Tevel);
int GetLevel(void

int GetGLevel(void5

void MarkVisit(int mark=1);
int GetVisit(void);

// properties
void SetArea(double narea);
void SetPower(double npower);

void SettDngoubla ntDF;
void SettDR(double ntDR

void SettTF(double ntTF);
void SettTR(double ntTR);

double GettDR(void);
double GettDF(voidg ;
double GettTR(void);
double GettTF(void);
double GetPower (void);

Match * GetMatch(void);
void SetMatch(Natch *& nmatch);

int GetNumFanin(void);
int GetNumFanout(void5

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 *> * GetFamoutList(void);

friend class MapGraph;
};

// Defanlt Constructor

MapNode : : MapNode ()

{
name = new char[63];
fanin = new L1nkedList<MapNode *>;
fanout = new LinkedList<MapNode *>

mappedCell = NULL;
unfanin = 0;
numfanout = 0;

area = power = 0.0;
tDR = tDF = tTR = £TF = 0.0;

visited =
level = -
glevel = -1;

}

// Constructor
MapNode: :MapNode (char *& gname, NodeType gtype, NodeFunc gfunc, int gid)

name = new char[63];
name = gname;

type = gtype;

func = gfunc;

id = gid;

fanin = new LinkedList<MapNode *>;
fanout = new LinkedList<MapNode *>;

numfanin = 0;
numfanout = 0;

area = power = 0.0;
tDR-tF-tTR-tTF-OO

visited =
level = -1;

}

// Default destructor
MapNode: : "MapNode(void) { };

// Set node name
void MapNode::SetName(char * nname) { strcpy(name, nname); }

// Get node name
char * MapNode: :GetName(void) { return name; }
// Set node type
void MapNode::SetNodeType(NodeType gtype) { type = gtype; }
// Get node type
NodeType MapNode::GetNodeType(void) { return type; }
// Set node func
p 1S unc (N

// Get node func
NodeFunc MapNode: :GetNodeFunc(void) { return func; }

gfunc) { func = gfunc; }

// set node id (number)

void MapNode::SetNodeId(int gid) { id = gid; }
// get node id

int MapNode::GetNodeId(void) { return id; }

// set node id (number)
void MapNode::SetLevel{int nlevel) { level = nlevel; }

// get node id
int MapNode::GetLevel(void) { return level; }

// set global level (same as the glevel in origNet)
void MapNode::SetGLevel({int nlevel) { glevel = mnlevel; }
// return global level

int MapNode::GetGLevel{void) { return glevel; }

void MapNode::MarkVisit(int mark) {visited = mark;}
int MapNode::GetVisit(void) {return visited;}

void MapNode::SetArea(double narea) { if (narea >= 0){ area = narea; } }

void MapNode: :SetPower(double npower) { if (mpower >= 0){ power = npower; } }

void MapNode: :SettDF(double ntDF)

if(ntDF >= 0){tDF = ntDF;}
void MapNode::SettDR(double ntDR)

if(ntDR >= 0){tDR = ntDR;}

double GetArea(void);
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void MapNode:

:SettTR(double ntTR) { if(ntTR >= 0){tTR = ntTR;}}
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void MapNode::SettTF(double ntTF) { if(atTF >= 0){tTF = ntTF;}}

double MapNode
double MapNode:

for (pMap->Reset () ; ! pMap->End0fList () ;pMap->Next ()){
curPin = pMap->Data();
cout<<curPin->cell_pin<<"("<<curPin->net_node<<") ";

:GetArea(void) { return area; }

:GetPower (void) { return power; } }
double MapNode::GettDF(void) { return tDF; } cout <<"\n";
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 *& nmatch){ mappedCell = nmatch;}

// Print pin map of a node with library cells
void gaPrintPinMapWithCells(MapGraph *subChromosome)

LinkedList<MapNode *> *subGList, *folList;
MapNode *curNode, *foNode; Match *curMatch;
NodeFunc curnode_func;
int MapNode::GetNumFanin(void) { return numfanin; } bOLA bCh GetGatelist();
.. s sul st = subChromosome->GetGateList
int MapNode: :GetNunFanout (void) { return sunfanout; } for (subGList->Reset () ; ! subGList->End0fList () ; subGList->Next ()) {
curNode = subGList->Data();
curnode_func = curNode->GetNodeFunc();
if(curnode_func ! =NODE_PQ &% curnode_ func!=NODE_PI){

void MapNode::SetNumFanin(int nfanin) { numfanin = nfanin; }
void MapNode: :SetNumFanout (int nfanout) { numfanout = nfanout; }

void MapNode:: InsertFanin(MapNode *& gate)

fan1n->InsertRear (gate);
numfanin++

void MapNode::DeleteFanin(MapNode *& gate)

char *gate_name, *in_name;
MapNode *inNode;

gate_name = gate->GetName();

for (fanin->Reset () ; ! fanin- >Eud0fList();fanin—>Next()){
inNode = fanin->Data
n_name = inNode->GetName();
it{strcop(in_name, gate_name)==0) break;

4
fanin->DeleteCurrent();
numfanin--;
}
void MapNode::InsertFanout(MapNode *& gate)

fanout->InsertRear(gate);
numfanout++;

// Get fanin list of a node
LinkedList<MapNode *> x MapNode :GetFaninlist(void)
{

foList = curNode->GetFanoutList();
if (foList->ListSize() > 0)
for _each(foList){
foNode = folist->Data();
//cout<<” "<<foNode->GetNamsE);
cout<<": ("<<foNode->GetName()<<") ";

} else {
Coutech: ( Me<h) M

cout<<" "<<curNode->GetName () ;
curMatch = curNode- >GetMatch($
(void) gaPrintPinMap(curMatch);

void gasPrintGlobalChromosome(LinkedList<MapGraph *> *gChromosome, int wNode=0)

MapGraph *subChrom;
int index = -1;

for (gChromosome >Reset () ; ! gChromosome->End0fList () ; gChromosome->Next (3) {

subChrom = gChromosome->Data();

cout<<"\n -~ SubChromosome # ["<<index
<<"] (u = "<<subChrom->GetUsed () <<")\n";
1f (wNode==1){
subChrom->PrintPiNodes();
subChrom->PrintAllNodes ¢;

return fanin;; cout<<"\n!
// Get famout list of a mode %void)§an1ntPinMapHitthlls(subChrom);
LinkedList<MapNode *> * MapNode: :GetFanoutList(void) cout<<"\n";

LinkedList<MapNode *> *tempList; }

templist = fanout; 7 TR Evaluation -———-—-——-—=—==o

return templist;

}
#endif // MAPNODE_CLASS

* Delay_cal _new.cc
* Delay and Cost (Area) calculation

#include <fstream.h>
#include <stdlib.h>
#include <cty¥e.h>
#include <string.h>
#include <stdio.h>
#include <math.h>
#include <new.h>
#include <time.h>

// used for function ’isdigit’

// used for function ’isdigit’

// for seconds()
/* STL */
#include <string>

#include "util.h"
#include "Utils.h"

//-- -~ Global Chrom struct --
struct 1Chr

pub.

// used for sug-graph utility

blic

LinkedList<MapGraph *> *gChromosome;
double cp_delay;
double area;

G1Chrom() ;
3 ’GlChrom(vo:d).
// Default glCHROM comstructor
(élChram: :G1Chrom()
gChromosome = new LinkedList<MapGraph *>;
cp_delay = 0;
area = 0;
({;lchrom: :~G1Chrom ()
g(mromosome-x:laarust QO;
elete gChromosome;
};
[ ) Print Routines ------
void gaPrintPinMap(Match *aMatch)
{

LinkedList<pinMap *> *pMap;
pinMap tcurgin. P PP

cout <<" "<<aMatch->cell_name<<" ";

pMap = aMatch->pinmap;
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// Bottom to Top Traversal
// Get a set of nodes whose all fanins’s visit flags are 1.

» Queue

int gaB2TTgetStartingNodes(MapGraph *aChr
{
LinkedList<MapNode #*> -modsList, *finList;
Ma Node *curNode, *aNode
pos_node, nun_nods =0, visit = -1;

nodelist = aChromosome->GetGateList();

*> *nodeQ)

for (nodeList->Reset () ; |nodelist->End0fList () jnodeList->Next()){
©

urNode = nodeList->Data();
if (curNode->GetVisit() < 0){
finList = curNode-. >GetFaninList(),
//~-=- Debug
if (finList->ListSize()==0){
cout<< "currNode
aChromosome->PrintPiNodes §
aChromosome->PrintPoNodes
aChromosome->PrintAllNodes (5

//-=== Debug
pos_node =

name = "<<curNode->GetName()<<" famin = O\n";

for (finList->Reset () ;!finList->End0fList();finList->Next()){

aNode = finList-5Dat a();

1f((visit = aNode->Get¥isit()) > 0){
pos_node++;

}

if (finList->ListSize()==pos_node){
nodeQ->QInsert (curNode) ;
num_node++;

}

return num_node;

// read a cell and its area for a gene (mapped node), and update gene->area

void gaRetriveNodeArea(MapNode *aGene, NodeFunc nfunc,

LinkedList<LibCell *> *cellLibrary)

{
LibCell *aCell;
Match *aMatch;
char *matchName, *acellName;

aMatch = aGene->GetMatch();
matchName = aMatch->cell nam

for(cellLibrary->Reset ()] ! cellLibrary->EndeLi st();cellLibrary->Next()){

aCell = cellLibrary->Data();
acellName = aCell->GetName();

if(nfunc==NODE_PTL1 || nfunc==NODE_PTL2 ||)%func--NODE _PTL3){

if (strncup{matchName, acellName, 6)==0
aGene->SetArea(aCell->GetArea());
return;
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} else {
if (stremp (matchName, acellName)==0){
aGene->SetArea(aCell->GetArea());
return;

N }
¥

// returns Minimum cost Chromosome index and its cost
double gaEvaluateGetMinAreaCost(LinkedList<MapGraph *> *gaPop, int *index,

¢ int *numMinChrom)

MapGraph *aChromosome;
double curCost, min cost = RAND_MAX;
int count = —1;

fot(gaPog—ﬂleset() ; tgaPop—>End0fList () ;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, =
for(gaPop->Reset() {gaPop->End0fList () ; gaPop->Next )} {
aChromosome = gaPop->Data();
curCost = aChromosome->GetArea();
if ((min_cost-curCost)==0){
count++;

snumMinChrom = count;
return min_cost;

}

// returns Maximum cost Chromosome index and its cos
double gaEvaluateGetMaxAreaCost(LinkedList<MapGraph *> *gaPop, int *index,

int non_visited = 0)

MapGraph *aChromosome;
double curCost, max _cost = 0. 0;
int count = -1, visit_flag=0;

for(gaPo€—>Reset() ; tgaPop—>End0fList () ; gaPop->Next ()){

aChromosome = gaPop->Data();
curCost = aChromosome->GetArea();
visit_flag = aChromosome->GetVisited();

if (non visited==1){
f{curCost > max_cost && 'visit_flag){
*index = count;
max_cost = curCost;

}
> else {
if (curCost > max_cost){
*index = count;
max_cost = curCost;

¥

}
return max_cost;

int galsVddGnd(char *name)

if (strcmp(name,"GND")==0 |{ 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 H

if(stremp(match_cell,"ptl_y21") || !stremp(match_cell,*ptl_y22")){
strcpy (match_cell, "ptl_y2");

} else if(!strcmp(match_cell,"ptl_y2x1") || !strcmp(match_cell,"ptl_y2x2")){
strcpy(match_cell, "ptl_y2x");

Yelse if(!strcmp(match_cell,"ptl_y31") {| !strcmp(match_cell,"ptl y32")){
strcpy (match_cell, "ptl.y3");

} olse if(!strcmp(match_cell,"ptl_y3x1")||!strcmp(match_cell,"ptl_y3x2")){
strcpy{(match_cell, "ptl_y3x");

} else {

strcpy (match_cell, curMatch->cell_name);

return match_cell;

}

// Returns library cell pointer by retriving current matched cell from Lib
LibCell *gaGetMatchedLibCell(Match *curMatch, LinkedList<LibCell *> *cellLib)

char *match_cell, *curcell_name;
LibCell *curCell;

match_cell = gaGetMatchedCellName(curMatch);
for (cellLib->Reset(); tcellLib~>End0fList () ;cellLib->Next ()){
curCell = cellLib->Data();
curcell_name = curCell->GétName();
if(streap(match_cell, curcell_namé)==0){
frea(match_cell) ;
return curCell;
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cout << "In gaGetMatchedCell(), no cell named "<<curMatch->cell_name
<<" found in Cell Library\n";
cout << "Returns NULL pointer for pinList for a cell\n";

free(match_cell);
N return (NULL);

// Returns a MapNode by looking at a Graph based on given name
MapNode *gaRetri p ‘romName (MapGraph *aChrom, MapNode *curNode,
char *insig_name)

LinkedList<MapNode *> *gateList;
MapNode *inNode;
i pos=-1;

gateList = aChrom->GetGateList();
if ((pos=aChrom->FindNode(gateList, insig_name))!=-1}{
gateList->Reset (pos);

inNode = gateList->Data();
return inNode;

cout <<"In gaRetriveMapNodeFromName(), "<<insig_name

<<" does not exist in a MapGraph.\n'

<<" In "<<__FILE__<<" at lime no. "<<__LINE__<<endl

<<"NULL pointer will be returned\n";
cout €€ Mo—mmmm e "<<curNode->GetName () <<" \n";
aChrom->PrintPiNodes()
aChrom->PrintPoNodes() ;
aChrom->PrintAllNodes (5
return(NULL) ;

¥

// Sets all visit flag to -1 except PI node (to 1) of the tree
void galnitNodesVisitFlag(MapGraph *aChromosome)
{

Queue<MapNode *> Q;
LinkedList<MapNode *> *piList, *finList;
LinkedList<MapNode *> *polList, *gateList;

MapNode *bNode, *inNode;
char *bnode name *inode_name;
int count = 0;

// find output node

gateList = aChromosome->GetGateList();
piList = aChromosome->GetPiList(};
poList = aChromosome->GetPoList();

for(gatelist->Reset () ; !gateList->End0fList () ;gatelist->Next ()){
bNode = gateList->Data();
bnode_name = bNode->GetName();
1f(aChromosone->FindNode (poList, bnode_name)!=-1 &&

(bNode->GetNumFanout () > 1 || bNode->GetNodeType()==PRIMARY_OUTPUT)){

Q.QInsert (bNode) ;
bliode->MarkVisit{-1);
count++;

}
if(count > 1){
cout<<"In galnitNodesVisitFlag(), "
<<"the # of output node (MFP or P0) is more than ONE!!\n";
exit(1);

while(!q.QEmpty ()){

bNode = (.DeQueue();

finList = bNode-)GstFaninLi t();

if(finList->ListSize()==0 && Node->GetNodsI-\mc()'-NODE PD{
cout << "In gaInitNodesVlsitFlag()

<< ™#of fanin is 0 at node "<<bNode->GetName()<<".\n";

printf("In %s at line %d\n",__FILE INE__);
exit(1);

for(finList->Reset();!finList->End0fList () ;finList->Next ()){

inNode = finList->Data();

inode_name = inNode->GetName();

it (aChromosome->Find.Node(piList inode_name) !=-1){
inNode->MarkVisit(1);

} else {
inNode->MarkVisit(-1);
Q.QInsert(inNode);

} // for_loop
} // while_loop

——r =

// Returns the rise arrival time at the inputs of a node(gate)
double gaGetRiseArrivalTimeAtNode(MapNode *inNode)

double rise_delay;

return(rise_delay = inNode->GettDR());
// Returns the fall arrival time at the inputs of a node(gate)
double gaGetFallArrivalTimeAtNode(MapNode *inNode)

double fall_delay;

return(fall_delay = inNode->GettDF());
// Returns the rise transition time at the inputs of a node(gate)
double gaGetRiseTransitionTimeAtNode(MapNode *inNode)

double rise_tran_time;
return(rise_tran_time = inNode->GettTF());

// Returns the fall transition time at the inputs of a node(gate)
double gaGetFallTransitionTimeAtNode(MapNode *inNode)
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double fall tran_time;
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;

L1nkedL1st<pmMap *> smatchPinList;
inMap *foPin

inke§L1st<P1n *> *cPinlist;

Pin *cellPin;

LibCell *curCell;

char *cur_node_name, kout_si name *cell_pin_name;
double loadCap = O, pinCap
int found_a_fo_cap;

foutlList = curNode->GetFanoutList();
cur_node_name = curNode->GetName();

// 1) for each fanout mnode of the current node

for (foutList->Reset () ; !foutList->EndOfList Q) ;foutList->Next()){
found_a_fo_cap =
foNode = foutList- >Da a()
if (foNode->GetNodeType () 1 ZPRIMARY. _OUTPUT) {

// 2)Fipd current node_name in the pinList of the curr fanout match
foMatch = foNode->GetMatch();
matchPinList = foMatch->pinmap;
//for_each(matchPinList){
for(matchPinList->Reset () ; !matchPinList->End0fList();
matchPinList->Next()){
foPin = matchPinList->Data();
out_sig_name = foPin->net_node;
if (!galsVddGnd{out_sig_name) &&
strcmp(cur_node_name,out_sig_name)==0){

// 3) Find cell pin name which is mapped to current
1/ node_name

curCell = gaGetMatchedLibCell(foMatch, cellLibrary);
cPinList = curCell->GetPinList();
//for_each(cPinList){

for(cPinList->Reset(); !cPinList->End0fList();

cPinList~ >Next()){
cellPin = cPinlist->Data();
cell_pin_name = collPin->GétPinName();
// 4) If it is matched to foPin->cell_pin, get Cap
if (stremp (foPin->cell_pin, cell_pin_name)==0)}{
ginCap = cellPin-)GatInputCap()

ound_a_fo_cap =
break;

}

}
if(found_a_fo_cap==TRUE) break;
} //for_each pin of fanout match(curnode_name, sig _name in foMatch)

} else éf (foNgd8—>GetNodaTy'pe()==PRIMARY _OUTPUT) {
pin =

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 »> *celllLibrary)

LinkedList<pinMap #> *matPinList; // pin list of the current match
pinMap *curPin;

LinkedList<Pin *> *cellPinList; // pin 1ist of the matched cell
Pin *cellPin=NULL;

LibCell *curCell;

char *sig_nam
MapNode *inche
double cload, arr'l‘ime tbr, tDr_slop, tD, max_delay_r=0.0;

// 1) Get famout load cap
11 (curNode->GetNodeTypa () ==PRIMARY_ OUTPUT){
//cload = OUTPUT LOAD_CAP;

cload = gaGetLoadCapOtaNode(curNode, celllLibrary);

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 = patPinList->Data();
sig_name = curPin->net_node;
if(galsVddGnd(sig_name)) continue;
if((inNode = gaRetri p T (aChrom, curNode, sig_name))==NULL){
//return (-1);
return (0);

arrTime = gaGetRiseArrivalTimeAtNode(inNode);
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//3)for each matched cell pin,check if its name is the same as sig_name

for_each(cellPinList){
cellPin = cellPinList->Data();
if (strcx;]:(cuer >cell_pin,ceilPin->GetPinName())==0){

// 3-1)get matched pin delay(load independent and dep t 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

// O)reset visit flag of all nodes : 1 for inputs, -1 for others

// 1)find all 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 *> *xcellLibrary)

¢ Queue<MapNode *> % = new Quene<MapNode *>;

int nnode;

MapNode *curNode, *foNode
L1nkedList<MapNode *> *fOutLlSt,
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 this node and find max_delay at output
cu.rMatch = curNode->GetMatch()

dela; §aCalculateGeneDelay(a(:hromosome curNode, curMatch,celllibrary);
total delay = total_delay + delay;

foutList = curNode- >GetFanautList()
if(foutList->ListS8ize()!=0){
for_each(foutList){
foNode = foutList->Data();
1f(foNode->GetNodeFunc() i= NODE_P0){
Q->QInsert (foNode);

}
¥

aChromosome->SetDelay (total_delay);
delete
return total -delay;

¥

// Calculate cost(area, delay) value for a Chromosome (Tree)
void gaEvaluateChromosome(MapGr d{h *aChromosome
LinkedList<LibCell t> *cellLibrary,
double *areaCost, double *delayCost)
t LinkedList<MapNode *> *mGateList;
MapNode *aGene;

*areaCost = 0.0;

*delayCost = -1.0;

mGateList = aChromosome->GetGateList();
/* for debug

cout << "\nIn Evaluate Chromosme\n";
aChromosome->PrintPoNodes () ;
aChromosome->PrintPiNodes() ;
a(/:hromosome->?rintAllNodas (7]

*

for (mGateList->Reset () ; ImGateList->End0fList () ;mGateList->Next ()){
aGene = mGateList->Data();
//cout<<"aGene name = "< aGene->Get.Name()<<end1
it((aGene~>GetNodeType()"PRIHARY OUTPUT
ene->GetNodeFunc() I-NCIDE .P0) I
(aGene-)GetNodeType () ' =PRIMARY_OUTPUT
aGene- >GetNodaFunc() t=NODE_PI1)){
{void) gaRetriveNodeArea(aGene, aGene->GetNodeFunc(),cellLibrary);
*areaCost = *areaCost + aGene->GetArea();

aChromosome->SetArea((sareaCost)); i
*delayCost = gaEvaluateChr Delay (aChr , celllibrary);

}

double gaEvaluatePopulation(LinkedList<MapGraph *> *gaPop,
LinkedList<LibCell *> *cellLibrary)
{

MapGraph *aChromosome; // a le§al solution (tree)
cilmtxb}edarea(:ogt delayCost totalAreaCost = 0.0;
n ndex =

if(gaPop->ListSize() == 0){

return (0.0);

tor(gaPop->Reset () ; | gaPop->End0fList () ; gaPop->Next ()){

aChromosome = gaPop->Data();
index ++;

(vo EaEvaluataOuomosome(aChromosome ,cellLibrary,&areaCost,&delayCost);
#ifdef GA EVA TE_DEBUG
cout<< "Sol # ["<< index <<")
cout<< "Cost (area) = "<< a(mromosome->cstArea() <« oY
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cout<< "Cost (delay) = "<< aChromosome->GetDelay() <<"\a";
#endif

totalAreaCost = totalAreaCost + areaCost;

return totalAreaCost/(index+1); // acerage area

¥

/- --- Global chromosome delay calculation

// Set node’s visit flag if the ndodes are (PIs) in PiList of origNet,
// reset node’s visit flag.

void gasInitNodesVisitFalg(Graph *origNet, LinkedList<MapGraph *> *gChromosome)
{

else

LinkedList<Node *> %origPilist;

MapGraph *subChrom; // mapped sub-graph
LinkedList<MapNode *> *sub_chromGList; MapNode *subNode;
char *subNodeName; int pos;

origPilist = origNet->GetPiList();
tor (gChromosome->Reset () ; ! gChromosome->End0fList () ; gChromosome->Next () ) {
subChrom = gChromosome->Data();
sub_chromGList = subChrom->GetGateList();
for_each(sub_chromCList){
subNode = sub_chromGList->Data();
subNodeName = subNode->GetName();
pos = origNet->FindNode{origPilist,
if (pos!=—1}{
subNode->MarkVisit(1);
} else {
subNode->MarkVisit(-1);

subNodeName) ;

} // inmer-for-loop

}

//nstart_node = gasGetStartingNodes(gChromosome, Q);

// get bottom to top traversing starting nodes whose fanins are all visited

int gasB2TTgetStartingNodes(LinkedList<MapGraph *> *gChrom, Queue<MapNode *> *Q)
{

int nnode=0, num_posi_node;
MapGr: Eh *5UbChrom; MapNode *curNode,
LinkedList<MapNode *> *subGatelList,

for (gChrom->Reset () ; ! gChrom->End0fList () ; gChrom->Next () {
subChrom = gChrom->Data();
subGateList = subChrom->GetGateList();
for{subGateList->Reset () ; !subGateList~ ’>End0fList () ; subGateList->Next ()){
curNode = subGateList->Data();
finList = curNode- >GetFan1nLlst()
it ((curNode->CetVisit() < 1) && (finList->ListSize()>0)){
//finList = curNode->GetFaninList();
num_posi_node = Q;
for (finList->Reset () ;!finList->End0fList();finList->Next()){
finNode = finList->Data();
1f(finNode->GetVisit (y==13{
num_posi_node++;
}

if (num_ 8051 _node == finList->ListSize()){
Q >QInsért (curNode) ;

*finNode;
*ﬁnL:Lst

¥
¥

return nnode;

// Collect all nodes in a subChromosome whose all inputs are visited
int gasGetSubB2TStartingNodes (MapGraph *subChrom, Queue<MapNode *> *Q)
{

int nnode=0Q, num_posi_node
LinkedList<Ma NPNMG *> *subGateList
MapNode *curode, *finNod

subGateList = subChrom->GetGateList()
for(subGateList->Reset(); 'subGateList—>£nd0fList() subGateList->Next ()){
curNode = subGateList->Dat a()
finList = curNode->GetFaninLi
if ((curNode->GetVisit() < 1) z& (hnList >List81ze()>0)){
num_posi_node = Q;
for (finList->Reset();!finList~>End0fList();finList->Next()){
inNode = finList->Data();
if(finNode->GetVisit (O==13{
num_posi_node++;
}

if (num_ gosi _node == finList->ListSize()){
Q—>QInsert (curNode) ;

*finlList;

¥

return nnode;

//pinCap = gasFindNodeAtOutnodeAndGetCap(cur node_name, foNode);
double gasFindNodeAtOutnodeAndGetCap{char *cur_node_name, MapNode *foNode,
{ LinkedList<LibCell #*> *cellLib)

int found_fo_cap; double ginCap-O
char xfo_in_sig name, *cell_pin_name;

Match *foMatch;

LinkedL1st<§1nMap *> xfo_matchPinList;
pinMap *fo_in_Pin;

LibCell *fo_matchCell;

LinkedList<Pin *> *cPinList,
Pin *cellPin;

found_fo_cap = FALSE;
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if (foNode->GetNodeFunc () !=NODE_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 ({galsVddGnd(fo_in_sig_name) &&
strcmp(cur_node_name, fo_in_sig_name)==0){

// 3) find cell 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 = ce11Pin->GatPinName();

// 4) If cell_pin_name and fo_in_Pin name are same
// retrieve cell input cap
if(stremp(fo_in_Pin->cell_pin, cell_pin_name)==0){
glnCap = cellPin->GetInputCap();
ound_fo_cap = TRUE;

} // for_each cPinList

if (found_fo_cap == TRUE) break;
} // tor_each fo_matchPinlist
} else 1f(f0Node >GetNodeFunc()==NODE POI{
pinCap = OUTPUT_LOAD_CAP

return pinCap;

H

//foQueue = gasGetFanoutListAcrossChromosome(curNode, gChromosome) ;
// Returns a list of fanout nodes of the curNode across the sub-graph boundary
void gasGetFanoutLlstAcrossChromosomeX(MapNode *curNode,
inkedLmt(MapGraph *> *gChromosome,
Queue<MapNode *> *foQueue)

MapGraph *subChrom
MapNode *subNode, *flnNo
LinkedL1st<MapNode *> *subGateLmt *finlList;
char *cur_node_name, *fo_fin_name;
cur_node_name = curNode->GetName();
for (gChromosome->Reset () ; | gChromosome->End0fList () ; gChromosome->Next ()) {
subChrom = gChromosome->Data();
subGateList = subChrom->GetGateList();
for (subGateList->Reset () ; ! subGateList->End0fList () ; 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{strémp(cur_node_name, fo_fin_name)==0){
foQueue->QInsert (subNode) ;

}

} // inner for_loop
}// for_loop
//return foQueue;

//foQueue = gasGetFanoutListAcrossChromosome(curNode, gChromosome);
// Returns a 1list of fanout nodes of the curNode across the sub-graph boundary
void gasGetFanoutListAcrossChromosome(MapNode *curNode
L nkdeist<MapGraph *> xgChromosome,
Queue<MapNode *> *foQueue)

MapGraph *subChrom;

MapNode *subNode, *finNode
LinkedList(MapNode *> *subGataList
char *cur_node_name, *fo_fin_name
int used_sub_chrom;

*finlist;

cur_node_name = curNode->GetName();

for{gChromosome->Rasat () ; | gChromosome->End0fList () ; gChromosome->Next ()) {
subChrom = gChromosome->Data();
used_sub_chrom = subChrom->GetUsed();
if (tused_sub_chrom) continue;

subGateList = subChrom->GetGateList();
for (subGateList->Reset () ; | subfateList->End0fList () ; subGateList->Next () {
subNode = subGateLizt->Data();
1f (subNode->GetNodeType () [ =PRIMARY _INPUT) {
finList = subNode->GetFaninList();
tor (finList->Reset(); ’finList->End0fList() tinList->Next ()){
finNode = tinList->Data()
fo_fin_name = finNode->GetName();
if{strimp(cur_node_name, fo_fin_name)==0){

foQueue->QInsert (subNode) ;
}

} // inner for_leop
}// for_loop

// Returns current node’s load capacitance for global chromosome

double gasGetCurrentNodeloadCap(LinkedList<MapGraph *> *gChromosome,
MapNode *curNode, LinkedList<LibCell *> *cellLib)

{

char *curName;
LinkedLlst<MapNade *> *foutList; MapNode *foNode;
int num_fanout; //10-05-00

double loadCap = 0.0, pinCap;
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//Quene<MapNode *> *foQueue;
Queue<MapNode *> *foQueue = new (ueue<MapNode *>;

curName = curNode->GetName();
num_fanout = curNode->GetNumFanout(); //10-05
// curNode is not mfp or po

if (curNode->GetNodeType() != PRIMARY_OUTPUT && num_fanout != 0){
foutList = curNode->GetFanoutList();

// 1) for_each fanout node of the current n

for(foutList->Reset(); !foutList— >EndeList() foutList S>Next ()){
foNede = foutList->Data();
inCap = gasFindNodeAtOutnodeAndGetCap(curName foNode, celllib);
Yoadcp ap = loadCap + pinCap;

} // for_each fanout node of current node

} else if(curNode->GetNodeType()==PRIMARY_OUTPUT &&
curNode->GetNodeFunc() != NODE_PO){ // curNode = mfp
(void) gasGetFanoutListAcrossChromosome (curNode, gChromosome,foQueue);
while(!foQueue->QEmpty ()){
foNode = foQueue->DeQueune();
inCap = gasF1ndNodeAtOutnodeAndGetCap(curName foNode, cellLib);
oadCap = loadCap + pinCap;

¥

}
delete foQueue;
return loadCap;

¥

//inNode = gasRetri T (gChr , curNode, sig_name);

// Finds a curNode’s fanin node (MapNode) based on sig_name and return it

MapNode *gasRetrie romName (LinkedList<MapGraph *> *gChromosome,
MapNode #curNode, char *in_sig_name)

PP

{
MapGraph *subChrom;
LinkedlList<MapNode *> *subGateList, *foutList;
Ma Node *inNode = NULL;
pos, fout_pos;
char *cur_name;

cur_name = curNode->GetName();
for {(gChromosome->Reset () ; 'gChromosome >End0fList () ; gChromosome->Next ()} {
subChrom = gChromosome->Data();
subGateList = subChrom->GetGateList();
pos = -1; fout_pos = -1;
if({pos = subChrom->FindNode(subGatelList, in_sig name))!=-1){
subGateList->Reset (pos);
inNode = subGateList->Data();
foutlist = inNode->GetFanoutlist();
it ((fout pos=subChrom->F1ndNode(fout.Llst, cur_name)) !=-1 &&
foutList->ListSize () !=0){
break;

}

}
if (inNode==NULL){
cout <<"In gasRetrieveMappedNodeFromName(), "<<in_sig_name
<<" does not exist in a MapGraph.\n"
<<"NULL pointer will be returned\n";

b
return inNode;

¥

void gasSetDelayOfCrossChromosomeNodes(LinkedList<MaBGragh *> *gChrom,
MapNode *curNode, doubl: ouble
double tTr, double tTf,
int gch_pos = -1)

1{
MapGray Eh *subChrom,
Linked *> eList, *subNodeInList;
MapNode msubNode *subInNode;
char *cur_node_name, *subnode_name, *subInName;
NodeFunc curFunc;
NodeType curType-
if(tDr < O &k tDf < 0) return;
if EtDr >0 CurNode-)SsttDREtDrg
if (tDf > Q) curNode->SettDF(tDf
if gt'l'r >0 curNode->SettDFétTrg;
if(tTf > 0) curNode->SettDF(tTf);
curFunc = curNode-)GetNodeFunc(g
curType = curNode->GetNodeType(
curNode~>MarkVisit (1};
cur_node_name = curNode->GetName();
for{gChren->Reset() ; | gChrom->End0fList () ; gChrom->Next ()){
subChrom = gChrom->Da1:a()
subGateList = subChrom->GetGateList();
for_each(subGateList) {
subNode = subGateList->Data();
subnode_name = subNode->GetName() ;
if (curFunc == NODE_PO 1| curType == PRIMARY_OUTPUT){
if (subNode->GetNodeType () ==PRIMARY INPUT) {
//subnode_name = subNode->GetName();
1f<strcmp.(cur node_name, subnode, name)--o){
ifstbr >a 0; subNode->SettDR tDrg
i£(tDf >= 0) subNode->SettDF(tDf);
1f§tbr > 0; subNode~->SettTR tDrg;
i£(tDf >= 0) subNode->SettTF(tDf);
) subNode->MarkVisit{1);
}
}// else <E
} // for_each(subGateList)
}

// find mapped cell for this 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) + intrinsic(i) + b(i)*in_Slope(i) + c(i)*C_load )
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void gasCalculateGlobalGeneDelay(LinkedList<MapGraph *> *gChromosome,
MapNode *curNode,

LinkedList<LibCell *> *cellLibrary, int gch_pos)

{
Match *curMatch
L1nkedL15t<p1nMap *> *matchPinList; // pin list of current node’s match
pinMap *curPin; // current pin’s cell pin map to net node
LibCell *curCell;
LinkedList< Pin #> *cellPinList; // pin list of the mapped cell
Pin *cellPin=NULL;
double cLoad, arrRise, arrFall, tranRise, tranFall;
double tDr_pm tDr_. slop_pin, €Dr_itran _pin, tDr_rise;
double tDf g tDf_slop.] gln th itran_pin, tDf_fall;
double m: 1y rise, max_dly_fall
double tTr_pin, tTr_slop_pin, tTr_itran_pin, tTr_rise;
double tTf pin, tTf_slop_pin, tTf_itran_pin, tTf_fall;
double max_tran_rise, max_tran_fall;
MapNode *inNode = NULL;
char *sig_name;
// 1) Get current mode’s fanout load capacitance
cLoad = gasGetCurrentNodeLoadCap(gChromosome, curNode, cellLibrary);
curMatch = curNode->GetMatch();
matchPinList = curMatch->pinmap;
curCell = gaGetMatchedLibCell(curMatch, celllLibrary);
cellPinList = curCell->GetPinList();
// 2) for each Bins of the current match
max_dly.rise =
max_dly_fall = 0.0;
max_tran_rise = 0. ()
max_tran_fall = 0.0;
for (matchPinList->Reset () ; ImatchPinList->End0fList() jmatchPinList->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){
cout<<"In gasCalculateGlobalGeneDelay(), node "<<curNode->GetName()
<<"\’s fanin("<<sig_name<<") does not exit...... \n";
arrRise = arrFall = tranRise = tranFall =0.0;
} else {
arrRise = gaGetRiseArrivalTimeAtNode(inNode);
arrFall = gaGetFallArrivalTimeAtNode(inNode);
tranFall = gaGetRiseTransitionTimeAtNode(inNode);
tranRise = gaGetFallTramsitionTimeAtNode(inNode);
>
// 3) for each matched cell pin,
for(cellPinList->Reset () ; !cellPinList~>End0fList();cellPinList->Next()){
cellPin = cellPinList->Data();
if(strcl:{(curl’in-xell_pin, c611Pin->GetPinName() ) ==0) {
3
// 3-1) get matched c¢ell’s pin delay (intrinsic delay and load
/! dependent slop and input_tran_time
// Rise delay(1)
tDr_pin = cellPin->GetTdR();
tDr_slop.pin = cellPin->GetTdR_slop();
tDr_itran_pin = cellPin->GetTdR_itran();
tDr_rise = arrRise + tDr pin*le-n + tDr _8lop_pin*clLoadxie-15
+ tDr_itran_pin¥tranRise;
max_dly_rise = Max(max_dly_rise, tDr_rise);
//Fall delay(2)
tDf_pin = cellPin->GetTdF();
tDf_slop_pin = cellPin->GetTdF_slop();
tDf_itran_pin = cellPin->GetTdF_itran();
tDf_fall = arrFall + th ginﬂe-u + tDf _slop_pin*clLoad*ie~15
tran_pinstranFall;
max_dly_fall = Max(max_dly fall, tDf_fall);
// Rising Transition time(3)
tTr_pin = cellPin->GetTtR();
tTr_slop_pin = cellPin->GetTtR_slop();
tTr_itran_pin = cellPin->GetTtR_itran();
tTr_rise = tTr pin*le 12 + tTr_slop pin*cLoad*ie-iS
T_itran_pin¥tranRise;
max_tran_rise = Max(max_tran_rise, tTr_rise);
// Falling Transition time(4)
tTf_pin = cellPin->GetTtF();
tTf_slop_pin = cellPin->GetTtF_slop(};
tTf_itran_pin = cellPin->GetTtF_itran();
tTf_fall = tTf_pin+*le-12 + tTf_slop.] pin*cLoad*ie-ls
+ tT_itran_pinstranRise;
max_tran_fall = Max(max_tran_fall, tTf_fall);
} // for_each_pin(current node’s match)
// 4) set delay (max_dly.rise) of curNode
(void)gasSetDelayQfCrossChr (gChr , curNode, max_dly_rise,
max_dly_fall, max_tran_rise, max_tran_fall, gch_pos);
}

// Check foNode’s fanin, and insert foNode into Q if Q != NULL
int gasCheckFaninVisitAndEnQueue(MapNode *foNode, Queue<MapNode *> *Q=NULL)
{

int count, all_visited = 0;
MapNode *f1nNode
LinkedList(MapNode *> *finlList;
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finList = foNode->GetFaninList();
count =
for each(finL1st){
finNode = finList~>Data()
if (finNode- >GetV151t()==15 count++;

if(count == finList->ListSize()){
all vis)ted =1;
1£QQ !
Q—>QInsert(foNode) H

return all_visited;

¥

// Returns Primary Quput node which has max delay among PUs
MapNode *gasEvaluateFindMaxDelay(Graph *origNet,
LinkedList<MapGraph *> *gChromosome, double *max_dly)

{

LinkedList<Node *> *oPoList;

MapGraph *subChrom;

LinkedList<MapNode *> *SubChrGList;

MapNode *curNode, *cpNode=NULL;

char *cur_ncde_name;

double fDelay, rDelay, arrTime;
int pos;

oPoList = orlgNet >GetPoList ();
*max_dly =

for (gChromosome~->Reset () ; ! gChromosome->End0fList () ; gChromosome->Next ()){
subChrom = gChromosome->Data();
subChrGList = subChrom->GetGateList();
for_each(subChrGList){
curNode = subChrGList->Data();
cur_node_name = curNode->GetName();
if ({pos=origNet->FindNode (oPoList, cur_node_name))!=-1){
rbelay = curNode->GettDR();
fDelay = curNode-)GettDF();
arrTime = Max(rDelay, fDelay);
if(arrTime > *max_dly){

*max_dly = arrTime;
cpNode = curNode;
}
break;
3

return cpNode;

// Check if allnodes in gChromosome are visited, if yes return TRUE, else (0)
int gasAreAllNodesInGlobalChromosomeVisited(LinkedList<MapGraph *> *gChromosome)

MapGr dfh *subChrom;

Linke: ist<MapNode *> *gateLlst
MapNode *curNode, *tmpNode

int all_visited = 1;

*pilist;

for (gChromosome->Reset () ; ! gChromosome->End0fList () ; gChromosome->Next ()){
subChrom = gChromosome->Data();

if (! subChrom->GetUsed()) continue;
gateList = subChrom->GetGateList (};

for(gateList->Reset(); !gateList->End0fList();gateList->Next ()){
curNode = gateList->Data();

//1f(curNode->GetNodeFunc () ! =NODE_P0) {
if(curNode->GetVisit () = 1}{
711_visited = 0;
cout<<"Node "<<curNode->GetName()<<" is not visited.\n";
piList = curNode->GetFaninList();
for_each(pilist){
tmpNode = pilist->Data();
cout<<"piNode "<<tmpNode->GetName()<<" \n";

1/%/
{void) gasPrintGlobalChromosome(gChromosome, 1);
//break;

) exit(0);
/7%

}
if(all_visited==0){
break;

return all_visited;

// Clear used sub-chromosome flaged 04-23-01
void gasClearSubChromUsedFlag(LinkedList<MapGraph *> *gChrom)

MapGraph *subChrom;

for (gChrom->Reset () ; ! gChrom->End0fList () ; gChrom->Next ) {
subChrom = gChrom->Data();
subChrom->SetUsed(0) ;

}

// Set used sub-chromosome flaged 04-23-01
int gasSetSubChromUsedFlagInGChrom(LinkedList<MapGraph *> *gChrom)
{

MapGr: dfh *rsubChrom, *csubChrom;
LinkedList<MapNode *> *rsubPoList
MapNode *rsubPoNode, *csubPiNode;
char *rsubPoName, *csubeName
int index = -1, c_index = -1, used_sub_chrom = 0;
int pos;

*csubPilist;
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(void)gasClearSubChromUsedFlag(gChrom); // Celar used flag
for (gChrom->Reset () ; ! gChrom->End0fList () ; gChrom->Next ()){
index++; c mdex = -1;
rsubChrom = gChrom->Data() ;
rsubPoList = rsubChrom->GetPoList();
rsubPoNode = rsubPoList->Data(0);
rsubPoName = rsubPoNode->GetNam ()
if (rsubPoNode- >GetNodaFunc()'=N0 PO) {
for (gChrom->Reset () ; ! gChrom->End0fList () ; gChrom->Next () {
C_index++;
cSubChrom = gChrom->Data();
if(index != c_index && csubChrom->GetUsed()==0){
csubPiList = csubChrom->GetPilist();
1£( (pos-csubChrom—>F1ndNode(csubPiList , rsubPoName))!=-1){
rsubChrom->SetUsed(1);
used_sub_chrom++;
break;

}

}

} else {
rsubChron->SetUsed (1) ;
used_sub_chrom++;

gChrom->Reset(index); // get back to the orig pos
b

return used_sub_chrom;

// Calculate delay at every node (mod : 04-19-01)
double gasEvaluateGlobalChromosomeDelay(Graph *origNet, GlChrom *globalChrom,
¢ LinkedList<LibCell *> *cellLib)

Queue<MapNode *> *Q = new Queue<MapNode *>;
int nstart_no
double tDr, th tTr, tTf, delay;

MapNode *curNode, *finNode, *cfoNode;
MapNode *cpNod
L1nkedL1st<MapNode *> *finList,
Linkedhst(Ma Graph *> *gChrom,
gGra h *sub
ag=0, itr cnt =-1;

*curFoList;

int %ch_pos = -1, cfoVisit, all_visited;

NodeType cur‘l‘ype,

gChrom = globalChrom->gChromosome;
(void)gasInitNodesVisitFalg(origNet, gChrom);
(void) gasSetSubChromlUsedFlagInGChrom(gChrom);

for(gCgrom»Resat() ; ! gChrom->End0fList () ; gChrom->Next () ){
gch_pos
subChrom = gChrom~->Data();
if(!subChrom~->GetUsed()) continue;
//visited PI nodes
nstart_node = gasGetSubB2TStartingNodes(subChrom, Q);
while(!Q->QEnpty()){
curNode = Q->DeQueue();
CurType = curNode->GetNodeType();
1f (curNode->GetNodeFunc () ==NODE_PQ) {
fiplist = curNode->GetFaninList();
if(finList->ListSize()==1){
finNode = finList- >Data(0g-
if (finNode->GetVisit () ==1)
tDr = ﬁnNode->GettDR8;
tDf = finNode->GettDF();
i ¢ HB e
t = finNode->Gett'
(void) gasSetDslayUfCrossChromosomeNodes (gChrom, curNode,
s c tDr, tDf,tTr, tTf, gch_pos);
else
cout<<"In gasEvaluateGlobalChromosomeDelay(),\n";
cout<<"P0 node ("<<curNode->GetName()<<") fanin ("
itfgin}lod«a->Ge1:Name()<<" is not visited ..... \n";
ex

curNode->Markvisit();

1se
{void)gasCalculateGlobalGeneDelay (gChrom, curNode,cellLib,
gch_pos) ;

} e

}
curFoList = curNode->GetFanoutList();
if (curFolist->ListSize() >=1 && cur'l'ype == INTERNAL) {

for each(curFoList){
foNode = curFolist- >Da1:a(),
cfaVisit = cfoNode->GetVisit(};
{1 (gasCheckFaninVisitAndEnQueus (cfoNode) &k (cfoVisit<1)){

Q->QInsert(cfolode);

}
}

gChron->Reset(gch_pos); //recover gChrom pos in for_loop
}
gflag = gasAreAllNodesInGlobalChromosomeVisited(gChrom);
// find max_delay of a gChr and set chr delay

Node = gasEvaluateFindMaxDelay(origNet, gChrom, &delay);
g obalChrom->cp_delay = delay; ’ ¥

delete Q;
if(gflag==0){
return (-1);
Yelse {
return delay;
b

double gasEvaluateGlobalChromosomeArea{GlChrom *globalChrom)
{
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LinkedList<Ma
MapGraph *sub
double sub_ chrom area total_area = 0;

raph *> *gChromosome;

gChromosome = globalChrom->gChromosome;
(void)gasSetSubChromUsedFlagInGChrom(gChromosome) ;

for (gChromosome->Reset () ; 1 gChromosome~>End0fList () ; gChromosome->Next ()} {
subChrom = gChromosome->Data();
if (subChrom->GetU¥sed ()){
sub_chrom_area = subChrom->GetArea();
total_area += sub_chrom_area;

globalChrom->area = total_area;
return total_area;

// Returns critical path delay
double gasEvaluatsGlobalChromosome(Gr ﬂh *origNet, GlChrom *globalChrom,

{ llzinlﬁengsKMagNode *> *finlist;
= . apNode *inN

double cp_dly=0.0, global_chrom_area; int count=0, v1slted glevel, num_fanin;
//12-24-00 int return val =0;
cp_dly = gasEvaluateGlobalChromosomeDelay(origNet,globalChrom,cellLibrary); depth =0:
global_chrom_area = gasEvaluateGlobalChromosomeArea(globalChrom); max_depth =0; .

finList = gNode->GetFaninList();
if (gChromArea! -NULL) { num_tanin = finlist->ListSize();
N *gChromArea = global_chrom_area; for- eag:(glm‘lit){ 4

visited = -1;

return cp_dly; inNode = finlist->Data();

3} visited = inNode->GetVisit 8.

glevel = inNode->GetGLevel

I A Global Chromosome Levelizing ---------- if(visited == 1){

// 10-28-01 count++;

void dlyResetVisitFlag(LinkedList<MapGraph %> *gChromosome) max_depth = Max(max_depth, glevel);

{ s

MapGraph *subChrom,
MapNode *subNode if (num_fanin == count){
LinkedLlst<MapNode *> *subGatelist; return_val =1;
for (gChromosome->Reset () ; ! gChromosome->End0fList () ; gChromosome->Next ()){ return return_val;
subChrom = gChromosome->Data();
subGateList = subChrom->GetGateList(); 7/ 10-29
for-eaChéf\gﬁgg:eklgﬁgéateList—)Data(); void dlyGet(}lobalFanoutNodes(L1nkedL15t<MapGraph *> *gChromosome,
subNode—>MarkVisit(—1)' MapNode *qNode, Queue<MapNode *> *foutQ)
//subNode->SetLevel (-1 {
subNode->SetGLevel(-1); LinkedList<MapNode #> *folist;
1f(subNode—>GetNodeFunc()=-NODE POY{ MapNode *foNog
N ;uch{)de—)SetLevel(O), oge’l‘ype qupe,
else
subNode->SetLevel(~1); qType = qNode->GetNodeType();
N if(qType == INTERNAL){
3 foList = gqNode->GetFanoutList();
3} for_sach(foList){
foNodé = foList->Data();

// 10-28-01 foutQ->QInsert (foNods);

int dlyIsCurr deIn(ueue (Queue<MapNode *> *Q,MapNode *foNode)

I } else if(qType ==PRIMARY_OUTPUT){
LinkedList<MapNode *> *qlist; // Returns a 1list of fanout nodes of the qNode
MapNode *qNode; // crossing the sub-graph boundary
char *q_name, *fo_name; N N
int return_val =0} (void)gasGetFanoutListAcrossChr (qNode, gChr , foutQ);
if(Q->QEmpty()) return (0);
fo_name = foNode->GetName(); }
qList = Q->QList(); // 10-29-01
for(qlist->Reset () ; tqList->End0fList () ;qlist~>Next )){ // Set visit flag on curNode fanout’'s fanin (may cross-chromosome)

gNode = gList->Data(); void dlySetVisitFlagCurNodeDutsInNode(MapNede *curNode,MapN «fanoutNode)
q.name = gNode->GetName(); {
if(strcmp(q_name, fo_name)==0){ LinkedList<MapNode %> *foInlist;
return_val ='1; MapNode *folInNode;
break; string curName;
} char ¥folnName;
} int comp_value;
return return_vail;
} curName = (string)curNode->GetName();
// 10-28-01 folnList = fanoutNode->GetFaninList();

edList<LibCell *> *ce 1Library,
double *gChromArea=NULL)

cout<<"fanout is zero\n";
// This "if" is pot necessary because the node whose inputs
// are connected to PI (at least one) goes to Q.
} else {
foList=subNode->GetFanoutList();
for_each(foList){
foNode = foList->Data();
1f('dlyIsCurrentMapNodeInQueue(Q foNode)){
) Q->QInsert(foNode);
}
3
} else {
) subNode->SetGLevel (-1);

}

¥
}

// 10-29-01

// Check if all the fanins are visited and maximum fanin depth{gLevel)
int dlyAreAllFaninsVisitedAndMaxInDepth(MapNode *qNode, int &max_depth)
{

// Q contains all primary input’s fanout node
// to traverse the global chromosome form bottom to top.
void dlyInitGlobalDepth(LinkedList<MapGraph *> *gChromosome,

for_each(folInList){
folnNode = folnList->Data();

Graph *orighet //foluName = (strmg)foInNode->GetName()

{

Queue<MapNode *> *Q)

LinkedList<Node *> #orgPilList;
MapGraph *sul om;

MapNode *subNode, *follnde'
LinkedList<MapNode *> ¥subGateList, *folist;
int used_sub_chrom,pos, num_fanout;

char *subName;

orgPilList = origNet->GetPiList();
(void)dlyResetVisitFlag{gChromosome);

for (gChromosome~>Reset () ; ! gChromosome->End0fList () ; gChromosome->Next (3){
subChrom = gChromosome->Data(};
used_sub_chrom = subChrom—>GetUsed()
1f({used_sub_chrom) continue
subGateList = subChrom->GetGateList();
for(subGateList->Reset();
. subNode = subGateList- >Data();

)3
it((pos-origNet >F1ndNode(orgP1List subName)) '= -1){
// more than one different subChromosome can have same
// node(PI in origNet) as their input node.
subNode->SetGLevel EO
subNode->MarkVisgit (1
1£ ((num_fanout=subNode->Get NunFanout () ) ==0) {
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IsubGateList->End0fList() ;subGateList->Next ()){

folnName = foInNode->GetName()

if ((comp_value=curName. compare(folnllama) )==0){
foInNods-)HarkVisit?
fo%nNode->SatGLevel curNode->GetGlevel());

}
}
// 10-28-01
// Global Chromosome Levelizing
// Calculate Global Depth for the Global Chromosome

void dlySetGlobalDepthOfGlobalChromosome{LinkedList<MapGraph *> *gChromosome,

Graph *origNet)
{

MapGraph *subChrom
MapNode *subNode, *finNoda *qNode,
LinkedL1st<HapNode #> *sublList, *finli
char *cur_node_name, *fo_fin_name;
int uged_sub_chrom, visited =0;
int all_visifed, max _depth, glevsl, count=0;

gr oNode H

string tmp_str;
Queue<MapNode *> search(, foutQ;

// Initialize Global depth, O for all PI Node(orgNet), -1 otherwise
{void)dlyInitGlobalDepth(gChromosome, origNet, &searchQ);
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while(!searchQ.(QEmpty (3){
qNode = searchQ.DeQueue();
tmp_str = (string)qNode->GetName();
count++;
visited = gNode->GetVisit(};
all _visited=dlyAreAllFaninsVisitedAndMaxInDepth(qNode, max_depth);

if(all_visited && visited == -1){
if(qNode->GetNodeF\mc() == NODE_P0){

// Since a node whose function is NODE_P0 doesnot have any
// logic function, the glevel shold the same its fanm node.
qNode->SetGLevel((glevel=max_depth));

} else {
qNode—>SetGLeve1 ((glevel=max_depth+1));

¥
gNode->MarkVisit();

(void)dlyGetGlobalFanoutNodes (gChromosome, gNode, &foutQ);
while(!foutQ.QEmpty()){
qfoNode = foutQ.DeQueue();

// Set visit flag on gNode fanout’s fanin (if cross-chromosome)
(void)dlySetVisitFlagCurNodeQutsInNode(qNode,gfoNode);

if(!dlyIsCurrentMapNodeInQuense (&searchQ, qfoNode)){
search).QInsert(qfoNode};

¥
}

} else {
if (1dlyIsCurrentMapNodeInQueue(&searchQ,qNode) &% visited == -1){
search(Q.QInsert (gNode);

}
}

//Debug

if (count > 100000) {
(void)gasPrintGlobalChromosome (gChromosome) ;
exit(1);

}//while

// 10-31-01
void dlyGetGlobalChromosomePol.ist(LinkedlList<MapGraph *> *gChrom,
Graph *origNet, Queue<MapNode *> *poQ)
{
LinkedList<Node *> *poList;
MapGraph *sub(mrom

LmkedL;st<MapNode o *subGateLxst
int used_sub_chrom,pos, num fanom:,
int curGLevel, 0146l evel;

char subName;
NodeFunc subFunc;

// Clear pof
while(!poQ->(Empty()){
(void)poQ->DeQueue() ;

poList = origNet->GetPoList(};
for(gChrom->Reset () ; ! gChrom->End0fList () ; gChrom->Next ()){
subChrom = gChrom->Data();

used_sub_chrom = subChrom->GetUsed();
if (lused_sub_chrom) continuse;

subGateList = subChrom->GetGateList();
for_each(subGateList){
subNode = subGateList-~>Data();
subName = subNode->GetName();
subFunc = subNode->GetNodeFunc();
curGLevel = subNode->GetGLevel();

if ({(pos=origNet->FindNode(poList,subName)) != -1 && subFunc==NODE_PO){

if (tdlyIsCurrentMapNodeInQueue (poQ, subNode) ) {
poQ->QInsert (subNode);

}}//it
}// for

}

// 10-31-01

MapNode *dlyGetFaninNodesCrossChromosome(LinkedList<MapGraph *> *gChromosome,
MapNode *curNode)

{

MapGraph *subChrom;

//MapNode *subNode, *finNode;
//LinkedList<MapNode *> *subGateList,
//char *cur_node name, *xfo_fin_name;
MapNode *subNode=!
LinkedList<MapNode *> *subPoL:lst,
char *cur_node_name;

int used_sub_chrom, pos;

*finList;

cur_node_name = curNode->GetName() ;

for (gChromosome->Reset ) ; | gChromosome->End0fList () ; gChromosome->Next () {
subChrom = gChromosome->Data();
used_sub_chrom = subChrom->GetUsed();
it (lused_sub_chrom) continue;

subPoList = subChrom->GetPoList();
1£( (pos=subChron->FindNode (subPoList,cur_node_name))!= ~1){
subNode = subPol.ist->Data(pos);
gubNode->SetLevel (curNode->GetLevel());
reak;
} alse {
subNode = NULL;
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}

return subNodse;

/* Sort PO nodes in descending order.

* Assume glevel(PO[i]l) <= gLevel(PO[i+1]).

* In order to relfect the path length form PO[i+1]
*to PO[i) when the traversal goes from PO[i].

*/
void dlySortByGLevel{Queue<MapNode *> *poQ)
{

LinkedList(MapNode *> #queueLlst tmpList;
gNode *curNode, *oldNode;
pos, cur_level, old_level;

queueList = poQ->QList();
while(!poQ->QEmpty()){
curNode = poQ->Daueue();
cur_level = curNode->GetGLevel();
if (tmpList.ListSize()==0){
tmpList.InsertRear(curNode);
} else {
pos = tmpList.ListSize()-1;
while(pos>=0){
oldNode = tmplList.Data(pos);

old_level = oldNode->GetGLevel();
if (cur level > old_level){
if(pos == 0)
tmpList.InsertFront (curNode);
break;
Yelse{
pos--;
} else {
tmpList.InsertRight (curNode);
break;
¥
}

for(tmpList.Reset();!tmpList.End0fList () ;tmpList.Next()){
curNode = tmpList.Data();
poQ->QInsert (curNode) ;

¥

10-31-01
;;voidadlyFanoutNodesDepthFromPD(LinkedList(MapGraph *> *gChrom,
/7 Graph *origNet,
i MapNode *mfpNode, Queue<MapNode *> *Q)
void dlyGlobalNodesDepthFromPO{(LinkedList<MapGraph *> *gChrom, Graph *origNet)
{

Queue<MapNode *> poQ, searchQ;
MapNode *poNode, *sNode, *finlode;
LmkedL:s <MapNocle *> *finLlst,
char *finName;

int sLevel, pos;

LinkedList<Node *> *orgPilist;
orgPilist = origNet->GetPiList();

(void)dlyGetGlobalChromosomePoList(gChrom, origNet, &poQ);
(void)dlySortByGLevel(¥poQ) ;

while(!poQ.QEmpty ()){
poNode = poQ.DeQueus();
searchQ.QInsert (poNode) ;

while(!searchQ.QEmpty()){ //BFS
sNode = search{).DeQueue();
sLevel = sNode->GetLevel(};
finlist = sNode->GetFaninList();
for_each(finList){
finNode = finlist->Data(); // (2;
finName = finNode->GetName(); // (3)

if ((pos=origNet->FindNode(orgPiList, finName)) != -1){
3 {inllode->SetLevel(sLeval)
[
/* Since the "finNode" can be a mfp and its fanout’s
* depth from PO can be different,

* depth(finNode) = max(level(FO(i), i=1..n),

/7 W

level(finNode)) .
/
finNode->SetLevel(Max(sLevel+1,finNode->GetLevel(}));

/* if fanin node is a NODE_PI of a sub-shromosome, faninList(1)
* gize is "0", and Est an error at (2) or (3).
+ If finNode is NODE_PI, get real node which is in another
y * sub-chromosome so that we can traverse down.
*
1f(finNods->GetNodeFunc()--NDDE PI){
finNode = dlyGetFaninNod 8sChr

(gChrom, finNode) ;

}
if (!dlyIsCurrentMapNodeInQueue{&searchQ,finNode)){
searchQ.QInsert (finNode);

}/§ for
} // bfs while

Gacover_sub_dPTL.cc

This Pgm allows following PTL structure during covering stage.
l; PTL2 + PIL1, or PTL3 + PTL1
2) PTL1 + PTL2, or PTL1 + PTL3

This means max transistors in series throuth PTL are 3.

Further reproduction prohibited without permission.
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Initialize Genetic Population —=--—-===-=

// sublutList will be used to determine the inputs of a MapGraph.
// The reson of using this info is that mapped graph may introduce new PIs

were not PI in a subject graph. (04-26-01)

void gaEnumerateSubgQutNodes(LinkedList<Graph *> *subGList,

LinkedList<Node *> #subQutList)

Graph *sGraph;
LinkedList<Node *> *sPolList;

*curPoNode, *prevPoNode;

int index, pos, cur_depth, prev_depth;

index = -

1;
for (subGList->Reset () ;
inde:

{subGList->End0fList () ; subGList->Next ()){
XH+;

sGraph = subGList->Data();

sPoList
if(sPoList- >ListSizs()

} el

// which
{
Node
}
}

= sGraph->GetPoList();

D{
curPoNode = sPoList->Data(0);
cur_depth = curPoNode->GetGLevel()
1f (index==0){
subQutList->InsertRear{curPoNode) ;
} else {
pos = subQutList->ListSize()-1;
while(pos>=0){
prevPoNode = subOutList->Data(pos);
prev_depth = prevPoNode->GetGLevel();
if(prev_depth > cur_depth){
if(pos == 0){
subQutList->InsertFront (curPoNode) ;
reak;
} else {
POS_‘;
}
} else {
subOutList->InsertRight (curPoNode) ;
break;

+

se {
printf ("SubGraph[%d] does not have ONLY one PO nodes\n",index);
printf("In %s at line %d\n",__FILE__, __LINE_);

// Returns the starting node and the #of node{except PI & P0) in the subGraph
Node #gaGetStartingNode(Graph *sGraph, int *size, Node *foNode)

LinkedList<Node *> *gatelList,

Node
char

#polist, *pilist, *finList;
*curNede;

scurnodeName;

*size = 0,

piList = sGraph->GetPiList();

polist = sGraph->GetPoList();

gateList = sGraph->GetGateList();

for(gateList->Reset () ; |gateList->End0fList () ;gateList->Next ()} {
curNode = gateList->Data();

curnodeName = curNode->GetName();
1f (curNede->CetNodeTypa() == INTERNAL ||

}

(curNode->GetNodeType () ==PRIMARY_OUTPUT &&

curNode->GetNodeFunc () ! =NODE_P0 &&
(sGraph->FindNode (piList,curnodeName)==-1)) | |

( sGraph->FindNode(poList,curnodeName) ! =~1 &&

curNode->GetNodeFunc () {=NODE_PO &&
sGraph->FindNode(pilist, curnodeName)==-1) ){

*gize = *size + 1; // number of nodes in the Sgraph except Ianput

// Returns starting node for further processing from top to bottom.
if (poList->ListSize() t= 1) {

cout << "In "<<__FILE__<<" at line "<<__LINE__<<" :\n";
cout << sGraph-3>etNamé() << “does not have one OUTPUT node.\n";
cout << "Nodemally a subGraph has olny one output ndoe....\n";
cout << "Program is terminating ....\n";
exit(i),

} else

poList->Reset (0);

curNode =

oList->Data();

foNode = NULL;
/711 (curNode->GetNodeType() ==PRIMARY_OUTPUT &&
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if( curNode->GetNodeFunc () ==NODE_P0){
finList = curNode->GetFaninList();
if (finList->ListSize() == 1){
finList~: >Resst(0)
foNode = curNode
curNode = finList->Data();
//return finList->Data();

} else {
cout << "In "<<__FILE__<<" at line "<<__LINE__<<" :\n";
cout << sGraph->GetNama() << "\’s primary output node has more"

<< " one fanin nodes.\n";

cout << "curNode = "<<curNode->GetName()<<"\n";
cout << "curFunc = "<<(1nt)curNode-)GetNodeFunc()<<"\n"
cout << "Program is terminating ....\n"

N exit(0);

}// else {

return curNode;

// generate random # between 0 ~ max_val
double gaGenRandomNumber (double max_val)

//srand(time(NULL));
return (max_valsrand()/(RAND_MAX + 1.0));

// Coin flipping to get root node’s cell type
CellType gaFlip(int index, double probability)

double tmp_random;

tmp_random = gaGenRandomNumber (1.0) ;
if({tmp_random - probability)<0) {
#1fdef GA LIP_DEBUG
cout << tmp-random ;
cout << " i STATIC ";

return STATIC;
} else
#ifdef GA_FLIP_DEBUG

cout << tmp random ;
cout << "

#endif

#endif
return PTL;

}

// Decide current node type by searching PO, PI, and Gate List of sGraph
// Not using --> 04-26-01

NodeType gaGetCurrentNodeTypeX(Graph *sGraph, Node *curNode)}

{

LinkedList<Node *> ¥pilList, *polist,
char *cName; //current node name

pilList = sGraph->GetPiList();
poList = sGraph->GetPoList(};
gateList = sGraph->GetGatelist();
cName = curNode->GetName();

if (sGraph->FindNode (poList,cName) }=-1 &k
sGraph->FindNode(gateList,cName) !=-1){
return PRIMARY_OUTPUT;
} else if(sGraph->F1ndNode(p1L1st cName) !=-1 &&
sGraph->FindNode(gateList,cName) !=-1){
turn PRIMARY_INI

PUT;
T else 1f(sGraph->FindNode (poList,cName)==~1 &f
sGraph->FindNode (pilist,cName)==-1 &%
sGraph->FindNode{gateList,cName) !=-1}{

*gateList;

return INTERNAL;
} else {
return UNASSIGNED;

}

// Decide current node type by searching PO, PI, and Gate List of sGraph
// >>Important for deciding PI nodes<<, all nodes,
//--> 04-26-01 NodeType gaGetCurrentNodeType{Graph *sGraph, Node *curNode)
NodeType gaGetCurrentNodeType{(Graph *sGraph, LinkedList<Node *> *subQutList,
{ Node *curNode)

LinkedList<Node *> xpilist, #poList,
char *cName; //current node name

Node dfiNode *pi0Nod
LinkedList<Node x> *piNodeFoList,
int pos;

piList = sGraph->GetPilist();
poList = sGraph->GetPoList();
gateList = sGraph->GetGateList();
cName = curNode->GetNama();

1f (sGraph->FindNode(polList,cName) !=-1 &&
sGraph->FindNode(gateList ,cName) t=-1){
return PRIMARY

Y_QUTPUT;
} else if(sGraph->FindNode(subOutList,cName)!=-1 &&
sGraph->FindNode (poList, cName)==-1 k&
sGraph->FindNode (gateList,cName) !=-1)}{
/* added for cc,.slif a0 =t’ situation 05-08-01%/
pos = sGraph->FindNode{gateList, cName);

if(pos != -1}{
piNode = gateList->Data(pos);
piNodeFoList = piNode->GetFanoutList(};
piONode = piNodeFoLlist->Data(0);
if (piONode->GetNodeFunc() ==NODE_PO &t

piNode->GetNodeFunc () ==NODE_INV) {
return INTERNAL;
} else {
return PRIMARY_INPUT;

*gatelist;
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} cell_name = aMatch->cell_name;
} else {
7% end of addition 05-08-01%/
return PRIMARY_INPUT;

} else if(sGraph->FindNode(poList,cName)==-1 &&
sGraph->FindNode (piList,cName)==-1 &&
sGraph->FindNode (subQutList,cName)==-1 &&
sGraph->FindNode(gateList,cName) !=-1){

// is Cell name inverted and fanins are not in oGraph?
if(gaMatchedCellHaveMissingSignals(origNet, aMatch)){
return (0);

pMapList = aMatch->pinmap;

oGateList = origNet->GetGateList();

sGatelist = sGraph->GetGateList();

for (pMapList->Reset () ; !pMapList->End0fList () ;pMapList->Next ()){
curPin = pMapList->Data();

} lreturn INTERNAL;
e
return UNASSIGNED;

} net_name = curPin->net_node;
1f(strcmg(net _name, "GND")==0 || strcmp(net_name,"VDD")==0){
continue;

// Returns the functon type of a matched cell(04-26-01)
NodeFunc gaGetMatchedCellFunc(Graph *sGraph, LinkedList<Node *> *subOutList, 1f((i;g}’gi si’g?‘&&:(or1gNet—>FmdNode(oGateList net_name)==-1)){
¢ Node *curNode, Match *aMatch) } else 1f(§ct§§e==STATIC)&&(origNet >FindNode (oGateList,net_name))==-1){
NodeType curType; legal_signal = 0;
NodeFunc curFunc; }
char *matchName;
return legal_signal;
matchName = aMatch->cell_name
curType = gaGetCurrentNodeType (sGraph, subOutList, curNode);
if (curType==UNASSIGNED) {
cout<<"Node("<<curNode->GetName()<<")\’s node type is "
<< (int) curType<<endl
cout<<"In "<<_ gLE <<"at line "<<__LINE__<<endl;

// Returns node type fo a input pin (04-26-01)

NodeType gaGetInPinNodeType(Gr: nﬁh *origNet, Graph *sGraph,
LinkedList che *> *subOutLlst, char *pinName,
CellType ctype)

exit(0); {
LinkedList<Node x> xsGpilist, *sGpoList, *ngateList;
curFunc = curNode->GetNodeFunc(); LinkedList<Node *> *oGpiList, *oGgateList;
if (cuxType==INTERNAL || curType==PRIMARY_OUTPUT) {

if(strncmp(matchName “ptl_yi",6)==0){
return NODE_PTL1;
else 1f(strncmg(matchName ,"ptl_y2",6)==0){
return NODE_|

oGpiList = origNet->GetPiList();
sGpilist = sGraph->GetPiList();
sGpoList = sGraph->GetPoList();
sGgateList = sGraph->GetGateList();

w

else 1f(strncmg(matchName ,Mptl_y3",6)==0){
return NOI

else if(strncm (matchName "and",3)==0){
return NODE_,

else 1f(strncm8(matchName,"or" ,2)==0){
return NODE

if (sGraph->FindNode (sGpoList,pinName) !=-1 &&

sGraph->FindNode (sGgateList,pinName) !=-1){
return PRIMARY_OUTPUT;

return NODE_l
else if(strncm (matchName "nor™,3)==0){
return NODE_NOR
else 1f((strncmp(matchName "a0i",3)==0) ||
(strncmp (matchName, "0ai",3)==0) | | (strncmp(matchName,"oa2",3)==0) | }
(strncmp (matchName, "a02",3)==0) | | (strncmp(matchName, "mux",3) ==0) | |

}
}
}
} else if (strncm (ﬁatchName "nand",4)==0){
¥
¥

(strncmp (matchNamEE;xnor" ,4)==0)| | (strncmp (mat chName, "xor",3)==0) }{

return NODE_COMP
} else 1f(strncmg(matchName,“inv" ,3)==0){
return NODE

}
} else 1f(curTEpe--PRIMARY INPUT){ //04-26-01
return NOD

} else if (curType==PRIMARY_OUTPUT && curFunc==NODE_P0){

cout << "In gaGetMatchedCellFunc(), PO node is processing ..

cout << "It is strange.... Check it....\n";

A\n";

cout << "node_name is " << curNode->GetName() <<"\n";

} return NODE_PO;
return NODE_UNDEFINED;

// Check if mached cell’s output is inverted (except Inverter)

int galsMatchedCellCutputInverted(char *cName)

if ((strncmp(cName,"nand",4)==0) { | (strncmp(cName, "nor",3)==0)1{|
{strncmp(cName, "aoi",3)==0) |{{strncmp(cName,"oai”,3)==0}){

return (1);
} else
return (0);

¥

// is Cell name inverted and fanins are not in oGraph?
int gaMatchedCellHaveMissingSignals(Graph *orgNet, Match *aMatch)
{

char smatch_name, *sig_n:
LinkedList< inMap *> *PinList,

EinHagL*pi
inke 1st<Noda *> »oGateList;
int pos = -1;

oGateList = orgNet-~>GetGateList();
match_name = atch->cell_name;

pinList = aMatch->pinmap;

for(pinList->Reset(); !pinList->End0fList () ;pinList->Next ()){

pinSet = pinList->Data();
sig name = pinSet->net_node;
if(IsConstant (sig.name)) continue;

if ((pos=orgNet~>FindNode (oGateList, sig. name))==-1){

return (1);

return(0);

}

// Check if all net signals can be found in the original network.
int 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;
int legal_signal = 1;

*gGatelist;
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}

} else 1f((sGraph‘>FindNode(subOutList,pinName) I=-1 8%
sGraph->FindNode(sGpoList, pinName)==-1) ||
sGraph->FindNode (oGpiList, pinName)!=-1){
return PRIMARY_INPUT;
} else if(sGraph- >FindNode(stoList,plnName)--—l &%
sGraph->FindNode (sGpiList ,pinName)==-1 &&
sGraph->FindNode(subQutList,pinName)==-1 &&

sGraph->FindNode (sGgatelList,pinName) ! =-1){
return INTERNAL;
} else {
return UNASSIGNED;

void gaCreateGaGraphPoNode(Graph *sGraph, Node *bNode, MapGraph *gaGraph)
{

¥

LinkedList<Node > *foutList,
Node *outNoede;
char *bnode_name, *outnode_name;

*polList;

Maj {Node *mapNode, *finNode;

position=~1;

poList = sGraph->GetPoList();
bnoda_name = bNode->GetName();
1f(sGraph->FindNode(poList, bnode_name)!=-1){ //bNode is PO of sGraph
mapNode = gaGraph->FindOrCreateNode(bnode_name, position,
PRIMARY_QUTPUT) ;
} else { // bNode is not a PO node of sGraph(of origNet).
foutList = bNode ->GetFanoutList()
if(foutList->ListSize () !=1){
cout<< "Dring Processing "<< sGraph->GetName() <<", \n";
cout<< "In gaCreateGaGraphPoNode{) "
<< bnode_name <<"\’s fanout ndoe is more than ONE !!\n";
exit(1);
} else
foutLis\: >Reset(0);
outNode = foutList->Data();
outnode_name = outNode->GotName();
mapNode = gaGraph->FindOrCreateNode(outnoda name, position,
PRIMARY_OUTPUT, NODE_PO);
finNode = gaGraph->FindOrCreateNode(bnode_name, posit:lons
mapNode->InsertFanin(finNode) ;
finNode->InsertFanout (mapNode) ;
¥
}

CellType gaGetMappedCellType(MapNode *curNode}
{

b

NodeFunc curNodeFunc;

curNodeFunc = curNode->GetNodeFunc();
1f (curNodeFunc==NODE_PTL1 || curNodeFunc==NODE_PTL2 ||
curNodeFunc==NODE_PTL3) {

return PTL;

} else if {(curNodeFunc==NODE OR || curNodeFunc==NODE_NOR ||
curNodeFunc==NODE_AND || curNodeFunc==NODE_NAND ||
curNodeFunc==NODE_COMPLEX {| curNodeFunc==NODE_INV){

return STATIC;

} else {

return UNKNOWN;

// 1) get curNode’s fanout list, and get fanout node (only one node)

// 2) Find cur fanout node’s mapped function type (NODE_PTL1, NODE_OR,

// 3) if curnode’s fanout is NODE_PQ, return NULL

Further reproduction prohibited without permission.



MapNode *gaP2lGetFanoutNo pFunc (Map! *curMap , NodeFunc *cfo_mapFunc)
{

NodeType curMapT:

LinkedList <Maj ode > *cfoList;

MapNode *curFoMapNode;

int num_fo;

if (curMapNode != NULL){
// INTERNAL, PRINARY_(IN/OUT)PUT
curMapType=¢urMapNoda->GetNodeType () ;

} else {
*cfo_maﬁll';unc = NODE_UNDEFINED;
return LL;

if(curMapType == INTERNAL){
cfolList = curMapNode->GetFanoutList();
num_fo = cfolist->ListSize();
if(aum_fo > 0 && num_fo==1 ){
cfoList->Reset ()}
curFoMapNode = cfolist->Data();

1f (curFoMa Node—>GetNodeFunc()==NDDE _P0O){
curFoMapNode =
*cfo_mapFunc = NODE UNDEFINED;

} else {
*cfo_mapFunc = curFoMapNode—>GetN: unc() ;

¥

return curFoMapNode;

} else { // Since num_fanout = 0 {] 2 {| .. ( 11-08-00 )

curFoMapNode = H
*cfo_mapFunc = NODE_UNDEFINED;
return curFoMapNode;

}
//since we are processing sub-Graph
} else 1f(curMapType == PRIMARY _QUTPYUT| | curMapType==PRIMARY_INPUT){

curFoMapNods =
*cfo_mapFunc = NODE _UNDEFINED;
return curFoMapNode;
} else {
cout<<"\nError :: Camnnot be processed...\n"
<<"Because current mapped node("<<curMapNode->GetName()
<<") type is " <<(int)curMapType<<endl;
cout<<"In "<<__FILE__<<", at line "<<{__LINE__
exit(0);

return (NULL); //dummy

-4)<<endl;

}

// 01-11-01
int gaGetINVmatchIfExist(LinkedList<Match *> *matchList)

int index=-1, found_inv=0;
Match *aMatch—NULL
char *matchName;

for(matchL1st >Reset () ;matchList~>End0fList () ;matchList->Next ()){

aMatch % matchList- >Data();
matchName = aMatch->cell_name;
if (strncmp(matchName, "inv",
found_inv =1;
break;

3)==0){

if (found_inv==1){
return index;
} else {
return (-1);

}

// add option (NAND+INV) and (PTL2+PTL1)
Match *gaGetALegalMatch(GrnKh *origﬂet Graph *sGraph,
edList<Node *> *subﬂuthst Node  *curNode,
CellType ctype, MapNode *foHapNode-NULL)
{
LinkedList<Match *> *matchlist;
Match *aMatch=NULL;
char *matchName;
NodeFunc matchFunc, fo_fo_Func, fo3Func, fo_Func = NODE_UNDEFINED;
int mlistSize, matchindex, count;

MapNode *fofoMagNode. »fo3mapNode; //for P21
CallType fo.fo_Type=UNKNOWN, foaType-UNKNOWN

1f(foMapNode!=NULL){ //for P21
fo_Func = foMapNode->GetNodeFunc();
fofoMapliods = gaP21GetFanoutNod

if (fofoMapNode!=NULL) {
fo_fo_Type = gaGetMappedCellType(fofoMapNode);

» &fo_fo_Func);

pFunc(foMap

}
fo3mapNode = gaP21GetFanoutN , &fo3Func);
1£ (fo3mapNode ! =NULL) {

£03Type = g ppedCellType (fo3

pFunc (fofoMap

pNode) ;

}
if (ctype==PTL){
if(fo_Func==NODE_PTL3 || fo_Func==NODE_PTL2){
if(fo fo_Type == PTL){
ctypa = STATIC;
curNode->SetMatchType(ctype) ;
matchList = curNode->GetSMatchList();
} else {
matchList = curNode->GetPMatchList();
if (matchlist->ListSize ()==0){
ctype = STATIC;
curNode->SetMatchType(ctype);
matchList = curNode->GetSMatchList();

g
} else if(fo_ Func--NODE _PTL1){
if(fo_fo_Func == NODE_PTL21}|fo_fo_Func == NODE_PTL3){
otyps = STATIC;
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curNode->SetMatchType(ctype) ;
matchList = curNode->GetSMatchList();
} else 1f(fo fo_Func==NODE_PTL1]| {fo_fo_Func==NODE_PTL2 |
o_fo_Func==NODE_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 = carNode->GetPMatchList();
if (matchList->ListSize()==0) {
ctype = STATIC;
curNode->SetMatchType(ctype) ;
matchList = curNode->GetSMatchList();

b
} else {
ctype = STATIC;
curNode->SetMatchType(ctype);
matchList = curNode->GetSMatchList();

} else {
if(ctype==PTL) {
matchList = curNode->GetPMatchList();
} else {
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 =
whlle(l){
matchIndex = (int)gaGenRandomNumber ({double)mlistSize);
if (matchList->ListSize )==0){
cout<<"Error : current node does not have any match...\n";
cout<<“curNode = "<<curNode->GetName()<<" may be logically ZER0.\n";
cout<<"In "<<__FILE__<<" at lime "<<__LINE__<<"\n";
exit(0);

g
matchList->Reset (matchIndex); // set position of matchIndex
aMatch = matchList->Data();

matchFunc = gaGetMatchedCellFunc(sGraph, sub0utList, curNode, aMatch);
if (ctype==PTL){
if (matchFunc==NODE_PTL2| |matchFunc==NODE_PTL3){
if(fo_Func==NODE_PTL3 || fo_Func==NODE_PTL2){
goto loop;
} else if(fo Func==NODE_PTL1 && fo_fo_Type ==PTL){
goto loop;

}
Yelse if(matchFunc--NODE PTL1){
1£(fo_Func==NODE_PTLI){
if(fo fo_Func==NODE_PTL2| | fo_fo_Func==NODE_PTL3){
goto loop;
} else if(fo_ fo _Func==NODE_PTL1 &% fo3Type==PTL){
ctype = STATIC;
curNode—>SatMatchTypa(ctypa).
matchList = curNode->GetSMatchList();
mlistSize = matchList->List8ize();
count = O;
goto loop;

}
}

reSiEﬁalsLaéal(origNet, sGraph, ctype, aMatch, curNode)==1){

#ifdef GA LEGA
ut<<curNode->GetName (}<<" *;
(void) gaPrintPinMap(aMatch);

#endif
matchName = aMatch->cell_name;
if(ctype==STATIC){
_if (matchFunc==NODE_NAND |{
matchFunc==NODE_AND ||
matchFunc==NODE_OR |
matchFunc==NODE_INV |}
matchFunc: bNGDE COMPLEX ){
}else if (matchFunc==NODE_NOR){
if(strcmp(matchName, 'nor2')==0) break;
}
} else if (foMapNode==NULL){
if (matchFunc==NODE_PTL1| |[matchFunc==NQDE_PTL2 |
matchFunc==NODE_PTL3 ImatchFunc--NDDE_NAND 1
matchFunc==NODE_COMPLEX ||
mgtchFunc-NODE INV){
Jelse if(matchFunc==NODE_NOR){
if(strcmp(matchﬂume,"nor2")--0) break;
}
Yolse{
break;
loop:
coun

1f(count > 50)
if( Ct Q= PTL
ype = STATIC;
curNode->SetHatchType(ctype);
matchList = curNode->GetSMatchList();
mlistSize = matchList->ListSize();
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count = 0; }
} else { } else { // Inverter doesn’t have Ptl match.
ctype = PTL; if(ctype==PTL)}{
curNode->SetMatchType(ctype) ; if (curMapFunc==NODE_PTL3 || curMapFunc==NODE_PTL2){
matchList = curNode->GetPMatchList(); if(cfo_Type == PTL){
nlistSize = matchList->ListSize(); faninType = STATIC;
count = 0; } else {
} } tmpMList= inNode->GetPMatchList(); // PtlList
N if (tmpMList->ListSize O '=0){ //-
return aMatch; faninType = PTL;
} else {

faninType = STATIC;
MapNode *gaFindFanoutNodeInGaGraph(MapGraph *gaGraph, char *curName)
{

LinkedList dapliode »> tgateList, «folist; } else if(curMapFunc == NODE_PTL1){

P *cur] & *foMap H if((cfo_Type==PTLk&cfo_mapFunc==NODE_PTL1) | |cfo_Type==STATIC){
int cur_pos, folistSize; tmpMList= inNode->GetPMatchList(); // PtlList
gateList = gaGraph->GetGateList(); if (tmpMList->ListSize () 1=0){ //-

faninType = PTL;
} else {
faninType = STATIC;

cur_pos = gaGraph->FindNode(gateList, curName);
if(cur_pos != -1){
gateList->Reset (cur_pos); ¥
curMapNode = gateList->Data(); } else {
folist = curMapNode->GetFanoutList(); faninType = STATIC;

foListSize = folList->ListSize();
if(folistSize == 1 )}{

folist->Reset(); inNode->SetMatchType(faninType);
foMapNode = folist->Data(); return faninType;
if (foMapNode->GetNodeFunc () ==NODE_P0) { } else {
foMapNode = NULL; faninType = PTL;
3} inNode- >SetMatch'l‘yps(famnType)
} else if(foListSize > 1){ return faninType;
foMapNode = NULL; ¥
} else { >
foMapNode = NULL; ¥
} else { // Sets curNode’s fanin cellType based on curNode’s cell type
foMapNode = NULL; void gaSetFaninCellType{(Node *curNode, Node *inNode)
{
return foMapNode; LinkedList<Match *> *tmpMList;
CellType ctype;
// Decide curNode’s fanin celltype that allows 3 Trs in series for PTLs. ctype = curNode->GetMatchType(); /* PTL or STATIC */
/4 1) PIL2 + PIL1, or PTL3 + PTLL if (inNode->GetNodeFunc () ==NODE_INV) {
ﬁ §§ g;k} . 12%12. +°l§T£.{L1 * PTL3 if(ctype==PTL){ // Current node type
CellType gaDetermineFaninCellType(MapNode *cmapNode,Node *curNode, Node *inNode) N lindee‘>5etM3tChTYP9(STATIC):
else
{ LinkedList<Match *> *tmpMList; tmpMList= inNode->GetPMatchList(); // PtlList
gogegge curnap%‘\):na . E ; if (tmpMList->List8ize () 1=0){ //-
ode! C curMaj c, cfo_mapFunc, cfo_: i -, .
ColiType ctype, faninlype =PUNKNDHN e Type=UNKNOHN cto_fo_Type; ) el;“"‘zdj yit SetMatchType (PTL) ;
MapNode *cfo_Node, *cfo_fo_Node inNoda->SetMatchType(STATIC) ; //-
// Current node Cell Type and curNode’s fanout cellType & matchedCell Y //-
// 1)if curNode’s fanout is not NODE_P0 (means fanout node has at least one
// match), and curNode is not MFP node, get curNode’s fanout type and cell. } eli?(étgéell-l;‘?i;?r doesn’t have Ptl match.
ctype = curNode->GetMatchType(); /* PTL or STATIC */ inNode->SetMatchType(STATIC) ;
curMapType = cmapNode->GetNodeType(); /* INTERNAL or PRINARY_(IN/OUT)PUT */ } else {
curMapFunc = cmapNode->GetNodeFunc(); /% NODE_... */ } inNode->SetMatchType (PTL) ;
cfo_Node = gaP21GetFanoutNodeMapFunc{cmapNode, &cfo mapFunc); }
if(cfo_Node t= NULL){ b
//cout << "cMapNode = "< >GetName () <<"\n";

//1legalSol = gaGetChromosome(sGraph, bNode, STATIC/PTL);

cfo_Type = gaGstHappedCellType(cfo Noda); //int gaGetChromosome(Graph *origNet, Graph *sGraph, Node *bNode,

}
fo_to_Node = gaP21GetFanoutNodeMapFunc(cfo_Node, &cfo_fo_mapFunc); // Comstruct a sub_graph circuit by checking a legality of a mapped node’s
1f(cfg fg Node != NULG) v dCel1Type(cfo_fo_Node) ; //1?"“3 :cini'rlals‘ (Graph *origNet, Graph *sG
cfo_fo_Type = gaGetMappedCe e (cfo_fo_Node! void gaGe omosome (Gra origNe raph *sGra
Ty g PP P : LinkedList tNode > gsubOutLght
Noda *bNode, MapGraph *gaGraph
1f (inNode->GetNodeFunc () ==NODE_INV) { {
if(ctype==PTL){ // Current node type LinkedList<pinMap *> *pMapList;
it (curMapFunc--NODE PTL3 || curMapFunc==NODE_PTL2){ piHap it
lf(CfO Tyge == PTL}{ P
'ype = STATIC; Match *aMatch;
} else { Queue<Node *> Q;
topMList= inNode->GetPMatchList(); // PtlList MapNode *mapNode, *finNoda, *foMapNode;
t -
if(tmgﬂ%;;;});%sg%&e() =L // Node *curNode, *sfinNode;
} olse { ’ char *curName, mstpinName,
faninType = STATIC; NodeType curNodeT:
H NodeFunc matchl]

Func y-p
LinkedList<Node *> ¥sGateList;
} int pos_sgate=-1;
} else if (curMapFunc == NODE_PTL1){

if((cfo_Type==PTLikcto_mapFunc==NODE_PTL1) | |cfo_Type==STATIC){ NodeType curPinNodeType;
tmpMList= inNode->GetPMatchList(); // PtiList CellType ctype, finType;
if(tmpHList >Listsli.ze()'-0){ /- Q.QInsert(bNode); // Only Internal or Output node will be inserted in Q
N else nType = PTL; (void)gaCreateGaGraphPoNode (sGraph, bNode, gaGraph);
faninType = STATIC; while(!Q.QEmpty(){
¥ curNode = (.DeQueue();
} else { curName = curNode->GetName();
faninType = STATIC; ctype = curNode->GetMatchType();
. // PTL2 + PTL1
inNode->SetMatchType (faninType); foMapNode = gaFindFanoutNodeInGaGraph{gaGraph, curName);
N lret\{xrn faninType; aMatch = gaGetAlegalMatch(origNet, sGraph, subOutlist,
alse -
tmpMList= inNode->GetPMatchList(); // PtlList curliode, ctype, foltapliode);
if (tmpMList~>List8ize() 1=0){ //- // Find or create mapped ndoe
faninType = PTL; //internal or out
} else { curNodeType = gaGetCurrentNodeType(sGraph, subOutList, curNede);
faninType = STATIC; if(curNodeType==UNASSIGNED) {

cout<<"Node ("<<curName<<")\’s node type is "

<<(int) curNodeType<<endl;
cout<<"In "<<__FILE_ _<<"at 1ine "<<__LINE__<<endl;

inNods-)SetMatchType (faninType);
return faninType
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exit(0);

matchFuncType = gaGetMatchedCellFunc (sGraph,subQutList,curNode,aMatch);

mapNode = gaGraph->Find0rCreateNode{curName, pos,
curNodeType, matchFuncType);
mapNode->SetMatch (aMatch) ;
if((post=-1) &% mapNode->GetNodeFunc () ==NODE_UNDEFINED){
mapNode->SetNodeType(curNodeType) ;
mapNode->SetNodeFunc (matchFuncType) ;
}

pMaplist = aMatch->pinmap;
for (pMapList->Reset () ; tpMapList->End0fList () ;pMapList->Next ()){
pin_map = pMapList—>Data();
netpinName = pin_map->net_node;
Jf((strcmp (netpinName, "GND")==0) | | (strcmp (netpinName, "VDD")==0)) {
continue;

curPinNodeType =gaGetInPinNodeType{origNet,sGraph,subfutList,
netpinName,ctype) ;

if (curPinNodeType == UNASSIGNED){

printf("Input of cur_node(%s), %s, has UNASSIGED NodeType.\n",
curNode~>GetName() , netpinName);

printf("In %s at line %d\n",__FILE
sGraph->PrintPoNodes() ;
sGraph->PrintPiNodes();
sGraph->PrintAllNodes () ;

LINE__);

exit(1);
} else if(curPinNodeType == PRIMARY_INPUT){
finNode = gaGraph->FindOrCreateNode (netpinName, pos,
curPinNodeType, NODE_PI);

} else {
finNode = gaGraph->Find0OrCreateNode(netpinName, pos,

curPinNodeType) ;
}

// Insert finNode into current mapNede’s fanin
//if(pos==-1){
mapNode->InsertFanin{(finNode);
finNode->InsertFanout (mapNode) ;

/1Y

// Insert newly created node into Queue to reaverse network
if (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 trs in series
fmType-gaDetemlneFanmCellType(mapNode curNode, sfinNode);

¥ //}end for_loop

3
//return (1);

MapGraph *gaCreateMapGraph(void)
{

MapGraph *alegalSel = new MapGraph;
char *graph_name = mew char[10];

strcpy(graph_name,"");

aLegalSol->SetName(graph_name) ;
return alegalSol;

// 1) Initialize Population for a sub_graph (returns legal mapping solutions)
74 a) traverse network starting from a root node of a sub-tree
// b) generate a random mumber to select logic type (ptl or static)

/7 c) generate a random pumber to Select a MATCH from the match

/7 list (at this point ptl or static is already decided by step b)
/7 d) traverse the tree by looking at the imputs of the selected MATCH.
1/ the logic type of input node is the oppposite type of the parent
/7 node. (e.g., if root is static input node type is ptl, and so on)

/7 @) repeat step ¢) to select a match
LinkedList<MapGraph *> *gaInitPopulation(Graph *origNetwork, Graph *sGraph,
LinkedList<Node *> *sub(utlist, iat subPopSize)

{

Node *bNode, *foNode=NULL;

char *bnode_name;

int n_node, go Size i;

CellType roo KP

LinkedlList<Match *> *ptlMatchList;

// this is a tree because there is no node whose out deg>1
MapGraph *alegalSo.

inkedf15t<MapGraph *> *popList = new LinkedList<MapGraph *>;
bNode = gaGar.StartingNode(sGraph &n_node, foNode};

bnode_name = bNode->GetName();
if (bNode-)GetNodeFunc ()==NODE_INV && n_node==1){
popSize = 1; // sGraph has only ome node (INV)

} else {
popSize = subPopSize;

// Create LinkedList match_Graph based on the match lists at each node
ptiMatchList = bNode->GetPMatchList(};
for(i=0; i<popSize; i++){
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// coin flip to get root node’s (bNode) gate type (O:static, 1:ptl)
//root_type = gaFlip(0.5);

/*
if(bNode—)GetNodeF\mc()--NODE INV ){
root_type = STATIC;
Yelse if(popSize!=1){
root_type = gaFlip(i, 0.5);
if(root_type==PTL && (ptlMatchList->ListSize()==0 ||
bNode->GetNumFanout () >=2 || 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 = gaCreateMapGraph();
(void)gaGetChromosome (origNetwork,sGraph,subQutList,bNode,alegalSol) ;

ist- >InsartRear(aLegalSol) 3
UG

#ifdef GK gNIT POP.

alegalSol->PrintPoNodes();
aLegalSol->PrintPiNodes();
alegalSol->PrintAllNodes() ;

#endif

return popList;

—-= Cross Over —-=--—=====---

/1=
void gaPrint2Parents(MapGraph *parentl, int idi, MapGraph *parenmt2, int id2)
{

}

cout<<"\n --- Parent 1 --- " <<"Index = "<<id1<<"\n";
cout<<" Area Cost = "<<parentl->GetArea() <<"\n";

parent1->PrintPoNodes () ;
parent1->PrintPillodes () ;
parenti->PrintAllNodes () H

cout<<"\n --- Parent 2 --- " <<"Index = "<<1d2<<"\n";
cout<<" Area Cost = "<<parent2 >GetArea() <<"\n";

parent2->PrintPoNodes () ;
parent2->PrintPiNodes();
parent2->PrintAllNodes();

// returns fitness sum of all chromosome in the population
double gaGetFitnessSum(LinkedList<MapGraph *> *aPopulation)
{

double fitness_sum = 0.0, aChroArea;
MapGraph *aChromosome;

if (aPopulation->ListSize()==0){
return fitness_sum;
for(aPopulation->Reset () ;!aPopulation->End0fList () ;aPopulation->Next()){
aChromosome = aPopulation->Data();
aChroArea = aChromosome->GetArea();
fitness_sum = fitness_sum + (1/aChroArea);

return fitness_sum;

// Returns single individual’'s (MapGraph) via Roulette Wheel selaction
//int gaSelectiParent(LinkedList<MapGraph *> *gaPop)

MapGraph * gaSelectiParent(LinkedList<MapGraph *> *gaPop, int *index)
{

}

//int pop_size = 0;

//int index = -1;

MapGraph *aChromosome ;

double rand, fitnessSum revArea, partSum = 0.0;

*index - -1;
Sum = gaGetFit Sum (gaPop) ;
//pcp_size = gaPop->ListSize();

// Wheel point calculation [0, 1]
rand = fi g (1.0);
// Find wheel slot
if (gaPop->ListSize()==0){
return NULL;

iot(gaPop >Rese§() ‘gaPop-)EndOfList() gaPop->Next ()){
= ¥index
aChromosome - gaPop->Data().
revirea = (1.0/aChromosome->GetArea()); // the fitness of a individual
partSum = partSum + revArea;
if(partSum >= rand){
break;

//return index
gaPop-)Resat(*index)

return gaPop->Data();

MapNode * gaGetAParentNode(MapGraph *parent, int *node_pos)
{

LinkedList<MapNode *> #parGateList;
int parent_size;

double par_node posD

MapNode *parNode;

NodeType parNodeTy-pa

NodeFunc parNodeFunc;
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parGateList = parent->GetGateList(}; chInNode->InsertFanout (chCurNode) ;
L

ize = GateList->ListSi ; if(crn != NUL!
S:Iiizziizze parGatelis 1st81ze () if (strcmp(inNodeName, crn) ! =0 &% nodeFunc!=NODE_PI){
par_node_posD = gaGenRandomNumber (parent_size); 0.QInsert(pcInNode);
*node_pos = (int)par_node_posD; 3 1} {
parGateList->Reset (*node_pos); e f? (nodeFunc ! <NODE_PT) {
parNode = parGateList->Data(}; Q.QInsert (pcIﬁNode) H
parNodeType = parNode->GetNodeType(); } ¥
parNodeFunc = parNode->GetNodeFunc();
if (parNodeType != PRIMARY_INPUT && parNodeFunc != NODE_PO){ } // while
break; }
void gaCrossOver (MapGraph *parentl, MapGraph *parent2, MapNode *crossiNode,
return parNode; MapGraph *childl, MapGraph *child2)
} {
. . LinkedList<MapNode %> *glPoList, *p1§ateList, *p2PoList, *p2gatelist;
// Check cross-over target node’s func type and its fanins, MapNode *plRootNode, *p2RootNode, *plCrossNode, *p2CrossNode;
// returns 1 if same type and fains, and parent2 doen’t have target_node char *cross_x}ode_nama;
/7 1 if piNode is PRIMARY_OUTPUT or its fanout is NODE_PO int pos = -1;
// If 0 is returned cross-over can be applied.
int gaCheckTargetNodeTypeAndFanins (MapNode *piNode, MapGraph *P1, MapGraph *P2) cross_node_name = crossiNode->GetName();
{ piPoList = parenti->GetPoList();
LinkedList<MapNode *> *p2GateList, *pinInList, *p2nInlist; p2PoList = parent2->GetPoList();
hlnﬁengitéﬁa tiode I; *Pigﬁngu?List; if(piPoList->ListSize()!=1 || p2PoList->ListSize()!=1){
Ngge}?ugc &Fﬁuﬁ’ ngunagoupiga:c'thunc; cout<<"In function gaCrossOver(), Parent(s) has more than one output\n";
NodeType piType: ’ cout<<"Check the Parentl (a Chromosome)....\n";
int p2.pos; exit(1);
char *fgt_name; } else {
piPoList->Reset (0);
tgt_name = piNode->GetName(); plRootNode = piPoList->Data();
plType = piNode->GetNodeType(); p2PoList->Reset (0);
plfanoutList = piNode->GetFanoutList(); P2RootNede = p2PoList->Data();
if(pifanoutlist->ListSize(O==1){ 3}
plfanoutList->Reset(); X . .
pifanoutNode = plfanoutList->Data(); (VO}d)gaCopyPart}a].Chromosome(pmootNode, ch?ldi, cross_node_name) ;
plfanoutFunc = plfanoutNode->GetNodeFunc (}; i {void) gaCopyPartialChromosome (p2RootNode, child2, cross_node_name);
¥ elsat{ W plgateList = parentl->GetGatelist();
return ’ pos = parenti->FindNode (pigateList, cross_node_name);
if (p1Type==PRIMARY_OUTPUT || pifanoutFunc==NODE_P0){ //=cout << "Cross_node_name = "<<cross_node_name<<" Pos = "<<pos<<endl;
return (1); plgateList->Reset(pos);
piCrossNode = pligateList->Data();
p2Gatelist = P2->GetGateList(); p2gatelist = parent2->GetGateList();
1f((p2_pos=P2->FindNode(p2GateList, tgt_name))==-1}{ pos = parent2->FindNode(p2gateList, cross_node_name);
} 1renérn 1); //cout << "Cross_node_name = "<<cross_node_name<<" Pos = "<<pos<<endl;
elisze - .
p2GateList->Reset (p2_pos) ; ngateL;st >Res;t(P°s)_’ .
p2Nade = p2GateList->Datal); p2CrossNode = p2gateList->Data();
if((p2Func = p2Node->GetNodeFunc())!=(piFunc = piNode->GetNodeFunc())){ (void)gaCopyPartialChromosome(piCrossNode, child2);
N elg:tum (0); (void)gaCopyPartialChromosome{p2CrossNode, childl);
// nodes input check }
pinInlist = plNode->GetFaninList(}); // Select crossNode’s fanoutNode’s MatchList to merge crossNode and foNode
p2ninList = p2Node->GetFaninList(); LinkedList<Match *> *gaCrossNodeFanoutMatchListx(Gragh *sGraph,
if (pinInlist->ListSize() !=p2nlnList->ListSize()){ MapNode *crossNode, CellType crossType,
return (0); MapNode *foNode, CellType foType, Node *sNode)
} else {
return (1); // may need to modify. Q<-plinlist, comp with p2L LinkedList<MapNode *> *fo_fanoutList;
MapNode *fo_foNode;
}
¥ NodeFunc cross_Func, fo_Func;
3 char *crossNode_name, *fo_name;
// if crn !'= NU1ll, copy parent nodes from bNode to crn Node to the child, LinkedList<Match *> *sMatchList = NULL;
/7 == NULL, copy parent nodes from bNode to PI to the child - > .
void gaCopyPartialChromosome(MapNode *bNode, MapGraph *child, char *crn = NULL) Sfossﬁr-‘gncnamgrgsﬂlode GatNgdel-:unc(g;
M -
Ma}d:llode *pCurNode, *chCurNode, *pcInNode, *chInNode; fo_Func = foNode->GetNodeFunc();
NodeType nodeType; fo_name = foNode->GetName();
NodeFunc nodeFunc;;
char *pCurName, *inNodeName; /* To merge fo_node & cross_node, both cell type should be same type
* Modified on 08-01-00
Match *magped_cell; *,
LinkedList<MapNode *> *finlList; if(fo_Func == NODE_INV){
int pos; fo_fanoutList = foNode->GetFanoutList();
1f{fo_fanoutList->ListSize )==1){
Queue<MapNode *> Q; fo_fanoutList->Reset();
fo_foNode = fo_fanoutList-)Data(;;
Q.QInsert (bNode); // parent begin node 1f{gaGetMappedCellType (fo_foNode)==PTL){
- =D s
vhile(1Q.QErpty ()L N el:rgatchmst sNode->GetSMatchList();
pCurNode = §.DeQuene(); // parent current node sMatchList = sNode->GetPMatchList();
pCurName = pCurNode->GetName(); }
. else if{foNode->GetNodeFunc () !=NODE_UNDEFINED){
nodeType = pCurNode->GetNodeType(); sMatchList = sNode->GetPMatchList();
nodeFunc = pCurNode->GetNodeFunc(); } else {
mapped_cell = pCurNode->GetMatch(); cout<<__FILE__<<" line "<<__LINE__<<endl;
cout<<"Error :: node("<<folidde->GatName(}
//chCurfode = child~>FindOrCreateNode(pCurName, pos,nodeType, nodeFunc); <<")’s func is not defined\n";
chCurNode = child->FindOrCreateNode(pCurName, pos, nodeType); } else {
chCurNode->SetNodeType (nodeType) ; (foType==PTL) 7 sMatchList = sNode->GetPMatchList() : \
chCurNode~>SetNodeFunc (nodeFunc) ; sMatchList = sNode~->GetSMatchList();

// copy mapped cell pointer to child node 3
chCurNode->SetMatch(mapped_cell); return sMatchList;

}
finList = pCurNode->GetFaninList();

for{finList->Reset();!finList->End0fList () ;finList->Next()){
pcInNode = finList->Data();

inNodeName = pcInNode->GetName();

// Find a match from "sMatchList” that covers the childNode rooted at foNode.
Match * gaFindMergedMatch(LinkedList<Match *> *sMatchList, MapNode *foNode,

MapNode *childNode)

nodeType = pcInNode->GetNodeType(); {
nodeFunc = pcInNode->GetNodeFunc(); char *child_name, *net_pin_name, *sm_pin_name;
chInNode = child->FindOrCreateNode(inNodeName, pos, char *cur_pin_name, *new_pin_name;

nodeType, nodeFunc); )liinlﬁegl.i:t«'a‘pgo{le *> *foFaninList, *chFaninList;
chCurNode->InsertFanin(chInNode) ; apNode *curNode;
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LinkedList<char *> newPinList;
Queue<char *> Q;

Match *snodeMatch;
LmkedLlst(pinMap *> *smatchPins;
pinMap gln _map;

int coun

child_name = childNode->GetName();
foFaninlist = foNode->GetFaninList();

// Insert pins of fanout (of cross node) into temp nameList
for(foFaninList->Reset(); 'foFaninList—>EndeLiSt();foFaninList—)Next()){
curNode = foFaninList->Data
net_pin_name = curNode-. >GetName();
if (stremp(net_pin_name,child_name)!=0 && !galsVddGnd(net_pin_name))}{
newPinList.InsertRear(net_pin_name);

}

// Insert imput pins of cross node into temp namelist

chFaninList = childNode->GetFaninList();

for (chFaninList->Reset () ; ! chFaninList->End0fList () ; chFaninList->Next ()){
curNode = chFaninList- >Data();
net_pin_name = curNode->GetName () ;

newPinList.InsertRear (net_pin_name);

// finds new merged match
for (sMatchList->Reset () ; ! sMatchList->End0fList () ; sMatchList->Next ()){
snodeMatch = sMatchList->Data();
smatchPins = snodeMatch->pinmap;
for_each(smatchPins){
pin_map = smatchPins->Data();
sm_pin_name = pin_map->net node,

if (!galsVddGnd (sm_pin_name))}{
Q.QInsert(sm_pin_name);

count = 0;
1£(Q.QLength() != newPinList.ListSize()){
while(!Q.QEmpty(}){ (void)Q.Defueue(); }
continue;
while(!Q.QEmpty O){
cur_pin_name = Q.DeQueue();
for(newPinList .Reset (); !newPinList.EndOfList () ;newPinList.Next ()){
new_pin_name = newPinList.Data(};
if (strcmg (cur_pin_name, new_pin_name)==0){
count++;

¥

}
if(newPinList.ListSize() == 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;

int pos;

childNode_name = childNode->GetName();

// find fanins of the childNode, and delete its fanout nodes
finList = childNode->GetFaninLis
for (finList->Reset();!finList-; >End0ﬁ.1st() finList->Next ) {
curNode = finList->Data();
foutList = curNode->GetFanoutlist();
if((pos = child->FindNode(foutList, childNode_name))!=-1){
foutList->Reset(pos);
foutlist->DeleteCurrent(}; //==
} else {
cout<<"In gaMergeSameTypeNodes(), "
<<childNode_name<<" can’t be found in childNode’s fanoutList\n";

}

finList = foNode->GetFaninList();

1f((pos = child->FindNode(finList, childNode_name))!=-1){
finList->Reset(pos);
finList->DeletaCurrent () ;

} else {
cout<<"In gaMergeSameTypeNodes(), "

3 <<childNode_name<<" can’t be found in foNode’s faninList\n";

// delete childNode
child->DeleteGate(childNode_name) ;

LinkedList<pinMap *> #pMapList;
pinMap *cur in,

char *net_

MapNode *fanincha,

foNode->SetNodeFunc (new_fo_func) ;
foNode->SetMatch(mergedMatch) ; 7} 06-24

pMapList = mergedMatch->pinmap;
for (pMapList->Reset () ; {pMapList->End0fList () ;pMapList->Next ()){
canin - pMapL:lst >Data();
urPin->net _node;
if (gaIsVddGnd(net name} |1}
(pos=child->FindNode (finList,net_name))i=-1}{
continue;
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faninNode = child->Find0OrCreateNode(net_name, pos);
if(pos==-1){
cout<<"In gaMergeSameTypeNodes(), "
<<net_name<<" is created. Stramge... Check it.\n";

}
foNode->InsertFanin(faninNode) ;
faninNode->InsertFanout (foNode) ;

}

// returns 1 if the child Chromosome has valid structure, and if possible

// merge the node (crossovered node) and its famout node

int gaCheckValidity0fChildAndMerge(MapNode *crossNode, MapGraph *child,
Graph *sGraph, LinkedList<Node *> *subQutList,
int num_merge)

LinkedList<Node *> *sgraphGateList;
LinkedList<MapNode #*> *c 11dGatsList *folist;
char *crossNos e name tfo _name;

int child_pos,

MapNode *c. ilch e-NULL *foNode=NULL, *fofoNode;
Node *sNode;

CellType fo_cell_type, cross_cell_type, fo_fo_Type;
NodeFunc new_fo func: fo_ F\mc fo_fo ﬁmc,

LinkedList<Match *> *sMatchList;
Match *mergedMatch;

crossNode_name = crossNode->GetName();
childGatelist = child->GetGateList();
if({child_pos = child~ >FindNode (childGateList, crossNode_name))!=-1){
childGateList->Reset(child_pos);
childNode = childGateList->Data();
folist = childNode->GetFanoutList();
if(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(cross_cell_tyse t= fo_cell_type){
num_merge = H
return (1);

sgraphGateList = sGraph->GetGateList(};

if((sg_pos = sGraph->FindNode(sgraphGateList, fo_name))!=-1){
sgraphGateList->Reset(sg_pos);
sNode = sgraphGateList->Data();

} else {
cout<<" In gaCheckValidityOfChildAndMerge(), crossNode("

E;crossNode,name«")’s fanout ("<<fo_name<<") cannot find..\n";
exit H

sMatchList=gaCrossNodeFanoutMatchListX(sGraph, childNode, cross_cell_type,
foNode, fo_cell_type, sNode);

mergedMatch = gaFindMergedMatch(sMatchList, foNode, childNode);

if (mergedMatch != NULL){
new_fo_func=gaGetMatchedCellFunc(sGraph, subOutList,sNode,mergedMatch);

// check if the mergedMatch is PTL, (if PTL2 + PTL1 mode is enabled)
// then check new_fo_func and fo_foFunc are PTL2,3 + PTL%.
7/ if not return (0); if OK do next routine
fofoNode = gaP2lcetFanoutNodaHapFunc(foNode, &fo_fo_Func);
1f(fofoNode!= NULL){

fo_fo_Type = gaGetMappedCellType(fofoNode);

}
if (new_fo_func==NODE_PTL2){
// Since merging cell will be ptl_y2 or ptl_y3.
if(fo_fo_Func == NODE_PTL2 || fo_fo_Func == NODE_PTL3){
return (0);

} else if(nev_fo funce=NODE_PTL1){
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 if there is any
// chromosome that has more expensive cost than child(s).

void gal atePopulation(LinkedList<MapGraph *> *gaPop,
galpd LinkedList<LibCell *> *ggll ibrary g P

MapGraph *childi, int validi, HapGraph *child2, int valid2)

double areaCost, delayCost, maxArea;
int pop_index; // index of gaPop which has max cost value

if(validl==1){
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maxArea = gaEvaluateGetMaxAreaCost(gaPop, &pop.index);
(void) gaEvaluateChromosome(childi, celllLibrary, &areaCost, &delayCost);
if (areaCost < maxArea){
gaPop—>Reset (pop_index) ;
delete gaPop->DeleteCurrentElem();
gaPop->InsertRear(childl);

/==

} else_ {
delete childi;

¥

if(valid2==1){
maxArea = gaEvaluateGetMaxAreaCost(gaPop, &pop.index);
(void) gaEvaluateChromosome(child2, cellLibrary, &areaCost, kdelayCost);

if(areaCost < maxArea){
//delete a chromosome which has max_area
gaPop->Reset (pop_index) ;
delste gaPop—>De1eteCurrentElem(); /==

//ins
gaPop->InsertRear (child2);

} else {
delste child2;

}

void gaSelectCrossover(LinkedList<MapGraph *> *g aPog
LinkedList<LibCell *> *celllibrary, Graph *sGraph,

LinkedList<Node *> ssubOutList)

{
int indexP1, indexP2;
MapGraph *parenti, *parent2;

int pari node_pos, type_fanin, itr = 0, itr_max = 10;

MapNode *pariNo
char *target nam
int validl = 0, valid2 =0, num_merge = 0;

double area, delay;

while(1){

// returns (-1) if Pop.size = 0

itr++;

parentl = gaSelectiParent(gaPop, &indexP1);
arent2 = EgSelectharent(gaPop, &indexP2) ;
_SELECT,

#ifdef G
(void)gaPrint2Parents(parentl, indexP1, parent2, indexP2);

#endif

// get the chromosomes by indexing indexPl and indexP2

// using parent_1,select a gene(internal node) and identify its fanout
// node and its matched type. Then goto parent_2, find same node which
// has same matched cell type. And perform corssover

pariNode = gaGetAParentNode(parentl, &parl_node_pos);
target_name = pariNode->GetName();
anin=; EgammckTargetNodeTypaAndFanms(parlNode, parentl, parent2);

#ifdef GAygELE
sendif cout <<'Target Node Name = "<<target_name<<" St = "<<type_fanin<<"\n";
o

if(itype_fanin || itr > itr_max}{
break;

} // vhile
if(type_fanin==1){
retu:

rn;

MapGraph *childl = new MapGraph;
MapGraph *child2 = new MapGraph;
oid)EaCrossﬂver(parem:i parent2, pariNods, childl, child2);

kifdsf GA

"\n Crossovered Two Childs \n";
. dgaid)gal’rinﬂl’arents(childl 101, child2, 102);
o

validl=gaCheckValidity0fChildAndMerge(pariNode,childl, sGraph,
subQutList, num_merge);
if(validil) gaEvaluateChromosome(childl, cellLibrary, &area, &delay);

valid2sgaCheckValidity0OfChildAndMerge(pariNode, child2, sGraph,
subQutList, num_merge);
if(valid2) gag;aéuatechromosome(chilﬁ, celllibrary, &area, &delay);

#ifdef GA_CROSS_D!
1 vadli = "<<validi<<" Child 2 valid = "<<valid2<<"\n";

cout << "\n\nChild
(void)gaPr1nt2Parents(childl 201, child2, 202);

#endi

// Evaluate Cost function and replace if the is less tha max cost
{void)gaUpdatePopulation(gaPop,cellLibrary, childl,validl, child2,valid2);

/7 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 if its cost 7?77

void gaDoRandomMutation(LinkedList<MapGraph *> *gaPop, double mutation_rate)
{

¥

MapNode *gaMutateSelectANode(MapGraph *aChromosome,CellType *cType,int *flag)

213

int chroSize, genePos, itr_cnt=0;
LinkedList<MNp ode *> *chroGatemst,
MapNode *curNode

NodeFunc cu.rFu.nc,

NodeType curType;

chroGateList = aChromosome->GetGateList();

chroSize = chroCateList->ListSize();
vhile(1){
itr_cnt++;

genaPos = (int)gaGenRandomNumber ((double) (chroSize));
chroGatelist->Reset (genePos);

curNode = chroGateList->Data();

curFunc = curNode->GetNodeFunc();

curType = curNode->GetNodeType();

1f(cuxf‘]-‘unc != NODE_PI &g curFunc != NODE_PO |} itr_cnt>30){ //0720

*flag = 1;
breaﬁ; !

*cType = gaGetMappedCellType{curNode);
if (itr_cnt>30) *flag=0;
return curNode;

¥

// for PerformMutation for only NAND_NOR_INV
Node *gaFindsubGraphNode(Graph *sGraph, MapNode *curMapNode)
{

char *mG_node_name;
int pos;

LinkedList<Node *> *sGateList;
Node *sNode;

mG_node_name = curMapNode->GetName() ;

sGateList = sGraph->GetGateList();

if ((pos = sGraph->FindNode(sGateList, mG_node_name))}!=-1){
sGateList->Reset(pos);

sNode = sGateList->Data();

} else {
c;}u(ti << "In gaGetUnMappedNods(), cannot find "<<mG_node_name<<".
sNode =

return sNode;

>

LAn";

LinkedList<Match *> *gaGetUnMappedGraphNode (MapNode *curNode, Graph *sGraph,

c Node *sNode)
char *mG_node_nane;
int pos;

LinkedList<Node *> *sGateList;
LinkedList<Match *> *mapList;
CellType cType;
NodeType nodeType; //0720
mG_node_name = curNode->GetNameE)
sGateList = sGraph->GetGateList();
if((pos = sGraph->FindNode(sGateList, mG_node_name))'!=-1){
sGateList->Reset (pos);
sNode = sGateList->Data();
} else {
cout << "In gaGetUnHappedNode()
sNode = NULL;
exit(0);

cannot find "<<mG_node_name<<"...

cType = gaGetMappedCellType(curNode);
nodeType = curNode->GetNodeType(); // 0720
if (nodeType != PRIMARY_OUTPUT){ //0720
if (cType==PTL) {
mapList = sNode->GetPMatchList();

} else {
mapList = sNode->GetSMatchList();

}
} else {// 0720
if (cType==PTL){
mapList = sNode->GetSMatchList();

} else {
mapList = sNode->GetPMatchList();

return mapList;

¥
void gaMutateDeleteAMapNdoe(MapGraph *aChrom, MapNode *curNode)
{

LinkedList<:NpNode *> *piList, *poList, *gateList, *finList, *folist;
MapNode *fi de, *foNode, *no .foNode;
}ilo eType cType;

ot

charp*fo _name,
Queue<MapNode *> §;

gateList = aChrom->GetGateList();
piList = aChrom->GetPiList();
poList = aChrom->GetPoList();

cType = curNode->GetNodeType();
cur_name = curNode->GetName();

*cur_name, *no_fo_name;

// 1) delate current node in current fanin’s fanout list
finlist = curNode->GetFaninList();
it(finList >ListSize ()>0){
for (finList->Reset () ; !finList->End0fList ();finList->Next ()){
finNode = finList->Data
folist = ﬁnNode->GatFanoutList() H
if (foList- >ListSize()> {
for_each(folList){
oNode = foList ->Data();
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fo_name = foNode->GetName();

if(strcmp(cur_name, fo_name}==0){
//folist->DeleteCurrent(); // 11-13-00
(vo;ﬁ)fomst >DeleteCurrentElem(), /7
bre

}

}
// 2) if foList is 0, enQueue ) to delete after for_loop

it (foList->ListSize()==0){
Q.QInsert(finNode);

¥

7/ 3) current node’s fanin node, which doesn’t have any fanout, delete
while(!Q.QEnpty()){
no_foNode = Q.DeQueue();
no_fo_name = no_foNode->GetName() ;
1£{(pos=aChrom- >F1nchde(gateL15t no_fo_name)) t=-1){
gateList—>Reset(pos);
gateList->DeleteCurrent(); //
aChrom->SetNumGate (aChrom->GetNumGate () ~1);

)i‘f ((pos=aChrom->FindNode(piList,no_fo_name))!=-1){
pilList->Reset(pos);
pilist->DeleteCurrent(); //==
aChrom->SetNumPi (aChrom->GetNumPi()-1);

¥
// 4) delete current node
1f ((pos=aChrom->FindNode (gateList, cur_name))!=-1){
gatelist->Reset (pos);
gatelist->DeleteCurrent(); //==
aChrom—)SetNumGate(aChrcm->GetNumGate() 1);
} else { // Possible
#ifdef GA _MUTATE_DEBUG
cout << "In gaMutateDeleteNodes(), "<<cur_name
<<" ig not in GATE List...\n";
#endif

}

// Delete all node starting from bNode to the PI nodes in a Chromosome
void gaMutateDeleteNodes(MapGraph *aChromosome, MapNode *beginNode)
{

Queue<MapNode *> Q, Q1;

MapNode *curNode. *fi}\lode,

char *cur_name
L1nkedL15t<MapNode *> *finlist;
int pos;

// 1) Delete beginNode and its fanins while travsersing down the network
Q.QInsert(beginNode);
while (1Q.QEmpty()){

curNode = Q.DeQueue();
cur_name = curNode->GetName(),

finList = curNode->GetFaninList();
if (finList->ListSize() 1=0){
for_each(finList){
fiNode = finList->Data 8 H
i (fiNode->GetNodeType () |=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
1/ slegal solution creation
finList = beginNode->GetFaninList();
if (finList->ListSize()>0){
for(finList->Reset(); [finList->End0fList ();finList->Next ()){
G1.QInsert (finList->Data(});

3
while(!Q1.QEnpty ()){
curNode = Q1.DeQueue();
cur_name = curNode->GetName();
if({pos = aa:romosoms->F1ndNode(f1nList, cur_name)) t=-1){
finList->Reset (pos);
ﬁnLis:—>De1steCurrentE) /==
beginNode->SetNunFanin (beginNode->GetNumFanin{()~1);
¥
3
}

void gaHutateBuild.ALegalSol(GraEh *origNet, Graph *sGraph,
ist<Node *> *subOutList,
MapGraph *gaGraph, MapNode *bNode Match *sMatch)
{
LinkedList<pinHap *> *pMapList;

inMay in_ maj
ﬁatchp*a.ﬁatc Pi

MapNode *mapNode, *finNode, *foMapNode;

Linkediist<Node *> *sGateList;

Queue<Node *> Q;

Node *curNode, *sfinNode, *bNode_in_sGraph;
char *bnode_name, *curName, *netpinName
int pos, begin=1;

CellType ctype, ﬁn'l‘ype,

NodeType curNodeT: curPinNodeType
NodeFunc matchFunc ypa bNode. new_match Func;

//LinkedList<Node *> *sCateList;
int pos_sgate = -1;

214

// 1) Set begin node’s match which is different from old(delated) match

// and its Node Function(NODE_ADN or ...}
bNode->SetMatch(sMatch) ;
bnode_name = bNode->GetName () ;

sGateList = sGraph->GetGateList();
if ((pos=sGraph~->FindNode(sGateList, bnode_name}) t=-1){
sGateList->Reset(pos);
bNode_in_sGraph = sGateList->Data(};
bNode_new_match_Func = gaGetMatchedCellFunc(sGraph, subQutList,
bNode_in_sGraph, sMatch);
b¥od§->sitNodeFunc (bNode_new_match_Func) ;
else
cout << "In gaMutateBuildALegalSol(), " << bnode_name<< " cannot be"

<< " found in sGraph(un_mapped curciut)\n";

}

// 2) Update begin node’s new mapped cell type
if ((pos=sGraph->FindNode(sGateList, bnode_name))!=-1){
//sgateList->Reset(pos);
sGateList->Reset(pos);
curNode = sGateList->Data();
curNode->SetMat chType (gaGetMappedCel1Type (bNode)) ;

}

// 3) Build nev legal solotion
Q.QInsert{curNode);
while(1Q. QEmpty())‘t
curNode = {.DeQuene();
curName = curNode->GetName();
ctype = curNode->GetMatchType();
if(begin==1){
aMatch = bNode->GetMatch();
EaGraph->InsertGate (bNode) ;
egin--;
} else {
foMapNode = gaFindFanoutNodeInGaGraph(gaGraph, curName);
aMatch=gaGetALegalMatch(origNet,sGraph,subQutList,
curNode, ctype, foMapNode) ;
}

curNodeType = gaGetCurrentNodeType(sGraph, subOutList, curNode);
if (curNodeType==UNASSIGNED) {
cout<<"Node("<<curName<<")\’s node type is "

<<(int)curNodeType<<endl;
cout<<"Tn "<<__FILE..<<"at line "<<__LINE_ _<<endl;
exit(0);

matchFuncType = gaGetMatchedCellFunc(sGraph,subQutList,curNode,aMatch);
mapNode = gaGraph->FindOrCreateNode(curName, pos, curNodeType,
matchFuncType);
mapNode->SetMatch(aMatch);
if(pos!=-1 && mapNode->GetNodeFunc () ==NODE_UNDEFINED){
mapNode->SetNodeType (curNodeType) ;
mapNode->SetNodeFunc (matchFuncType);

pMapList = aMatch->pinmap;

for(pHapList >Reset () ; ! pMapList~>End0fList () ;pMapList->Next ()){
pin_map = pMapList->Data();
netpinName = pin map->net_node;

if ((strcomp(netpinName, *GND")==0) | | (strcmp (netpinName, "VDD") ==0)) {
continue;

curPinNodeType =gaGetInPinNodeType(origNet,sGraph,subOutlList,
netpinName,ctype);
if (curPinNodeType == PRIMARY_INPUT){
finNcde = gaGraph->FindOrCreateNode(netpinName, pos,
curPinNodeType, NODE_PI);

} else {
finNode = gaGraph->FindOrCreateNode(netpinName, pos,

curPinNodeType) ;
¥

// Insert finNode into current mapNode’s fanin
mapNoda->InsertFanin(finNode) ;
finNode->InsertFanout (mapNode) ;

// Insert newly created node into Queue to reaverse network
if (curPinNodeType==INTERNAL){
pos_sgate=sGraph->FindNode(sGateList, netpinName);
sGateList->Resat (pos_sgate);
sfinNode = sGateLigt->Data();
Q.QInsert (sfinNode);

// Allow PTL2+PTL1, i.e., 3 trs inseries
tinType-gaDetermineFaninéellType (mapNode, curNode, sfinNode);

}
} // end for_loop
}// white()

// 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 qifferent 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.
int gaPerformMutation(Graph *origNet, Graph *sGraph,

LinkedList<Node *> *subOutList, MapGraph *gaGraph)

HagNode *curNode;
e11Type cType;
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Node *subNode, *dummyNode=NULL;
LinkedList<Match *> *matchList;
Match *curCellMatch, *sMatch;

char *cur_match_name, *smatch_name;

int flag= 0, found_different_match = 0;
int m atchs, match_pos, count;

MapNode *foMapNode
NodeFunc fo_Func, matchFunc

curNode = gaMutateSelectANode(gaGraph, &cType, &flag);
//For mapping only NAND_ONR_INV (0$-30-00)
foMapNode = gaP21GetFanoutNodeMapFunc(curNode, &fo_Func);

if(flag==0){
return flag;

}
curCellMatch = curNode->GetMatch();
cur_match_name = curCellMatch->cell_name;

matchList = gaGetUnMappedGrapbNode(curNode, sGraph, dummyNode);
Node = gaFi phNode (sGraph, curNode) ; //curNode=current mapped Node
if(matchList == NULL) return (0);
nunMatchs = matchList->ListSize(;
if (numMatchs==0) return (0);

count = H
while(1) {
count++
match, pos = (int)gaGenRandomNumber ( (double)nunMatchs);
matchList->Reset (match_pos);
sMatch = matchList->Data();

//for NANDNOR
matchFunc = gaGetMatchedCellFunc(sGraph, subOutList, subNode, sMatch);

smatch_name = sMatch->cell_name
Jf(strcmp(cur match_name, smatch _name) !=0) {
(gaAreSignalslegal (origNet, sGraph, cType, sMatch)){
#ifndef ONLY_ No§ NAND_ v o oE grers pa, G
und_different_match = 1;
break;

if (subNode->GetMatchType () ==STATIC) {

ODE_NAND | |matchFunc==NODE_INV]| |
NODE_NOR)) {
_different _match = 1;

#else

¥
} else if (foMapNode==NULL){
if (matchFunc==NODE_| PTLII |matchFunc==NODE_PTL2 ||
matchFunc==NODE_PTL3 | |matchFunc==NODE_NAND {|
mwatchFunc==NODE_ INVII matchFunc==NODE_NOR){
found_different _match = 1;
break;

#endif
3}

if(count >= 10snumMatchs) {
return (0);

¥
if(fm{nd dlsfarent _match==0){

retsrn flag H

// 1f a different match type was not found, go to the fanout node of

// curnode and find

if (stremp(cur_match_name, smatch_name)==0){
(void)gaMutateDeleteNodes(gaGraph, curNode);
(void) gaMutateBuildALegalSol(origNet, sGraph, subOutList,

gaGraph, curNode, sMatch);

flag = 1;

} else {
1/ 1) daelete the cone from cur node’s fanin and its transitive fanins
(vo: §aMutateDelataNodes(gaGraph, curNode) ;

#ifdef GA M'UTA EBUG

cout << " swk* Current Node = "<<curNode->GetName()<<" s###*\n";
gaGraph->PrintPoNodes() ;

gaGraph->PrintPiNodes();
gaGraph->PrintAl1Nodes();

// 2) build new legal cone from the cur_ndoe
(void) gaMutateBuildALegalSol(origNet, sGraph, subQutlist,
gaGraph, curNode, sMatch);

#endif

#ifdef GA_MUTATE_DEBUG
cout << " Recovered Chromosome ....\n";
gaGraph->PrintPoNodes() ;

gaGraph->PrintPiNodes();

gaGraph->PrintAllNodes();
#endif

flag = 1;

b
return flag;

¥

// 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 gaDoRatsMutation(Gra h sorigNet, Graph *sGraph,
edList<Noda *> tsub[)utLlst
LinkedList<Mapcraph *> *gaPop, "double mr)
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double min_cost, max_cost
int min_ flrst 1ndex max._. first -index, pop.size, numMutate;

MapGraph *aChromosome;

double” chroCost;

int n, visit flag, n_min_chrom;
int flag,

min_cost = gaEvaluateGetMinAreaCost(gaPop, &min_first_index, &n_min_chrom);

pop_size = gaPop->ListSize();
numMutate = (int)(pop_size*mr); // mr is mutation_rate

if((pop_size - n_min_chrom) > pumMutate){
numMutate = pop_size - n_min_chrom;

%or(n = 0; n < numMutate; n++){
max, cost = gaEvaluateGetMaxAreaCost (gaPop, dmax_first_index, 1);
gaPop->Reset (max_first_index);
aChromosome = gaPop->Data();
chroCost = aChromosome->GetArea();
visit_flag = aChromosome->GetVisited();
if(ivisit_flag && (chroCost > mm_cost)){
flag=gaPerformMutation(origNet, sGraph, subQutList,aChromosome);
if(flag==1){
aChromosome->SetVisited(1);
break;

3
(void)gaResetMapGraphVisitedFlag(gaPop) ;

//--

// returns multiple fanout node 1list of a and2orNetwork excluding
// mfp node whose fanin is MFP node or PRIMARY_INPUT

void gasGetMfpNodeList(Graph *origNet, LinkedList<Node *> *mfpList)
{

Initialize Global Chromosome

Node *mfpNode, *nfp_fiNode

LinkedList<Node *> *oGateLlst *mfpn_foList, *mfpn_filist;
int num_fanout, num_mfp.. leode fanout ;

NodeFunc node func, mfpn_finode_func;

char *mfp_name;

//mfp_polist = GetMultiFanoutAndPoNode(origNet); // in Subgraph_Bdd.cc
oGateList = origNet->GetGateList();
for(oGateList->Reset();'oGateList->End0fList () ;oGateList->Next()){
mfpNode = oGateList->Data();
mfpn_foList = mfpNode->GetFanoutList();
pum_fanout = mfpNode->GetNumFanout();
if(num_fanout != mfpn_foList->ListSize() && num_fanout>1){
mfp_name = mfpNode->GetName () ;
cout<<"Error:Num fanout != foList size at Node "<<mfp_name<<".\n";
cout<<"In "<<__FILE__<<"a at "<<__LINE__<<" . \n";
exit(0);

}
node_func = mfpNode->GetNodeFunc();
if (mfpNode->GetNodeFunc () !=NODE_PO && num_fanout>1 &&

node_ func!=NODE_INV && node_func!=NODE_PI){
} else if(node_func == NDDE INV & num_fanout>1){
mfpn_fiList = mfpNode->GetFaninList();
if (mfpn_fiList->ListSize()>1){
cout<<"Error : In "<<__FILE__<<"at line "<<__LINE__<<".\mn";
oxit(0);
} else {
mfpn_fiList->Reset();

mfp_fiNode = mfpn_fiList->Data();

nue_nfp_fiNode_fanout = mfp_fiNode->GetNumFanout();

mfpn_finode_func = mfp_fiNode->GetNodeFunc();

if(mfpn_finode_func!=NODE_PI &% num_mfp_fiNode_fanout==1){
mfpList->InsertRear (mfpNode) ;

}

// popIndex[0] contains subGRaph[0]’s index from subPopulation, and so om..
MapNode *gasGetMapNodeFromIndexForGchrom(

LinkedList<LinkedList<MapGraph *> *> *subPList,

int popIndex[}, char *mfpName,

CellType *mfpCellType, int get_po_node = 1)

LinkedList<MapGrapk *> *subPop;
MapGraph *sul om ;
Linke ist<MapNode *> *subGateList;
Ma Node *map! gg-NULL
e map_node_type;
int cgom pgs n; Pei
chrom_pos = -1;
for (subPList- >Resst() n=0; ! subPList->End0fList (); subPList->Next (),n++){
subPop = subPList~>Data();
subPop->Reset {popIndex[nl);

subChrom = subPop->Data();
sublateList = subChrom->CetGateList(};
chrom_pos = subChrom-)FindNode(subGateList mfpName) ;

if(chrom_pos != -1){
subGateList~->Reset (chrom_pos) ;
mapNode = subGateList->Data();
map_node_type = mapNode->GetNodeType();
if (map_node_type==PRIMARY_OUTPUT &% get_po_node ==1 ||
map_| node_type--PRIHARY_IN’PUTI |get_po_node ==0){
;mprsllType = ppedCellType(map );

*m: pCell'l‘ype UNKNOWN

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



int

¥
} else
If)Nods = NULL
pCellType = UNKNDWN
¥

return mapNode;

gasGetFanoutL1stFromGIndex(L1nkedL1st<LinkedL1st<MapGraph *> *> *subPList,
int popIndex[], N pl , Queue<MapNode *> *Q)

LinkedList<MapGraph ¥> *subPop;
LinkedList<MapNode #*> *subGateList *fin_foList;
MapGraph *subChrom;

MapNode *subG_map_Node;

char *map_node_name, *fin_name;
int chrom_pos, X, num_fanout = 0;

if (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 (popIndex{kl);

subChrom = subPop->Data();

subGatelList = subChrom->GetGateList();
for_each{subGateList){
subG_map_Node = subGateList->Data(};

if (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_foList = subG_map_Node->GetFanoutList();
num_fanout = num_fanout + fin_folist->ListSize();

¥
}

return num_fanout;

// Returns inverted signal name
char xgasGetInvertedSignalName(char *sig_name)

int

int

Reproduced with permission of the copyright owner.

int name_len;
char *sig_name_b;

name_len = strlen(sig_name);
if(sig_name[name_len-1]==’\’){
sig_name_b = (char *)calloc(name_len+l, sizeof(char));
strncpy(sig_name_b, sig_neame, name_len-1);
} else {
sig_name_b = (char *)calloc(name_len+2, sizeof(char));
strcpy(sig_name_b, sig_name);
strcat(sig_name_b, "\’");

¥
return sig_name_b;

gas(:heckvalid1tyFanoutCallTypex(CsllType mnCellType,
Quene<MapNode *>’ xfof,
LinkedL1st<LinkedList<MapGraph *> *> *subPList,
int popIndex[])

CellType mfp_outCelliType = UNKNOWN;
LinkedList<MapGraph #*> *subPop;
MapGraph *subChrom;

Linke: ist<H§pNode *> *subGateList;
MapNode *mfoNode, *mapNode=NULL;
int n, chrom pos, valid=i;

char *foName

while (!foQ->QEmpty()){
mfoNode = foQ->Del(ueu
foName = mfol ode->GstNama(),
chrom_pos = -1;
// gChrom is a global chr ( L<L Map *> > )
for(subPList->Reset () ,n=0; ! subPList->End0fLis

t();
subPList-3Next () ,n++){
subPop = subPList->Data();
subPop->Reset (popIndex[n});

subChrom = subPop->Data();

subGatelList = subChrom->GetGateList();
chrom_pos = subChrom->FindNode(subGateList, foName);

if (chrom_pos != -1){
subGateList->Reset(chrom_pos);
mapNode = subGateList->Data();

mfp outCellType = gaG ppedCellType (map ) ;
break;
}
11((mn%élTyse--mfp_outCellType) && mapNode->GetNodeFunc () ! =NODE_INV){
va ="0;
break;

return valid;

gasCheckvalidityFanoutCellT¥ps(CallT;drEe mnCellType, Qusue(MagNode *> *fof,
LinkedList<LinkedList<MapGraph #*> *> *subPList,

int popIndex[])

Cell'l‘yge foCellType, gCell‘l‘ype'
LinkedlList<MapNode > % jList, *folist;
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MapNode *mfoNode, *mapNode, *inNode;
int valid=1;

while(!foQ->QEmpty()){
mfoNode = foQ->DeQueue()
3£ tnfoNode->GetNodeFunc () ==NODE_P0) {
filist = mfoNode->GetFaninList();
inNode = fiList->Data(0);
mapCell’I‘yps = gaGetMappstellType(1nNode) H
} else {
mapCellType = mnCellType;

if (mfoNode->GetNodeFunc() == NODE_INV) continue;
folist = mfoNode->GetFanoutList();
for (foList->Reset(); 'foList—>End0fList() foList->Next{)){
mapNode = folList- >Data();
11 (mapNode->GetNodeFunc () ==NODE_INV) continue;
foCellType = gaGetMappedCellType{mapNode);
if (foCellType==mapCellType){
valid = 0;

break;
}

return valid;

//C1355 has reconvergent fanout
int utilCheckIfReconvergence(Graph *origNet, Node *mfpNode)
{

LinkedList<Node *> xmfolList, *folListl, *folList2;

Node *foNodel, *foNode2;

char *namel, *name2;

int recon = 0;

mfolist = mfpNode->GetFanoutList();

if (mfoList->ListSize()==2){
foNodel = mfoList->Data(0);
foNode2 = mfoList->Data(l);

foListl = foNodel~>GetFanoutList();
foNodel = folisti->Data(0Q);
namel = foNodel->GetName();
foList2 = foNode2-: >GetFanoutList()
foNode2 = foList2->Data(Q);
name2 = foNode2->GetName (
if(strcmp(nanmel, name2)-=05{
return (1);
} else {
folistl = foNodel->GetFamoutList();
foNodei = folisti->Data(0);
namel = foNodel->GetName();
foList2 = foNode2->GetFanoutList();
foNode2 = foList2->Dat (0)
name2 = foNode2->GetName()
if (strcmp(namel, nameZ)“OS return (1);

}
} else if(mfolist->ListSize()==3){
return (1);

return recon;

// returns TRUE if the gChromosome has valid circuit structure (P-S)
int gasCheckGlobalChromosomeValidity(Graph *origNet,
LinkedList< inkag.l.isKHapGraph *> *> xsubPList,
LinkedList<Node *> *mfpList, int popIndex([])

Node *mfpNode;
char *mprame *nfpName_b=NULL;

int num_fo_ mnﬂllods num fo_mfpNode_b, num_fo_inSub;
int num_fo_inMap, v 1 =1, valid2 = 1, valid-l-
int fanout _not matched = 0, recon =0;

b
Ceil‘l‘ype mnﬁell‘l‘ype mansllType H

Queue<MapNode *> *foQ= new Queue<MapNode *>;
Queue<MapNode *> *fobQ= new Queue<MapNode t)

#ifdef GCHROM_VALIDITY
#endif

if (mfpList~>ListSize()>0){
for_each(mfpList){
num_fo_mfpNode = num_fo_mfpNode b = Q;

mfpNode = mfpList->Data(); // Nodes in sGraph (Graph)
recon = utilCheckIfReconvergence(origNet, mfpNode);
num_fo_inSub = mfpNode->GetNumFanout();

mfpName = mfpNode->GetName();

mfpName_b= gasGetInvertedSignalName(mfpName);

// retrieve mfpNode from gChromosme and
// get 1ts mapped cell type(P or S)
p g pNodeFromIndexForGehrom (subPList, popIndex,
mfpName, &mnCellType);

num_fo_mfpNode =
gasGetFanoutListFromGIndex(subPList,popIndex, mapNode,foQ);
if (foQ->QLength() ! =num_fo_inSub |{ foQ->QEmpty()){

p _be=g; p roml: orGchrom(subPList, poplndex,
wfpName_b, &mnbCellType, 0);

num_fo_mfpNode_ b =
gasGetFanoutListFromGIndex(subPList,popIndex,mapNode_b,fobQ);

num_fo_inMap = num_fo_mfpNode + num_fo_mfpNode_b;
if (num_fo_mfpNode == O && num_fo_mfpNode_bi=0){
if ((num_fo_mfpNode_b -1) != num_fo_inSub && !'recon){
fanout_not_matched = 1;
Yelse if(num_fo_mfpNode !=0 && num_fo_mfpNode_b==0){
if (num_fo_mfpNode != num_fo_inSub &% !recon){
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fanout_not_matched = 1,

}else if(num_fo_mfpNode !=0 && num_fo_mfpNode_b!=0){
if((oum_fo_inMap -1) != num_fo_inSub && !recon){
fanout_not_matched = 1;

¥ else {
fanout_not matched = 1;

£ (fanout_not_matched == 1}{
#ifdef GCHR,OM VALIDITY DEBUG
cout<<"Error: # of famouts of mfp node "<<mfpName

<<" are not match in Global Chromosome.\n";
cout<<"num_fo_inSub = "<<num_fo_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 "<< INE__<<endl;
cout<<"mapNode = "<<mapNode->GetNamezS<<" "
<<"mapNode_b = "<<map _b->G 0<<"™\n";
cout<<" mapNode Fanouts....... \n";
while (! foQ->QEmpty()){
tmpNode = foQ->DeQueue();
cout<<tmpNode->GetName ()<<" : ";
tmpList = tmpNode->GetFanoutList();
for_each(tmpList){
tmpNode = tmpList->Data();
cout<<tmpNode->GetName()<<" ";

s
cout<<endl;

zout<<" mapNode_B Fanouts....... \n";
while (!} fobQ->QEmpty () {
tmpNode = fobQ->Defueue();
cout<<tmpNode->GetName () <<" : ";
tmpList = tmpNode->GetFanoutList();
for_each(tmpList){
tmpNode = tmpList->Data();
cout<<tmpNode->GetName()<<" ";

¥
cout<<endl;

3}

valid = O;
break;

#endif

¥

// check if all the nodes in foutList has different
// mapped cell type
validi=gasCheckvalidityFanoutCellType(mnCellType, foQ,
subPList, popIndex);
valid2=gasCheckvalidityFanoutCellType (mnCellType , fobQ,
subPList, popIndex);
¥

delete [} mfpName_b;
while(!£0Q->QEmpty () ) {
(void) foQ->DeQuene () ;

while(1£obQ->QEmpty()){
(void) fobQ->DeQueue();

delete toQ,

delete fobQ;
Y} /7 if (mfghst—)Slze 0>0)
return val

// 11-03-2000, to calculate cost(area) accurately
// 1f any of the sub-chromosme’s output in GlChrom is not used im global

// chromosome delete the sub-chromosoem from the List
Vo1 sedSubChr (LinkedList<MapGraph *» *gChrom)

1 &

MapGraph *tﬁtChrom, *subChrom;

LinkedList« KNode *> *poList #piList, *doList;
3ueue<HapGrap
ueue(MapNode *> nl

MapNode *curNoede, *doNode,

char *curName, *doName;

int gchromLSize, found = 0, pos;

gehromLSize = gChrom->ListSize();

for (gChrom->Reset () ; ! gChrom~>End0fList () ; gChrom->Next (3} {
subChrom = gChrom->Data();
grQ.QInsert (subChrom);

vhile(!grQ.QBmpty ()){
tgtChrom = grQ.Defueune();
¥0L1st = tgtChrom->GetPolist();

if (poList>>ListSize()==1){
curNode = polist->Data(0);

if (curNode->GetNodeFunc () ! =NODE_P0){
curName = curNode->GetName();

// Check 1! “curName" 1s in any of the pi nodes. if yes,
// found=
for (gChrom—iReset() ; | gChrom->End0fList () ; gChrom->Next () {
pos
subChrom = gChrom->Data();
piList = subChrom->GetPiList(};
if( (gos*subChrom-)FindNode (piList, curName))!=-1){
an, .

d = 1;

}/ if found =

// for_each graph find the graph whose output name is curNode,

// -and delete
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if (1found) {
for (gChrom->Reset () ; ! gChrom->End0fList () ; gChrom->Next (}) {

subChrom = gChrom->Data();

doList = subChrom->GetPoList();

doNode = doList->Data(0);

doName = doNode->GetName (g ;

if (stremp (curName, doName)==0){
(void)gChrom->DeleteCurrentElem() ;
//(void)gChrom->DeleteCurrent();
break;

}
} else {
cout<<"Num po is one in "<<__FILE__<<" at line "<<__LINE__<<endl;

exit(0);

¥

// return and set the global depth of the PO node of a subChromosome

// 04-19-01
int gasGetGlobalDepthOfPoNode(MapGraph *subChrom, Graph *origNet, int index)
{

LinkedList<MapNode #> *subPoList, xsubPolnList = NULL;
MapNode *subPoNode, *subPolnNode;
char *subPoName, *subPoInName,

LinkedList<Node x> xorigGateList;
Node *ori§Node,
int max_glevel = 0, glevel, pos = -1;

subPoList = subChrom->GetPoList(),
if (subPoList->ListSize() == 1){
subPoNode = subPoList->Data(0);
subPoName = subPoNode->GetName();
3 sub?oIant = subPoNode->GetFaninList();
else
printf("Error !'!!\n");
printf ("sub-Chromosome [%d] has more than one PO nodes\n", index);
printf("In %s at line %d\n" FILE __LINE_);
exit(0);

Py -3

¥

origGateList = origNet->GetGateList();

for (subPolnList->Reset () ; ! subPolnList~>End0fList () ; subPoInList->Next()){

subPoInNode = subPoInList->Data();

subPoInName = subPoInNode->GetName();

pos = origNet- >F1ndNode(or1gGateList, subPolnName) ;

if(pos != ~1}{
origNode = origGateList->Data(pos);
glevel = origNode->GetGLevel();

} else {
printf("Error !!!\n");
printf("PU node (%s) in sub-Chrom[’d) doesn’t exit in origNet\n",

ubPoName, index);

pnntf("ln %s at line %d\n", __FILE
exit(0);

LINE_.);

max_glevel = Max(max_glevel, glevel);

}
subPoNode->SetGLevel(max_glevel+l);
return (max_glevel+l);

#ifdef 0ld0
int gasGetNewInsPos(LinkedList<MapGraph *> *gChrom,MapGraph *csubChrom,
int pos, int cur_depth)
{
MapGraph *osubChrom;
LinkedlList<MapNode *> *0osubPoList, *osubPiList;
MapNode *osub oNode, *piNode;
char *piNam
int osub dapth new_pos;

LinkedList<MapNode *> *csubPolList;
MapNode *csubPoNode

char *csub_poName;

int csub_po_name _found = 0;

csubPoList = csubChrom-)GatPoList(),
csubPoNode = csubPolist->Data(0);
csub_poName = csubPoNode->GetName();

// Backward search for finding cur_subP0O name
new_pos = pos;
while(new_pos >= 0){
osubChrom = gChrom->Data(new_pos);
osubPoList = osubChrom->GetPoList();
osubPoNode = osubPoList->Data(0);
osub_depth = osubPoNode->GatGLevel();
if(osub_depth == cur_depth){
osubPilist = osubChrom->GetPiList();
for_each(osubPiList){
“piNode = osubPiList->Data();
piName = piNode->GetName();
if(strcmp(csub poName piName)--O){
ub_po_name_ fount
break.

if (csub_po_name_found == 1) break;
new_pos-=-;

} olse {
new_pos—-;

¥
if (csub_po_name_found){

if (new_pos >=1){
return new_pos-1;

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



} else {
return new_pos;
¥
} else {
return pos;
}
3
#endif

int gasGetNewInsPos(LinkedList<MapGraph *> *gChrom,MapGraph *csubChrom,
int pos, int cur_depth)
1{
MapGraph *osubChrom
Linkedlist<MapNode *> *osubPoList, *osubPilist;
MapNode *osubPoNode, *piNode;
char *piName;
int osub_depth, new_pos;

L1nkedL15t<MagNode *> *csubPoList;
MapNode *csubPoNode;

char *csub_poName;

int csub_po_name_found = 0;

int ins_pos, ins_pos_ updated =0;

csubPolList = ¢subChrom->GetPoList();
csubPoNode = csubPoList->Data(0);
csub_poName = csubPoNode->GetName () ;

// Backward search for finding cur_subP0Q name
nev_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->GetPilList(};
for_each(osubPiList)
“piNode = osubPiList->Data();
piName = piNode->GetName();
if (strcmp(csub_poName, piName)==0){
csub_po_name_ found = 1;
break;

if (csub_po_name_found == 1){
ins_pos_updated++;
ins_pos = new_pos;
csub_po_name_found = 0;

¥
new_pos--;
} else if (osub_depth > cur_depth){
ew_pos—-;

¥ slse {
break;

¥

if(ins_pos_updated > 0){
if(ins_pos >=1){
return ins_pos-1;

} else {
return ins_pos;

¥
} else {
Teturn pos;

}
// 04-19-01
void gasBuildSortedGChromsosome(LinkedList<MapGraph *> *gChrom,
MapGraph *subChrom, int cur_depth)
{
MapGraph *oldSChrom
Links ist(MaBNode *> *0ldSPoList;
MapNode *o0ldSPoNode;
int old_depth, pos = -1, new_pos=-1;

if (gChrom->ListSize() == 0){
gChrom->InsertRear (subChrom) ;
} else if (gChrom~>ListSize()>=1){
pos = gChrom->ListSize()-1;
/* Insert in ascending order */
while(pos>=0){
0ldSChrom = gChrom->Data(pos);
01dSPoList = 0ldSChrom->GetPoList();
0ldSPoNode = 0ldSPoList->Data(0);
o0ld_depth = oldSPoNode->GetGLevel();

if(old_depth > cur_depth}{
if(pos == 0){
Chrom->InsertFront (subChrom) ;
roak;
} else {
pos-=-;
}

} else if(old_depth < cur_depth){
Chrom->InsertRight (subChrom) ;
reak;

} else {

new_pos = gasGetNewInsPos(gChrom, subChrom, pos, cur_depth);

if(new_pos > -1){
gChrom->Reset (new_pos) ;
if(new_pos == 0){
gCh.rom->InsertFront (subChrom) ;
} else {
gChrom->InsertRight (subChrom) ;
}
break;
} else {
printf("Error !!\nSubChromosome Insertion failed !!!\n");
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printf("In %s at line %d\n",_ _FILE _, __LINE_));
printf("new_pos = %d, old_pos = %d\n", new_pos, pos);
exit(1);

¥
}

// returns a global chromosome by randomly selecting a sub-chrom
// and if any of the sub-chromosme’s output in GlChrom is not used global
// chromosome delete the sub-chromosoem from the List.
GlChrom *gasGetRanGlobalChromosome (Gr: nf:h *origNet,
LinkedList<Li. edList<MapGraph *> *> %subPList,
LinkedList<Node *> #mfpList, int wheel = 0)

LinkedList<MapGraph *> *subPop;
int sub_pop_size, sub_pos, n, k;
int num_subg;
int pdEIndex[num _subg+1];
LinkedList<MapGraph *> *gChromosome;
double rand, fitnessSum, revArea, partSum;

gGragh *subChromosome,

id, gd, idx = -1;

num_subg = subPList->ListSize();

for(subPList >Reset () ,n=0; !subPList->End0fList (); subPList->Next(),n++){
subPop = subPList’>Data();

sub_pop_size = subPop->ListSize();

if(wbeel!=0){ // roulette wheel
fitnessSum = gaGetFxtnessSum(subPop)
rand = fit
if (subPop->Li stSize()==0){
cout<<"In gasGetRanGlobalChromosome(},
<<"\’s size = 0, CHeck it ...\n";
exit(1);

subPop("<<n<<") "

partSum = 0.0;
for (subPop->Reset(),k=0; ! subPop->End0fList () ; subPop->Next () ,k++) {
subChromosome = subPop->Data();

revirea = (1.0/subChromosome->GetArea());
partSum += revirea;

if(partSum > rand){
gopIndex [n) = k;

}

} else {
sub_pos = (int)gaGenRandomNumber (sub_pop_size);
poplndexin] = sub_pos;

¥

valid =i;
#ifdef GCHROM_VALIDITY
. d valid=gasCheckGlobalChromosomeValidity(origNet,subPList ,mfpList,popIndex);
on

1f(valid-=1){

GlChrom *globalChrom = new GlChrom;
gChromosome = globalChrom->gChromosome;

for(sngList >Reset () ,n=0; ! subPList->End0fList () ; subPList->Next () ,n++) {

subPop = subPList->Data();
subPop->Reset (popIndex(nl);
subChromosome = subPop->Data();

/* sort subChrom based on global depth of its out node in orgNet */

gd = gasGetGlobalDepthOfPoNode(subChromosome, orighet, idx);
(void)gasBuildSortedGCh (gChr , subChr ,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;
int sub_pos, num_min_chrom;
double min_ cost

Linkedl.istmagcraph *> #gChromosome = new LinkedList<MapGraph *>;
MapGraph *sul omosome;

for (subPopList->Reset () ; ! subPopList->End0fList () ; subPopList->Next ()){
subPop = subPopList->Data();

min_cost = gaEvaluateGetMinAreaCost(subPop, &sub_pos, &num_min_chrom);

subPop->Reset (sub_pos) ;
subChromosome = subPop->Data();
gChromosome~>InsertRear (subChromosome) ;

}
return gChromosome;

¥

void gasInitGlobalPopulat1on(Gr h *or1§Nst LinkedList<GiChrom *> *globalPop,
LinkedList<LinkedList<Maj raph *> *> xsubPopList,
LinkedList<Node *> *mfpLis
LinkedList<LibCell *> *cellLibrary,

double gPopSize, double tReq)

int index, wvalid, wheel = 1;
GlChrom tglobalchrom
LinkedList<MapGraph *> *gChromosome;
double dly;
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// total area of the sub Pop
r(1.0); // Wheel point cal. [0,1]

//fitness of indivi..



if{dl
#ifdef GLOBAL_CHRO

index = 0;
cout << "\n
while(1){
valid = 0;
globalChrom = gasGetRanGlobalChromosome (origNet,subPopList,
mfplist, wheel);

if(globalChrom != NULL){
gChromosome = globalChrom->gChromosome;
dly =gasE:valuateGlobalChromosome(orlgNet, globalChrom,cellLibrary);
tneBEeBm dly >=0){
PRI

void spicelncludeCells(int dual = 0)

char *cell _dir;
13 = "~ /MCNC/TSMC/STD_CELL_LIB/Sch/CellNet/";
cell_dir = "~/MCNC/TSMC/STD_CELL_LIB/DualRail/dCellNet/";

cout<<"x-- Incliding sub-circuits\n";

cout<<"\n ===== Global Chromosome # ["<<index<<"] =m====m=\n"; if(dual==0){ " .

(void) gasPrintGlobalChromosome(gChromosome); printf(".INCLUDE ¥s’s\n", cell_dir, "a022.spi");
#endif printf(".INCLUDE %sis\n", cell dir, "a0i22.spi");

§11‘gg:}P°P'>1n59rtR°3r(81°balchr°m) printf(".INCLUDE %s%s\n", cell_dir, "bufl.spi");

} else { printf (" .INCLUDE %s%s\n", cell _dir, "bufd.spi");
globalChrom-)area = 100000.0+(d1ly-tReq)*lel13; printf (" . INCLUDE s%s\n", cell_dir, "mux2.spi");
glgbalpop-ﬂnsertnear(globalChrom) H printf(".INCLUDE %s%s\n", cell_dir, "invl.spi");
Index++; i " v\ gt i, m i"y .

H o - N . printf (" .INCLUDE %s%s\n", cell_dir, "nand2.spi");
cout <<" gPop # <<index-1<< " is processed.\n"; printf (" . INCLUDE %s%s\n", cell_dir, "and2.spi");
} printf(".INCLUDE %s%s\n", cell_dir, "nand3.spi");
if(index > (gPopSize-1)){ printf(".INCLUDE %s%s\n", cell_dir, "and3.spi");
break; printf (" .INCLUDE , cell_dir, "nand4.spi");
3} printf (" .INCLUDE ¥%s% , cell_dir, "and4.spi");
3} printf (", INCLUDE %s/%s\n", cell_dir, "nor2.spi");
. . . printf(".INCLUDE %s%s\n", cell_dir, "or2.spi");
znt gasGetGlobalMaxCostChrom(LinkedList<G1Chrom *> *globalPop, double *maxCost) printf(".INCLUDE %s%s\n", cell_dir, “nor3.spi");
int index = -1 a1; printf (" .INCLUDE %s%s\n", cell_dir, "or3.spi");
Souble onst, max. cosk s 0.0; printf(".INCLUDE Ys%s\n", cell_dir, "nor4.spi");
GlChrom *globalChrom; printf (".INCLUDE %s%s\n", cell_dir, "ord.spi");
) printf(".INCLUDE %s%s\n", cell.dir, "xnor2.spi");
for(glogal?op >Raset () ; ! globalPop->End0fList () ; globalPop->Next O){ prints (", INCLUDE %s%s\n", cell dir, "xor2.spi");
globalChrom cglobalpop—mata(), printf (" .INCLUDE %s¥%s\n", cell_dir, "tptl_yl.spi");
cost = globalChrom->area; printf(".INCLUDE %s%s\n", cell_dir, "tptl_y2l.spi");
1f(c;:)t( Zoxgzx:cgggf printf(".INCLUDE %s%s\n", cell_dir, "tptl_y22.spi");
- - 3 : //
3 max_pos = index; printf (" .INCLUDE %s%s\n", cell_dir, "tptl_yl_opt.spi");
printf(".INCLUDE %s%s\n", cell_dir, "tptl_y21i_opt.spi");
*maxCost = max_cost; printf(".INCLUDE %s’s\n", cell_dir, "tptl_y22_opt.spi");
return max_pos; /7 P
¥ printf ("*.INCLUDE %s%s\n", cell_dir, "tptl_y3i.spi");
) . . . . printf ("*.INCLUDE %s%s\n", cell_dir, "tptl_y32.spi");
void gasPrintGlobalPopPrintShort (LinkedList<GlChrom *> *globalPop, double popS, } else {
‘ char *with_pin_map=NULL) printf (" .INCLUDE %sis\n", cell_dir, "dinvl.spi");
printf(".INCLUDE ’s%s\n", cell_dir, "dnand2.spi");
fxl.ghfﬁﬁa;gldﬁlcﬁrﬁm}'pos - -1; printf (" . INCLUDE %s%s\n", cell_dir, "dnand3.spi");
double area, total_cost = 0. O max_cost=0.0, min_cost=100000000; printf(".INCLUDE %s¥s\n", cell_dir, “dnor2.spi");
cout<<"\n": printf (" .INCLUDE %s%s\n", cell_dir, "dnor3.spi");
b = >] t ! b ~>End! t lobalPop->N
for(i];‘ole;ll’op Reset () ; ! globalPop->End0fList () ; globalPop->Next ()){ print£ (" . INCLUDE , coll dir, "dptl_yl.spi");
globalChrom =CﬁlobalPop->Data(), printf (" .INCLUDE ¥ , cell_dir, "dptl_y21.spi");
area = globalChrom->area; printf (", INCLUDE %s% » cell dir, "dptl y22.spi");
if(with_pin_map!=NULL &% strcmp(with_pin_map, "yes")==0){ printf(::‘INCLUDE dsiks\n", cell dir, "dptl_y31.spi");
(void) gasPrintGlobalChromosome (globalChrom->gChromosome) ; ) printf(".INCLUDE %s¥s\n", cell.dir, "dptl_y32.spi");
}
max_cost = Max(maxscost ,area); }
if(m;ﬁxﬂcgg:ifr;:é void spicePrintSignal(char *cur_net, int start, int end, int bar=Q)
min_pos = index; { int
nt n;
1 char *tab = " ",
t =
f:g:%hﬁgéhr;m(ﬁzg:ndex«") :: Area = "<<area if(strcmp(cur_net, "VDD") != 0 && strcmp(cur_net, "GND") != 0){
<<" Delay = " << globalChrom->cp_delay <<"\n"; 1f(sta{t ;(91‘% s?g}{g == 1){
} print. <", Ph);
if(with_pin _map!=NULL && strcmp{with_pin_map, "yes")==0){ b3
cout<<"\nk+++ Min cost global chromosome *++\n"; f°r(“;§taﬁ,, Lg" end; D:E)i[)
globalChrom = globalPop->Data(min_pos); } print » cur-metinl);
(void)gasPrintGlobalChromosome (globalChrom->gChromosone) ; if(bar > 0 ){
area = globalChrom->area; printf ("icks", 'b’, tab);
cout<<"GChrom("<<min_pos<<") :: Area = "<<area } else { : ’
<<" Delay = " << globalChrom->cp_delay <<"\n"; printf("js", tab);
}
cout<<"\n Max Cost(area) = “<<max_cost<<"\n"; } else if(strcmp(cur_net, “VDD") == 0)}{
cout<<” Avg Cost{area) = "<<(total_ cost/pop55<<" \n"; if (bar
N cout<<" Min Cost(area) = "<<min_cost<<"\n"; printt('és'/s" "GND", tab);
} else

* _%Kica_net .cC

is Pgm generates ELDQ cicrcuit netlist

#include
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{
printf("'/.s'/.s", "VDD", tab);

}
} else if(strcmp(cur net, "GND") == Q){

if(bar > i
printf(" s%s", "VDD", tab);
} else {
printt("%s%s", "GND", tab);
s
T

void spicePrintNodeName(char *cur_net, int dual = 0)
int n, len_cur_net;

len_cur_net = strlen(cur_net)
if({cur_net[len_cur_net - 1] --’\”) 173 (cur_net[O]--'S W
(void)spicePrintSignal(cur_net, 1, len_cur_net-1, 1)}

/* printing signal for duval-rail format */
if (dual){
(void) spicePrintSignal(cur_net, 1, len_cur_net-1, 0);
Yeise if((cur_net[len_cur_net - 1] t=’\*’) && (cur_net[0]=="$’)){
(v oid)spicsPrintSig‘nal(cur net, 1, len_cur_net, 0);

/% printing signal bar for dual-rail format */

Further reproduction prohibited without permission.



if (dual){
(void)spicePrintSignal (cur_net, 1, lem_cur_net, 1);

Yelse if((cur_net[len_cur_net - 1] ==’\’’) && (cur_net[0]1="$’)){
(void) spicePrintSignal(cur_net, 0, len_cur_net-1, 1)}
/* printing signal for dual-rall format */
if (dual){
(void)spicePrintSignal(cur_net, 0, len_cur_net-i, 0);

}
} else {
(void) spicePrintSignal(cur_net, 0, len_cur_net, 0);

/* printing signal _bar for dual-rail format */

if(dual){
(void) spicePrintSignal(cur_net, 0, len_cur_net, 1);

¥

// Printing spice~format sub-ckt that begins with x...
void spicePrintEldoSubcircuit{MapNode *curNode,Match *curMatch, int dual=0)

LinkedList<char *> *sortedPinL = new LinkedList<char *>;
LinkedList<char *> *celPinlList = mew LinkedList<char #*>;
LinkedList<Ma Node *> xfolist;

MapNode *folNoi

LmkedLlst(EinMap *> *pMap;

pinMap *cur

char *cur_cell_pin, *prev_cell_pin = NULL, *cur_net;

char *tmp_name;
char *tab = " ";
int pos =0;

#ifdef SPICE_NET_DEBUG
cout <<" "<<curMatch->cell_name<<" ";
#endif

// Sort PinList
pMap = curMatch->pinmap;
for (pMap->Reset () ; ! pMap~>End0fList () ; pMap—>Next ()){
curP)n = pMap->Data();
_cell_pin = can1n—>cell_pin,
#ifdef SPICE NET_DEBUG
cout<<curP1n->cell_p1n<<“("<<curP1n->net node<<") ";

#endif
if (prev_cell_pin==NULL){
celPinList->InsertRear(curPin->cell_pin);
sortedPlnL->InsertRear(cuer->ne1: node) ;
prev_cell pin = cur_cell_pin;
} else {
pos = celPinList~>ListSize()-1;
while(1){
celPinList->Reset (pos);
sortedPinL->Reset (pos) ;
prev_cell_pin = celPinList->Data(};
if(strcmp(prev_cell_pin, cur_cell_pin) > 0){
if (pos==0){
celPinList->InsertFront (curPin->cell _pin);
sortedPinL->InsertFront {(curPin->net_node);
break;
} else {
pos-~;
}
Yelse {
celPinList->InsertRight (curPin->cell _pin);
sortedPinL~>InsertRight (curPin->net_node);
break;
}
}
#ifdef SPICE_NET_DEBUG
cout <<*\n";
#endif

printf("x%d\t"”, ++sub_idx);

for(sortedPinL->Reset (}; 'sorted.PinL->E.nd0fList() sortedPinL->Next ()){
cur_net = sortedPinl.->Data(
(void) spicaPrintNodeName(cur net, duall;

// output node name of a cell
folList = curNoda->GetFanoutLlst(),
if(folist->ListSize()==1)

foNode = folist->Data(0);
} else {

foNode = NULL;

if(foNode != NULL && foNode->GetNodeFunc ()==NODE_PO){
tmp_name = foNode->GetName();

} else {
tmp_name = curNode->GetName() ;

(void)spicePrintNodeName (tmp_name, dual); // output_name

printf("VDD%s", tab);

if(strcmp(curMatch->cell_name, "ptl_ylx")==0){
printf("%s", "ptl_yi");

} else if(strcmp(curMatch->cell_name, "ptl_y2x1")==0){
printf("is", "ptl_y21");

} else if(strcmp(curMatch->cell_name, "ptl_y2x2")==0){
printf("%s", "ptl_y22");

} else if(strcmp(curMatch->cell_name, "ptl_y3x1")==0){
printf("/s", "ptl_y31");

} else if(stremp(curMatch->cell_name, "ptl_y3x2")==0){
printf("}s", "ptl_y32");

} else {
printf ("

4As", curMatch->cell_name);
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#ifdef SPICE_DELAY_DEBUG
printf ("\tr=%10.4g £=%10.4g",
curNode->GettDR() ,curNode->GettDF());
#endif
grintf("\n") H
elete sortedPinL;
delete celPinList;

//031501
// This routine is applied only for dual-rail format to avoid errors like :

//3ingle rail format
//x63 %103 %105 GND 7108b GND %106b VDD ptl_y21

//x64 %103b %103 VDD in
//x67 Tes_ufOp0d OVFFLAGOPO VDD DRIVE_ROM VDD %103b VDD ptl_y21

/"
//Dual Rail
//%63 %103 %103b %105 %105b GND VDD %108b %108 GND VDD %106b %106 VDD ptl_y21i

//x64 %103b %103 %103 %103b VDD invi
//x67 res_ufOp0 res_ufOpOb OVFFLAGOpPO OVFFLAGOpOb VDD GND DRIVE_ROM

// + DRIVE_ROMb VDD GND %103b %103 VDD ptl_y21

/
// Mod results by CHANGING both (Match->pinMap->net_node) in foNode & cur_name.
//x63 %103x %103xb %105 %105b GND VDD %108b %108 GND VDD %106b %106 VDD ptl_y21

/;x64 %103b %103 %103x %103xb VDD invi
%mod + 120701
int spiceCheckModifyFoName_local(MapNode *curNode, char *sfile, int sline)

LinkedList<MapNode *> *subGList, *foList, *filist;
MapNode *foNode;

NodeFunc foFunc;

char *cur_pame, *fo_name, *net_name, *tmp_name;

Match *foMatch;

LinkedL1st<B1nMap *> xpMap;

inMap *curl

int name_len, fou.ud=0 ret_value = (;

string cur_str_name, tmp_str;

cur_name = curNode->GetName();
cur_str_name.erase();
cur_str_name += cur_name;

folist = curNode->GetFanoutList();

if(foList->ListSize()!=1){
printf("In %s at line %d\n",sfile, sline);
printf("Inv Node (/s) doesn’t have ",cur_,name);
printf ("ONE fanout\n");
printf("... Program is terminated ..\n");
return(-1);

}
folNode = folist->Data(Q);
foFunc = foNode->GetNodeFunc () ;
if (foFunc == NODE_PO){
return(0);
} else {
foMatch = foNode~->GetMatch();
pMap = foMatch->pinmap;
for (pMap->Reset () ; ! pMap->End0OfList () ;pMap->Next ()} {
curPin = pMap->Data()
net_name = cuer—>net_nod
if (Strcmp(cur_name, net_namé)==0) {
found = 1;
break;

¥

// Rename cur_node and net_name (120701)
name_len = cure str_name.size
if(found == 1 E& (Sur_str_name,substr(name_len-1,1) l="%" ||
cur_str_name,substr(lame_len-2,2) !="73")){
tmp_str.erase();

cur_name = Echar *;reallocgcur_name, name_lsnd»zg;

net_name = (char *)realloc{net_name, name_len+2);
if(cur_str_name.substr(name_len-1 wa M0 L
tmp_str = cur_str_name. substr(b name _len-1) + "%
Yelse{

tmp_str = cur_str_name + "%";

strcpy(cur_name,tmp_str.c_str());
strcpy(net_name,tmp_str.c_str(});

ret_value = 1;
}

return ret_value;

}

// Check and Modify node name
void spiceCheckSubChrom(LinkedList<MapNode *> *subGList)
{

LinkedList<MapNode *> *ﬁl.ist
MapNode *curNode, *fiNos
NodeFunc curnode_func;

int foerr;

for (subGList->Reset () ; ! subGList~>End0fL1st () ; subGList->Next ()} {
curNode = subGList->Data();
curnode_tunc = curNode->GetNodeFunc();

if(curnode func!=NODE_PQ && curnode_func!=NODE_PI){
1f (curnode_func==NODE_INV) {
List = curNode->GetFaninList();
fiNode = fiList->Data(Q);
1r(riuoda->cetNodeFunc()‘-NDDE PI){
foerr = spiceCheckModifyFoName_local(curNode,

_FILE__,__LINE_.);
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if (foerr==-1) exit(1); //8ince NODE_PO doesn’t have maptch(08-12-01).
if (foNode->GetNodeFunc () ==NODE_P0) {

¥ po_cnt++;
} continue;
y ! 3
/701-19-01 /% 2) find cur_name in foNode’s pinMap */

int spiceGetFanoutNodesCrossChromosome (LinkedList<MapGraph *> *gChromosome, foMatch = foNode->GetMatch();

pMap = foMatch->pinmap;
MapNode stargetlode, Queue<iapNode *> *Q) for (pMap->Reset () ; ! pMap->End0fList () ;pMap->Next (0){

{ MapGraph *subChrom; curPin = pMap->Data(); .
LinkedList<MapNode *> *gateList, =vcurInList:; net_name = curPin->net_node;
L1nkedL1st<MapNode *> *subPolist
gNode *euriioge, *curlnliods; net- sxtl;tn::::l: :;;:eil'cur}’in—hlet .node;
eFunc curFunc; if (Cur_Str_name.compare(net_str_name)==0) {
char *targetName, *curInNam found+¥;
int pos, used_sub_chrom, cur level max_depth = -1; break;
targetName = targetNode->GetName(); }
for (gChromosome->Reset () ; ! gChromosome~>End0fList () ; gChromosome->Next ()){ /* 3) foNode’s pinMap change */
subChrom = gChromosome->Data(); e_len = met_str_name.size();
if (! (used_sub_chrom = subChrom->GetUsed())) continue; xf(found = 0 §& net_str_name.Substr(name_len-1)!="\}%"){
(v01d)spiceDualrailNodeNameChange(net str_name, net_name);
subPoLiit = subChrom->GetPoList (); ret_value = 1;
pos = -1; s
/* if current sub-chromosomes output node is the same as target }//vhile
:/name, the target node cannot be used as its{crrent sub-chrom) inputs /* 4) curNode name change */
if ((pos=subChrom->FindNode (subPoList, targetName))!=-1) continue; if ((found *,PO'C“) = qLength) {
gateList = subChrom->GetGateList(); ) e{\;zii)sp1ceDualra11NodeNameChange(cur_str_name, cur_name);
for(gateList->Reset(); tgateList->End0fList();gatelist->Next )){ cout<<"Error :: curNode’s fanout does not match with §.\n";
curNode = gateList->Data(); cout<<"cur_name = “<<cur_name<<"\n";
curFunc = curNode->GetNodeFunc(); cout<<"found = "<<found<3" po_cnt = "
lt(c‘clll;g‘f:ii;: NOEErNode >GetFaninList (}; “Spo-cnr<c” (qength - "<<qlengthec’\n"s
= T "in "<<__FILE__<<" at line "<<__LINE__<<".\n";
for_each(curInList) oy = - -= ’
curInNode = curlnList->Data(); exit(0);
curInName = curInNode-)GetName(;
if(strcmp(targetName, curInName)==0){ return ret_value:
Q->QInsert(curNode); 3 - ’
cur_level = curNode-)GetLevel(),
max_depth = Max(cur_level, max_depth); // 01-07-02
3} // Check if curNode’s fanin is in orgPilIst, if yes, return TRUE
N b int spiceCheckFaninIsInPiList(MapNode *curNode,LinkedList<Node *> xorgPilist)
} 3 L1nkedL15t<MapNode *> *finlist;
- tapioas Tt
} int name matcl’: = 0;
string fin_name, org_pi_name;
// 110501 . . finList = curNode->GetFaninList();
void spiceDualrailNodeNameChange(stringk from_str_name, char *to_char_ptr) if (finList->ListSize() == 1){
{ ginNo e = finList->Data(0);
stri: tm str in_name.erase
int ggme en; 3 ]f.in x{xame += finNode->GetName () ;
else
tmp_str. erase(), cout << "Error : at "<<__LINE__<<" in "<<__FILE_ <<"\n",
name_len = from_str_name.size(); cout << "INV node has more than one fnain modes.\n"
1f(from_str_namé.substr(name_lan-1,1)=="\>"){ exit(0);
tmp_str = from.Str_name. substr(0,name_len-1)+"\%\’";
} else { for(orgPiList->Reset () ; lorgPiList->End0fList () ;orgPiList->Next()){
- . 3! ;
tmp_str = from_str_name + "\}"; opiNode = orgPilList->Data();
org_pi_name.erase();
to_char_ptr = (char *)realloc(to_char_ptr, tmp_str.size()+1); org_pi_name += opiNode->GetName();
strepy (to_char_ptr,tmp_str.c_str()); if(fin_name. compare(org-Pi _name)==0){
3 nan;e _match++
// 110501 !
;/ °di§y Node_name and pinMap (A> -> A%’): ’“22{‘;5"2?‘5’&50%)? at "<<__LINE__<<" in "<<__FILE__<<"\n";
1} cur_nods " o .
7 2 toNode s pinMap :g‘:g(f);, Name match ocurred more than once:-\n";
/7 3) foNode’s fanin_name (=cur _node_nme) ¥
/7 revised from (031501 which uses char * to modify node_name)
int spiceModifyCur_and_FoName_global (MapNode *curNode, Queue<MapNode *> *Q) 3 return name_match;
{
MapNode *foNode, *foInNode i i
ngkedList<MapNode s *toInList, void spiceInvNameModifyInGlobalChrom{(LinkedList<MapGraph *> *gChromosome,
NodeFunc foFunc; LinkedList<Node *> *orgPilList)
char *cur_name, *fo_in_name, *net_name, *tmp_name; {
MapGraph *subChrom;
Match *foMatch Linke: 1st<MapNoda *> *gatelist, *curlnList;
Lﬁgedl.ist?%nﬂlap *> xpMap; ’IiinﬁagLisK‘l:a Node *> *polist;
g ap *curPin; ggoe*pooe,

nt name_len, 8Length, found=0, ret_value = 0;

eFunc NpoFunc,
int po_ cnt =

char *po)
int index, gChromSize qlength;
string cur_str_name, net_str_name; int used_sub_chrom in_pilist'

string foin_str name-
Queue<MapNode *> Q;

cur_name = curNode->GetName() ;
cur_str_name += curNode->CetName(); gChromSize = gChromosome->ListSize();

- 0 A for(index = O; index <gChromSize; index++){
3;‘:’;5??0_)3&22;‘(‘%?0 ; subChrom = gChromosome->Data(index);
foNode = 0-3DeQueus(); 1£(! (used_sub_chrom = subChrom->GetUsed())) continue;
in_pilist = 0;

/* 1) foNode’s fanin_name change */ poList = subChrom->GetPoList();

folnList = foNode->GetFaninList();

for_each(foInList){ if(poList->ListSize() == 1){
foInNode = folnList->Data(); poNode = poList->Data(0);
fo_in_name = folnNode~>GetName(); poName = poNode->GetName() ;

} else {

foin_str_name.erase();

foin Str name = fo.im_name cout<<"Mapped Subgrap(final solution)["<<index<<"] doesn’t have"
if(foin_Str_name. compars(cur str_name}) continue; <<" only ONE primary output node.\n";
cout<<"in "<<__FILE__<<" at line "<<__LINE__<<".\n";
(void) spiceDualrailNodeNameChange(foin_str_name, fo_in_name); ’ exit (0);
}
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poFunc = poNode->GetNodeFunc();

if (poFunc == NODE_INV) {

* 01-07-2002

* Check if fanin of the poNode is in primary input list of

* unMapped graph which is original graph. {
* if yes, disable current subChrom by setting used-flag to "Q"
*
*

~

use special sub-routine because the nodes(Node) in pilist have
different from poNode(MapNode)

*

ix/l_pilist = spiceCheckFaninIsInPiList (poNode,orgPiList);

if (in_pilist){
// do not modify by "spiceModifyCur_and_FoName_global"
continue;

qLength = 0;

int spiceFindMinDelayGlobalChromosome(LinkedList<G1lChrom *> *globalPop,

double popS)

G1Chrom *globalChrom,

int index = -1, g = -1;

double delay, total_ elay = 0.0, max_delay = 0.0, min_delay=100000000;

double area;

for (globalPop->Reset () ; ! globalPop->End0fList () ;globalPop->Next ()){
Index++;

lobalChrom = éhrbalPop->Data()
elay = globalChrom->cp_delay;

max_delay = Max(max_delay,delay);

if(delay < min_delay){

(void)spiceGetFanoutNodesCrossChromosome (gChromosome, poNode, &Q); Din. delay = delay;
qlength = Q.QLength(}; area = globalChrom->area;
if(qLength >= 6){ //need to match (()) min_pos = index;
(void)spiceModifyCur_and_FoName_global(poNode, &Q);
} else { - .
while(!Q.QEmpty()){ ,  forai-delay wm delays
(void)Q.DeQueue(); cout<<"x Max Cost(delay) = "<<max_delay<<"\n";
} cout<<"* Avg Cost(delay) = "<<(total_delay/popS)<<"\n";
} ¥ cout<<"* Min Cost(delay) = "<<min_delay<< " Area = "<<area<<"\n";
} return min_pos;
// Print pin map of a node with library cells }
void spiceSubChromOSome2EldoNe1:(MapGraph *subChromosome, int dual =0) //7-- 01-19-01
{ void spiceFanoutOptMappedCellPinNameChange(MapNode *curNode, char *targetName,
LinkedList<MapNode *> *subGList, *folList, *filist; char *12_buf_name}
MapNode xcurNode, *foNode, *fiNode; {
Match *curMatch; Match *curMatch;
NodeFunc curnode_func; L1nkedL15t<p1nMap *> xpinList;
char *cur_name, *fi_name; pinMap *aPin;
int foerr, cur_len, fi_lem; char *net_name;
subGList = subChromosome->GetGateList(); string net_str_name, target_str, 12 _buf_str;
if(dual){ int new_len;
(void) spiceCheckSubChrom (subGList);//0315
¥ curMatch = curNode->GetMatch();
for (subGList->Reset () ; ! subGList->End0fList () ; subGList->Next ()){ target_str.erase(); 12_buf_str.erase();
curNode = subGList->Data(); target_str += targetName
curnode_func = curNode->GatNodeFunc(); 12_buf_str += 12_buf_name;
new_len = 12_buf_str.sizel);
if (curnode_func ! =NODE_P0 && curnode_func!=NODE_PI){ . .
folList = curNode->GetFanoutList(); pinList = curMatch->pinmap;
if (foList->ListSize() > 0){ for (pinList->Reset(); !pinList->End0fList () ;pinList->Next()){
for_each(foList aPin = pinList-! >Data()
folNode = folList->Data(); D ahin> a
#ifdet SPICE_NET DEBUG i . net_nane = aPin->net_node;
sondis cout<<"-=: ("<<foNode->GetName()<<") *; net_str_name.erase();
en net_str_name += net_name;
if{'net_str_name.compare (target_str)){
} else {
#ifdef SPICE NET DEBUG net_name = (char *)realloc(net_name, new_len+l);
T Gout<<mkmmr ( "<e") " strgﬁy(nst pame, 12_buf_str.c_str());
#endif
cur _name = curNode->GetName(); }
r_len = strien(cur_name); }
#ifdef SPICE NET DEBUG

cout<" "<<curNode->GetName () ;
#endif
curMatch = curNode->GetMatch();

/* Filtering inverters whose input is NODE_PI for dual-rail */
1f (curnode_func==NODE_INV){
fiList = curNode->GetFaninList();
fiNode = filist->Data(0);
fi name = fiNode->GetName();
len = strlen(fi_name ;
utnuode-wemodepunc( ==NODE_PI1){
(void) spicePrintEldoSubcircuit (curche R
} else {
(void) spicePrintEldoSubcircuit(curNode, curMatch, dual);

curMatch, dual);

¥

} else {

/* End of Filtering for dual-rail */
(void)spicePrintEldoSubcircuit(curNode, curMatch, dual);

3 }
}

int spiceFindMinCostGlobalChromosome(LinkedList<GiChrom *> *globalPop,
double popS)

{
GlChrom *globalChrom;
int index = -1, min_pos = -1;
double area, total cost = 0. 6 max_cost=0.0, min_cost=100000000;
for( globalPop—meset () ; !globalPop->End0fList () ;globalPop->Next ()} {
globalChrom = Cﬁlobalpop-wm;a().
area = globalChrom->area;
max_.cost = Max(max_cost,area);
if(min_cost > area){
min_cost = area;
min_pos = index;
} total_cost += area;
cout<<"x Max Costgarea) = "<<max_ cost<<">n
cout<<"* Avg Cost(area) = "<<(total_cost, popS)<<"\n"
cout<<"x Min Cost{area) = "<<min_cost<<"\n";
return min _pos;
}
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void sp1ceHighFanoutRedltributmn(LinkedList<MapGraph *> *gChrom,

MapNode *targetNode, (ueue<MapNode *
Queue<char *> *bufList, int nFANOUT, int max_depth=-1)

MapGr: dEh *subChrom

Linke ist<MapNoda *> *gatelist,
LinkedList<MapNode *> *SubPolist
MapNode *curNode, *tfoNode, *outNode;
NodeFunc curFunc, outFunc;

double NUM_FO_PER_BUF;

*cutInList H

char *targetName, *curName, *tfoName;
char *11 buf_name, *12_buf_name;
double fnum_buf = 0.0;

int gos num_fanout, inum_buf=0, inum_buf res=0, n;
int dis_buf_count, array index, array_valie, index}
int cur_depih;

NUM_FO_PER_BUF = (double)nFANOUT;
targetiiame = targetNode->GetName();

num_fanout = Q->QLength();

fnum_buf = num_fanout/NUM_FO_PER_BUF;
inum_buf = (int)fnum_buf;
inum_buf_res = (int){(fmum_buf - (double)inum_buf)+NUM_FO_PER_BUF +0. 1);

cout<<"#inum_buf = "<<inum_buf<<" res = "<<inum_buf_res<<endl;
dis_buf_count = inum but#(int)NUM FO_PER_BUF+inum_buf_res;
if(dis_buf_count != num_fan

cout<<"Distributed lmtfer count does not match with num_fanout..\n";

cout<<"Distributed buffer count = "<<dis_buf_count<<endl;

cout<<"Num Fanout = "<<num_fanout<<endl,

int *numFanout = new int[inum_buf}
Tor(a=0; n<imun bur; ne+){ 7/ initialize num_bur
numFanout [n] = {int)NUM_FO_PER_BUF;

// distribute 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);

F: [pos] = numF: [posl+1;

¥

/* this if-statement may not needed */

if (num_fanout == 7 || num_fanout == 8 || pum_fanout == 9){
delete [} numFanout;
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int *numFanout = new int[2];

if (num_fanout == 8){ gChromSize = gChromosome->ListSize();
numll::anoug E(H = 4; for(index = 0; index <gChromSize; index++){
}e152“?f?§3§ fanoat = [oTs subChrom = gChromosome->Data(index);
numFanout [0] = 4; used_sub_chrom = subChrom->GetUsed();
numFanout [1] = 3; if(lused_sub_chrom)
} else { continue;
numFanout EO} = 4; } . X
numFanout (1] = 5; poList = subChrom->GetPoList();
if(poList->ListSize() == 1){
} sub_o_node = poList->Data(0);
// create a master buffer sub_out_name = sub_o_node->GetName() ;
buflistQ->QInsert (targetName); } else

cout<<"Mapped Subgrap(final solution)["<<index<<"] doesn’t have"
<<" only ONE primary output node.\n";
cout<<"in "<<__FILE__<<" at line "<<__LINE__<<".\n";

11_buf_name = (char *)calloc(strlen(targetName)+2, sizeof{char));
if(targetName[strlen(targetName)-1]==’\’>){

strncpy(11_buf_name, targetName, strlen(targetName)-1); exit (0);

strcat(11_buf_name, "b"); !
} else {

strcpy(11_buf_name, targetName); // Find the number of fanouts of sub_o_node (nodeType of

// sub_o_node is either NODE_PQ or NODE_PTL1,2,3/NODE_INV...)
strcat(1ll_buf_name, "p"); outFunc = sub_o_node->GetNodeFunc();
bufListQ->QInsert (11_buf_name); qlength = 0;
array_index = 0; maxDepth=spiceGetFanoutNodesCrossChromosome (gChromosome, sub_o_node, &Q) ;
array_value = numFanout [array_index]; qLength = Q.QLength();
// initialize 12_buf_name if(qLength >=nFANOUT && outFunc i= NODE_INV){
12_buf_name= (char *)callcc(strlen(li buf_name)+2,sizeof (char)); cout<<"\n*curNode = "<<sub_out_name<<" : gqlLength = "<<gLength<<endl;
strcpy{12_buf_name, 1% buf "name), ) cout << "sMaxDepth = "<<maxDepth<<"\n";
sprintf(12_buf_name, "%s}d", 12 buf_name, array_index); /* After this routine, metwork connectivity is broken because
bufListQ- >QInsert(11 buf name), * the fanin name of the node in § is changed, but after generating
bufListQ->QInsert (12_buf_name); * Spice net the netwok comnectivity is OK.
- - */

index = -1; (void) spiceHighFanoutReditribution(gChromosome, sub_o_node, &Q,

/* Here, Q contains the fanouts of targetNode */
while (1Q->QEmpty () {
tfoNode = Q->DeQueue();

bufListQ, nFANOUT, maxDepth);
while(!Q.QEmpty())}{ // Clear Queue

if ((cur_depth = tfoNode- >GetLevel())==max_ depth) continue; (void)Q.DeQuene();
tfoName = tfoNode->GetName(); } else {
cout<<"xtfoName = "<<tfoName<<'"\n"; while(!Q.QEmpty()){ // Clear Queus
cout<<"karray_value = "<<array. valiue<<” " (void)Q.DeQueue();

for(gChrom->Reset () ; { gChrom->End0fList () ;gChrom~>Next ()){ 3
subChrom = gChrom->Data();
subPoL1it = subChrom->GetPoList(); return bufListQ;
pos = -1; }
/* if a subChrom’s output name = tfoName(target’s famout), skip . .
void spiceBufferList2EldoNet(Queue<char *> *bufListQ, int dual = 0)

if ((pos=subChrom->FindNode(subPoList, tfoName)}!=-1}{
outNode = subPoList->Data(pos);
if ((outFunc = outNode->GetNodeFunc())==NODE_P0) continue;

int buf_index = -1, name_len;
char *sig.in, *sig_out, *tmp_name;

<<"\p* Printi - i ",
gateList = subChrom->GetGateList(); 3;139(q\,ﬁﬂ_li’:isgggms:fi?;i for fanout re-distribution\n’;
/> if tfoName is in subChrom’s gatelist, more specifically, buf_index++; Pey
*/1t’s in subChrom’s piList. sig.in = buflistQ->DeQueue(};
* - —-> .

if ((pos=subChrom->FindNode(gateList, tfoName))!=-1){ :;5;0‘{:11 =b::£i:;?sige?:§‘-le() ’

curNode = gateList->Data(pos); 1f(sig_inlname_len-11==’\’2){

curName = curNode->GetName(); )
if ((curFunc=curNode- >GetNodeFunc())-r-NODE PI) continue; tmp_name = (char *)calloc(name_len, sizeof(char));
// fanin name change 77 strcpy (tmp_name, sig_in);
tmp_name [name_len-1} = ’\0’;
Global level of mapped node My " .
}/u/rintf(ﬁcurllode = ‘/.‘: I(Elevel = %d) (llevel = jd)\n", :;izgg:l;:/.ti'\tl/:z:;l.mt_index, tup_name) ;
curName, curNode->GetGLevel(),curNode->GetLevel()); 1f (dual) ¢ '

{
curInList = curNode->GetFaninList(); printf("%s ", tmp_name);

1f((§ s=subChrom->FindNode(curInList targetName)) 1=-1){ printf("s ",sig_out);
nd »5ig_out);

ax+
cout«"*Index = "<<index<<endl; if (dual){
{void) spiceFanoutOptHappedCsllP1nNameChange (curNode, printf("%s",sig_out);
targetName, 12_buf_name); printf("%s ", "b");
} }
if( (array_value-l)--o){ printf ("VDD invi\n");
array_index++ free(tmp_name);
if (array_index >= inum but) bre: ﬁk } else {
cout<<"karray INDEX e "<<array_index<<endl; printf("xbld\t¥%s “,buf_index, sig.in);
array_’ value = numFanout {array_index]; if (dual){
12_buf printf("Ys", sig_in);
(char *)calloc(strlsn(li buf_name)+2,sizeof(char)); W W MLy .
strcpy (12_buf_name, 11_buf_name); printf("is ¥, "b");

et . }
sprintf(12_buf_name, "%s%d", 12_buf name, array_index); Printf("s ", sig_out);

bufListQ->QInsert{11_buf_name);
" 4 if (dual){
¥ el::t%ist >QInsert€12,buf_name;. printf("%s", sig_out);
array_value--; printf("%s ", "b");
} ¥
} // if tfoName id found printf("VDD inviin");
}

}
} } d
Queue<char *>
*spiceGlobalChromFanoutReDistribution(LinkedList<MapGraph *> *gChromosome, void spiceGsnerateSpiceNet(LinkedLiat<GlChr0m *> *globalPop, double S

Graph *origNet, int nFANOUT) raph *origNet, LinkedL: st<L1ngll *> *ceﬁ{ibrary,

{ im: nFout = 0, int dwal = 0, int min_delay=0)

MapGr dE *subChrom; {

Linkedl.ist<MapNode *> *poList; GlChrom *globalChrom

Queue<MapNode *> Q; Linked.!.is%«apCraph *> *gChromosome;

MapNode *sub_o_node; LinkedList<MapNode *> *sibPoList, *subPilList;

char _*sub_ouf_name; MapNode *subPoNode;

NodeFunc outFunc; No eFunc subPoFunc;

int index, EChrcmS).ze, Length; Graph *subChrom;

int maxDept used_sub_chrom = 0; E _pos, index = -1, in_pilist, qlength;

Queue<char *> *bufListQ = new Queuwe<char *>; // return value char *netvork_name;
LinkedList<Node *> *pilList, *polList;

// 10-28~01
(void)dlySetGlobalDepthOfGlobalChromosome (gChromosome,orighet) ; gg‘;? :ﬁ:{; m::

{void)dlyGlobalNodesDepthFromP0(gChromosome, origNet);
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Queue<char *> xbufListQ;
Queue<MapNode *> Q;

network_name = origNet—>GetName();
pilist = origNet->GetPiList();
polist = origNet->GetPoList();

if(min_delay == 1){
printf("s Min delay Global Chromoaome.\n");

}
printf("\n\n* Eldo net 1list for %s\n", network_name);

printf("\n* LIB ~geunc/MCNC/TSMC/Eldo_Par/log018.eldo53 TT\n");
printf("*x.LIB ~geunc/MCNC/TSMC/Eldo_Par/mix025_1i.e1do53 TT\n\n");
(void)spiceIncludeCells(dual);

// Primary Inputs

//cout<<"\n* Primary Inputs : ";

cout<<"\n*i ";

for(piList=>Réset () ;! piList->End0fList () ;pilist->Next O){
printf{*%s ", piList->Data()->GetName());

hd
cout<<"\n";

// Prlmary Outputs
cout<<"*o
for (poL1 st->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) gasSetSubChromUsedFlagInGChrom(gChromosome) ;

if(dual){
(void) spiceInvNameModifyInGlobalChrom(gChromosome, pilist); //010702
}

if(aFout > 4) {
bqu1stQ—splceGlobalChromFanoutReblstrlbut1on(gChromosoma origNet,nFout);

//check used sub chrom

fgr (gChromosome->Reset () ; ! gChromosome~>End0fList () ; gChromosome->Next ()){
index++;
subChron = gChromosome->Data();

//cout<<"\n*-- SubChromosome # ["<<index<<"]J\n";

/% 01-07-02 */
subPoLlst = subChrom->GetPoList(};
ubPoNode = subPoList->Data(0);
subPoF\mc = subPoNode~>GetNodeFunc (} ;

SubPiList = subChrom->GetPiList(};
in_pilist = 0;

qLength = Q;
if (subPoFunc == NODE_INV){
in_pilist = spiceCheckFaninIsInPiList(subPoNode,piList);
// check faout in global-chromosome, if < 7 do not print.
(void)spiceGetFanoutNodesCrossChromosome (gChromosome, subPoNode, &Q) ;
qlength = Q.QLength();

//clear Q

while(!Q.QEmpty ()){ (void)Q.DeQueue(); ¥
3}
/% 01-07(08)-02 */

if((dual==1 && (subChrom->GetUsed()==0 || in_pilist==i ||
((qLength < 6) && (subPoFunc == NODE_INV)))) ||
(d\]J’alsso &k (subChrom->GetUsed()==0)} ){ //01-08-02(())
else
cout<<"\n*~-- SubChromosome # ["<<index<<"]\n";
(void)spiceSubChromosome2EldoNet (subChrom, dual);

}
gChromosome->Reset (index); //get back to the orig pos
}

if(nl-'out > 4)
(void) sgiceBufterLiswEldoNet (buflistQ, dual);
delete bufList

cout<<"\nx-- Qutput capacitances\n";
int out_idx =
for(poList->Reset() tpoList->End0fList () ;poList->Next )){
printf ("c%d\t%s\tGND\t20f\n", out_idx++, poList->Data()->GetName());

1f(dual){
printf ("c%d\t%sb\tGND\t20£\n", out_idx++,poList->Data()->GetName());

cout<<"\n";

-~ Electrical sourcs definition(s)\n";
O\tGND\t0\tDC\t0Q
cout<<"vdd\tVDD\tGND\tDC\t2 6v\n";

cout<<"

cout<<"\n*-- Inputs \n";
index = 0;
for(piList >Reset () ; !piList~>End0fList () ;piList->Next ()){

tmp_Node = pilist->Data();
tmp_name = tmp_Node->GetName();
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printf ("*v%d\t’s\tGND\tpulse(", index++, tmp_name);
print£("0 2.5 0 100p 100p 5n 13n)\n");

}
cout<<"\n";

cout<<"#-- Simulation options and definitions\n";
printf(".temp 25\n");
printf("*.tran 0.3n 13n\n");
printf(".plot tramn ");
int res = 0;
index = 12;
for(pilist->Reset ();!piList->End0fList();piLlist->Next ()){
tmp_Node = piList->Data();
tmp_name = tmp_Node->GetName();
printf("v(%s) ", tmp_name);
index = index+4+strlen(tmp_name);
res = index’80;
1f(res>73 &% res<a79 || res==0){
cout<<"\n¥+ ";

//cout<<"\n¥+ ";
tor (poList->Resét () ; ! poList->End0fList () ;poList->Next ()){
tmp_Node = poList->Data();
tmp_name = tmp_Node->GetName();
printf("v(}s) ", tmp_name);
index = index+4+strlen(tmp_name);
res = index80;

if(res>73 &k res<=79 Il res==0){
cout<<"\n*

cout<<"\n";

cout<<" ,END\n\n\n";

* main.cc

#include
#include
#include
#include
#include
#include
#include
#include

<fstream.h>
<stdlib.h>
<ctype.h>
<string.h>
<stdio.h>
<math.h>
<new.h>
<time.h>

#include
#include
#include
#include
#include

"eqn_stack.h"
"eqn_o) T h"
"Node
“LinkedList.h"
"Graph.h"

"MapNode . h"
"MapGraph.h"
"Utils.h"

#include
#include
#include
#include "Queue.h"
#include "Stack.h”
#include "util.h"

#define ADD_INVERTER

#ifdef ADD_INVERTER
#define ONLY_NOR _NAND_INV
#define DEPTH_FOR_FUNC 7

1se
#define DEPTH_FOR_FUNC 4
#endif

#define MAKE_BALANCED_GRAPH
#define MATCH_BASED ON_DEPTH
#define OUTPUT_LOAD_CAP 3

#define NUM_GLOBAL_| ClﬂlOMUSOME 10
#define OUTPUT_LOAD_CAP

#define NUM_GLOBAL_ CHROMDSOME 10
#define CHR_RANDOM 0

//#define READ_EQN_DEBUG
//#define BALZGRAPH_DEBUG

#define MATCH_PIN_DEBUG

#e

int sub_idx = -1;

#include
#include
nclude
nclude
nclude
ude
nclude
nclude

"Read_egn.cc"

" Sub aqg_de_nsw.cc"
"Read_lib_new.cc"
"Permute.cc’
"Match_depth.cc"
"Delay ca nsw cc"
b_dPTL.cc"
“Spice_ net cc"

#define WITH_ARG
int main(int argc, char xargv([])
{

char *1ib_name = "/home/cho/Research/Work.dly/CellLib/csu_static_ptl.lib";

int dual = 0, subPopSize = 5;

int max_gen_count=10, gPopS:\ze = 50, nFanout=S5;
double m_rate = (.35 delta = 0.25, H.EQ TIME=30;
int fDepth = DEPTH. RoR

#ifdef WITH_ARG
char #file_name;
if(arge < 9 {
cout<<"Error : the # of arguments must be 9 or 10.\n";
cout<<"Use : pgm .slif fDepth pop_size"
<<" num_gen mu_rate delta treq nFanout [duall.\n";
exit(1);
} else if(argec == 10 |} arge == 11){
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file_name = argv[1];

£Depth = atoi(argvi2]);
gPopSize = atoi(argv(3]);
max_gen_count = atoif(argv[4]l);
m_rate = atof(argv5]);

delta = atof(argv([6]);
REQ_TIME = atof (argv{7]);
nFanout = atoi(argv(8]);

dual = atoi(argv(9l);

}
if(arge == 11){
subPopSize = atoi(argv[10]);

}
#endif

LStack<Node *> *nodeStack;
Node *targetlNode;

DdNode *f = new DdNode;
DdNode *g = new DdNode;

Gragh *and2orNetwork = new Graph, *sGraph;
LinkedList<LibCell *> %cellLibrary;
LinkedList<Graph *> *subGList;

int index, gemn_count=0;

time_t match_start_TIME, match_end_TIME;

double total_time, itr_ start _time, itr end _time, start_time, end_time;
time_t start_TIME, end_TIME, itr_start _TIME, itr_end_TIME;

double r_val = 0.0;

// Read logic network described in boolean equation, and comvert to into
// a graph
and2orNetwork = Read_eqn(file_name);

// read cell library
cellLibrary = libReadLibrary(lib_name);

// Get subject-graph lists 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->End0fList () ; subGList->Next()){
sGraph = subGList->Data();
(void) subglnitLevel(sGraph);
Cout<<"GRAPH :: "<< sGraph->GetName() <<"\n";

//candidate node for matc
nodeStack = matchGetGateLlstOfSubGraph(sGraph)

(void) fflush(stdout);
while( fnodeStack->Empty()){
targetNode = nodeStack->Pop();
if (strcmp(targetNode->GetName(), "$51° ") ==0) {
cout <<" $26 \n";

(void)matchDoBooleanMatch (and2orNetwork, sGraph, targetNode,
celllLibrary, f, g, fDepth);

¥
delete nodeStack;

match_end_TIME = time(NULL);
print? ("+HATCH_Elapsed_TINE(sec) = %f\n",
difftime(time(NULL) ,match_start_TIME));

// for Genetic Covering
LinkedList<MapGraph *> *subgPop;
L1nked.L15t<L1nkedList<MapGraph *> *> *gubPList = \
w LinkedList<LinkedList<MapGraph *> *>;

LinkedList<GlChrom *> *globalPop = new LinkedList<GlChrom #*>;

I Covering using Genetic Algorithm
LinkedList<Node *> *mfplList = new LinkedList<Node *>;

(void) gasGetMfpNodeList (and2orNetwork, mfpList);
cout << "\n ...... .... Printing MFP nodes ........... \n";
(void)and2orNetwork->PrintNodesDBfList (mfpList);

start_time = seconds()
start TIME = time (NUL]
printf(“Start time = '/fin". start_time);

// Generate sub-population
LinkedList<Node *> *subQutList = new LinkedList<Node *>
ivgld)gaEhlmmerateSubgOutNodes(subGList, sublutList); //64 ~-26-01
ndex =
forisgbGLi St->Reset () ; ! subGList->End0fList () ; subGList->Next ()){
ndex++
sGraph = subGList->Data();

(void) subgInitLevel(sGraph);

// Get initial population (genome is a tree [graphl)

cout << "\n -----—- Sub-graph Population :: graph # ="
<<index<<"\n";

subgPop = gaIthopulat1on(and2orNetwork sGraph, subOutlist,

subPopSize) ;

r_val = gaEvaluatePopulation(subgPop, celllibrary); // just for area
if(r_val == 0.0){

printf("In %s at line %d\n", __FILE__, __LINE_.);

sGraph ->PrintAllNodes();

exit(0);

subPList->InsertRear (subgPop) ;
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// Initialize Global Population
GlChrom *élebalchro
LinkedList<MapGraph *> *gChromosome;
int valid,i, num_Subg, max_pos;

num_ subg = subGList->ListSize();
double gbelay;

double old_cost {num_subg], avgPopCost [num_subg];
double costDiff;
double gChromArea, maxArea, tRegq;

tReq = REQ_TIME;

/lcout << "\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++){
subgPop = subPList->Data();
avgPopCost [i] = gaEvaluatePopulation(subgPop, cellLibrary);
cout << "Average Pop Cost = "<<avgPopCost([i]l<<"\n";
old_cost[i] = avgPopCost[il;

¥
int gchrom itr;
gen_count = 0;

cout << "\m .. Optimizing Global Population ...... \n";
printf("Optimization start time = %f\n", seconds());

while(1){
gen_count++;

itr_start_time = seconds();
itr start TIHE = time(NULL};
cout << "\n\n Itr # ~- "<<gen_count<<"\n\n";

for (subPList->Reset (},i=0; !subPList->End0fList () ; subPList->Next () ,i++){
subgPop = subPList->Data();

subGList->Reset(i); sGraph = subGList->Data();
(void) gaSelectCrossover(subgPop, cellLibrary, sGraph,subQutList);
avgPopCost [1] = gaEvaluatePopulation{subgPop, cellLibrary);

//Percentage Difference
costDiff = 100*((old_cost[i]l- avgPopCost[il)/old_cost[i]);
if (costDiff < delta ){
(void) gaDoRateMutation{and2orNetwork, sGraph, subOutlist,
subgPop, m_rate);

¥
old_cost[i]= avgPopCost{il;
}

// Update Global Population
gchrom_itr = -1;

while(1){
valid = 0;
global(mrom = gasGetRanGlobalChromosome(and2orNetwork, subPList,
mfpLlist, CHR_RANDOM);
if(globalChrom != NULL){
gChromosome = globalChrom->gChromosome;

ghelay=gasEvaluateGlobalChromosome (and2orNetwork,globalChrom,
cellLibrary,&gChromArea);

T{ ssgasGetGlobalMaxCostChrom(globalPop, fmaxArea) ;
#ifdef GLOBAL_ ITERA ON.
cout<<"=-G Chrom Area ="<<gChromArea

<<" Delay = "<<gDelay<<"\n";
cout<<” G Pop MaxArea ="<<maxArea <<"\n";

if(gDelay <= REQ_TIME && (maxArea > gChromArea)){
globalPop->Reset (max_pos) ;
delete globalPop->DeletaeCurrentElem();
lobalPop->InsertRear{globalChrom);

roak;
Jolse if((gDelay > REQ_TIME) &% (maxArea > gChromArea)){
globalPop->Reset(max_pos);
delete globalPop->DeleteCurrentElem();
globalChrom->area = 100000.0+(gDelay-REQ_TIME)*1e13;
1obalPop->InsertRear(globalChrom);

#endif

reak;
Yelse {
delete globalChrom;
break;
}

itr_end_time = seconds();

(void)gasPrintGlobalPopPrintShort (globalPop, gPopSize);
printf ("TIME_for_Iteration = %f\n",

difftima(time(NULL) itr_start_TIME));
printf ("TIME_Cover_Acc = %f\n'

diffrime(time (NULL ,start_TIME)) ;
printf ("TIME Match_Cover _Acc = f

difftime(time(NULL), match start_TIME));

printf("Time_for_Iteration = %f\n", (itr_end_time - itr_start_time));
printf("Itr_start_time = %f ",itr_start_time);
printf("Itr_end_time = '/t\n" itr_end_time);

if(gen_count >= max_gen_count){
break;

end_time = saconds();
printf("+Elapsed_TIME(sec) = %f\n", difftime(time(NULL),start_TIME));

printf("xElapsed _TIME_W_MATCH(sec) = %f\n",
difftime(time(NULL) ,match_start TIME});
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sub_idx = -1;

dual =0;

(vold)splceGenerateSp1ceNet(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 = "<< 1lib_name <<"\n";
cout<<"*max_gen_cout = "<<max_gen_ count

<<" gPopSize = "<<gPopSize

<<" nFanout = "<<nFanout<<"\n";
cout<<"sm_rate = "<<m rate

<<" gelta = "<< di

<<" depth = “<<DEPTH _FOR_FUNC <<endl;

cout<< "*Start TIme = "<<start_time<<" : End Time = "<<end time<<"\n";
printf("*Elapsed Time(sec) = %f\n", (emd_time - start_time));

printf("\n*Elapsed TIME(sec) = ’f\n", difftime(time(NULL),start_TIME));
printf ("+Elapsed_TIME_W_MATCH(sec) = /f\n",
difftime(time(NULL) ,match_start_TIME));
delete mfplist;
delete an 2orNetwork
exit

# Make file for mixed PTL/Static Synthesis package

#-- g++ version 2.96
CC =g+t

CUDD = /home/cho/CUDD/cudd-2.1.3
WORK = /home/cho/Research/Work.dly

ICUDD = $(CUDD)/include IWORK = $(WORK)/Include

INCLUDE = -1$(IWORK) -I${(ICUDD)
#ICFLAGS = -0

#CCFLAGS = -g -06 -Wall

CCFLAGS = -g

-L$(CUDD)/1ib -lcudd -1st -lutil -lmtr -1m
main.o

gEOBJSi) $(0BJS2)
0BJS:.o0=.cc)

o

o

[

71517

I
LU ]

TARGET = map
all $(TARGET) $(TARGET) $(0BJ.
L SO N -0 S0 §ieist Sivtruoes s cLissy
main.o : maln
$(CC) ‘C $(SRCS) $(CCFLAGS) $(INCLUDE)
m -f *.0 core $(TARGET) map.pure

oW
${MAKE) clean
${MAKE)

clean

##ARERBHREE End of Make File #¥#HSRHERRSRUBHARHRHEBRY
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