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A B ST R A C T  O F DISSERTATION

COMPILING SA-C TO RECONFIGURABLE COM PUTING SYSTEMS

Field Programmable Gate Arrays (FPGAs) have* been available for approximately fifteen years and 

have experienced speed and density improvements similar to those of microprocessors. Current 

FPGAs can be reprogrammed in a m atter of milliseconds, making them interesting candidates 

for reconfigurable computing, where specialized circuits can be produced for specific programs to 

execute more efficiently than a sequential program. Algorithms that are highly regular and exhibit 

parallelism may benefit from the use of FPGAs.

A significant roadblock to this use of FPGAs is the difficult nature of programming them. Hard­

ware description languages have been the predominant tools for creating FPGA circuit configu­

rations. but these languages are low level and require digital circuit expertise its well as explicit 

handling of timing. To bring FPGAs into mainstream use by conventional programmers, familiar 

algorithmic language paradigms must be available, with compilers that can convert high level codes 

to FPGA configurations.

This research presents SA-C (derived from "Single-Assignment C'"). a pure functional algorithmic 

language intended for the expression of image processing (IP) applications. SA-C’s functional nature 

makes the compiler’s job easier, as compared with imperative languages: parallelism is easy to detect, 

and analysis and transformations are more straightforward. Perhaps the most im portant part of the 

language is its loop window generators, which not only express many IP operations in an elegant 

way but are highly useful in expressing optimizing transformations within the compiler.

A Data Dependence and Control Flow (DDCF) hierarchical graph form is also presented, as an
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interm ediate form with which the SA-C compiler performs its optimizations. These optimizations 

fall into two broad categories: graph simplifying and loop restructuring. T he former are primarily 

conventional optimizations such as common subexpression elimination and constant folding. The 

loop restructuring optimizations include loop unrolling, stripmining and fusion, applied as DDCF- 

to-DDCF transformations using window generators. The compiler, after performing optimizations, 

is able to convert many inner loops to a low-level, flat dataflow graph designed for translation to 

YHDL and finally to FPGA configurations. T he effects of the compiler’s optimizations have been 

measured on some small kernel codes, and the loop restructuring optimizations are shown to be 

highly effective.

.Jeffrey P Hummus 
Department of Computer Science 
Colorado S ta te  University 
Fort Collins. Colorado 80523 
Summer 2000
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Chapter 1

Introduction and background

Advances in conventional microprocessor technology continue at a rapid pace, bringing .some C P l'- 

intensive applications, previously feasible only on supercomputers, into the realm of conventional 

workstations and PC’s. Nevertheless, there remain im portant applications that consume significant 

resources on these machines, limiting their usefulness. Improvements in reconfigurable hardware 

technology have paralleled those in C P I’ technology: field programmable gate arrays (FPGAs) are 

steadily gaining both in circuit density and in ease of reprogramming. The research described in 

this dissertation focuses on the problem of compiling a pun* functional, algorithmic language to a 

machine consisting of a conventional personal computer (PC) supplemented with a FPGA-lmsed 

accelerator board.

FPGAs have existed for more than fifteen years, being used commonly as "glue" logic to inter­

connect functional units in digital systems. Since their introduction, they have become increasingly 

easy to reprogram, opening the door to a  use for which they were not intended: as reconfigurable 

logic for an executing program. This makes it possible to  create FPGA configurations specifically 

designed anti optimized for an individual program. Prior to running the program, or even during its 

execution, these configurations can be downloaded into the FPGAs with the intent of performing 

computations faster than the host processor could perform them  on its own.

FPGAs enjoy the same growth in circuit density th a t has made traditional microprocessors more 

and more powerful over time. However, an important stum bling block for the user who may wish to 

use FPGAs is the difficulty of programming them. The usual method of programming has involved

I
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the use of hardware description languages (HDLs) that require extensive circuit knowledge to use. 

If a more conventional algorithmic language can be compiled successfully to FPGAs, the door is 

opened for the ordinary programmer to use these devices.

The remainder of this chapter presents some background for this research, including a description 

of FPGAs. dataHow and functional languages. The chapters that follow describe the functional 

language SA-C. the optimizations that have been implemented in its compiler, and performance 

measurements that test the effectiveness of these optimizations.

1.1 Field Programmable Gate Arrays (FPG A s)

Field programmable gate arrays were invented in the mid-l9S0s as devices that resembled Applica­

tion Specific Integrated Circuits (ASICs) but could be programmed after the chip was manufactured. 

They have become a well-established market since then. Xilinx. a major manufacturer of FPGAs. 

recently announced that its V irtexlNI series of FPGAs yielded an accumulated revenue of mote 

than SlOO million in its first year of production [29]. The company also shipped its first two-million 

systent-gate FPGA (in its V irtex-EIN1 family) in late 1999 [28].

FPGAs represent one of a number of programmable logic devices currently available. An FPGA 

consists of a m atrix of programmable logic cells, with a grid of interconnect lines running between 

them (see figure 1.1) [5]. In addition. I/O  cells exist around the perimeter, providing an interface 

between the interconnect lines and the chip s external pins. The exact functionality of a logic cell 

varies with the manufacturer of the chip, but it is typically comprised of a small amount of functional 

logic and/or some register store capability. Programming an FPGA consists of specifying the logic 

function of each cell, interconnecting the cells by programming their connections to the interconnects, 

and programming the I/O  cell functions and their interconnects.

There are two predominant methods of configuring an FPGA. The first uses antifuses, where the 

configuration process consists of creating connections between interconnect wires at the desired lo­

cations within the chip. Once such a connection has been made, it is permanent, so this technique is 

not useful for reconfigurable computing. The second configuration approach uses SRAM-controlled

o
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internal switches that p;iss or block signals at the appropriate locations. This approach allows rela­

tively fast reprogramming, simply by writing new data into the SRAMs. This e;iso of configuration 

makes SRAM-based FPGAs a good potential choice for use in reconfigurable computing [25].

The Xlinix XC'IU.'IGXL is an example of a commonly used FPGA. It is made up predominantly 

of 1.290 Configurable Logic Blocks (CLBs) and 288 user I/O  Blocks (lOBs). Each CLB has two IG- 

bit static random access memories (SRAMs), two D flip-flops, and a small number of miscellaneous 

multiplexors and gates. A CLB can function as RAM or ;is combinational logic, it has 13 inputs and 

four outputs that meet with the FPG A's internal interconnects. Each IOB controls one external pin 

of the chip, and contains two D Hip-fiops and associated hutfer-driver circuits. It hits five inputs and 

two outputs that meet the FPGA's internal interconnects. The chip supports system synchronous 

clock rates of up to 80 MHz [43].

It is useful to relate an FPGA. used as a computing device, to a conventional RISC microproces­

sor. At a low level, both consist of gates that implement boolean logic. The conventional processor 

uses its logic to implement a fixed instruction set. in which each instruction has been chosen based 

on its usefulness to compilers in generating code for general purpose computing. The instructions 

are very simple, and performance is achieved by devising ways in which they can be rapidly loaded 

and executed.

3
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The configurability of an FPGA makes it possible to depart from the idea of a fixed instruction 

set. Instead, application-specific instnictions can be specified, and these instructions can be orders 

of magnitude more complex than those found in RISC processors. The instnictions can make heavy 

use of both breadth-wise and pipeline parallelism. The tradeoff is in the load time of the instruction. 

Whereas a RISC instruction on a conventional processor can load in a  few nanoseconds, the load 

time of an FPGA instruction can be measured in milliseconds. This makes FPGAs suitable only 

for parts of applications that are highly regular and work on large data sets. Andre Deflon [llj 

defines computational density as the number of bit operations a device can perform per unit of 

area-time, and calculates that "reconfigurable architectures provide roughly an order of magnitude 

higher raw computational density than the programmable architectures." This provides hope that 

reconfigurable systems can achieve guod performances for applications that are suited to them.

The architectural combining of FPGAs with C PI's is an area of active research. Compton and 

Hauck describe four possible levels of C’PL'/FPGA coupling [9], In the tightest, there may be one 

or more small FPGAs serving as functional units on the C PC 's datapath. Somewhat less coupled 

is an FPGA coprocessor, which can perform operations concurrently with the CPC. A third level is 

an attached FPGA-based processing unit that acts like an additional processor in the system. The 

last is an external standalone unit. The level of coupling affects the granularity of the C’PC/FPG A  

program partitioning, as well as the expense required to design and produce the system.

Virtually all FPGAs presently are programmed using one of the various hardware description 

languages, such as VHDL (VHSIC Hardware Description Language) [36], or directly with logic 

circuit diagrams. In such low-level programming, where signal timing and synchronization issues 

must be dealt with explicitly, code development can be slow and tedious. Furthermore, some useful 

optimizations, such as loop unrolling, must be performed explicitly by the programmer, making it 

difficult to explore implementation alternatives and their performances.

4
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1.2 Functional languages

The history of functional languages dates back to 1958 when John McCarthy designed the Lisp 

language [32]. Since then, a  variety of functional languages have been created, all built around the 

central idea of specifying a computation purely with expressions and function calls, and eliminating 

explicit memory transactions from the semantics of the language. The term referential transparency 

refers to the idea th a t evaluations of expressions, including function calls, cannot cause side-effects. 

Thus a function call's result is based only on its arguments, and not on when the evaluation takes 

place. This leads to inherent concurrency. For any pure functional program, all terminating evalu­

ation orders are guaranteed to produce the same result [11].

One of the chief differentiating characteristics among the modern strongly-typed functional lan­

guages is strictness, which has to do with order of evaluation ;is well as with mechanisms for triggering 

evaluations and accessing their results. An argument expression to a function is called "strict” if. 

prior to the call, the argument is evaluated and its result is used in the call. A strict language' is 

one in which all arguments are strict. Sisal [33] is a strict language, except for its streams. On the 

other hand, nun-strict languages can come in at least two forms: lazy and lenient.

Lazy evaluation postpones the evaluation of function arguments: the function is called and a 

given argument will be evaluated only if the function discovers that the argument is needed: it is 

possible that some arguments are never evaluated. Also, since a function's argument may itself 

be in an expression that is an argument to another function call, the demands for evaluation of an 

argument expression may ripple through many calls. In fact, the lazy evaluation of a program begins 

with a demand for the program's output, which causes evaluation through backwartl propagation 

of demands, subsequent evaluations, and forward flowing values. Lazy evaluation avoids computing 

values that are not needed during an execution, but requires the implementation of unevaluated 

expressions, called thunks, as well as a demand mechanism. Strictness analysis in a compiler may 

reveal arguments that are statically guaranteed to be evaluated, in which case the argument can be 

treated as strict. A modern example of a lazy language is Haskell [27].

5
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The lenient approach evaluates arguments concurrently with a function’s call. When it is im­

plemented. there must be an appropriate mechanism so th a t, when the called function tries to read 

an argum ent's value, it can detect whether the value is present; if it is not present, that part of the 

function execution must suspend until the value is available. An example of a lenient language is 

Id [35].

A function is called liiyher-order if any of its arguments or return values is a function. The 

combination of laziness and higher-order functions encourages a style of programming in which 

functions are often composed in pipeline-like way. A higher-order function captures a pattern of 

computation and allows the computation itself to be specified by a function passed as one of its 

arguments. Laziness allows these general purpose higher-order functions to ignore termination issues, 

since unneeded value's will not be computed. This lazy, higher-order approach also allows the use of 

unbounded data structures, since only the necessary parts of the structure will actually be computed.

A language*. e>r a program, is called pure if it is free* of siele* effects. i.e*. it ele>e*s not explicitly 

m anipulate memory. Some functional languages have* be*e*n extended with one* or more* impure layers, 

that give the* programmer the* ability to explicitly allocate. read and write* memory locations.

Early functional language's elid not have arrays, but rather use'll lists ami tree's ;is data structures 

for steering data. This made these language's poor candidates fe>r use in scientific or data-intensive 

codes, ilue to  non-constant time access into the'st' structures. Arrays pose problems for functional 

languages, both in the specification of an array and in the "updating" of an existing array. (Strictly 

speaking, an array cannot be updated since a  pure functional language cannot express the idea of 

writing to a  memory location.) In a pure language, an array must be specified monolithicallv. If 

the language is non-strict. the values for some elements of the array may be expressions referring to 

other elements of that array. Updating an array really means creating a new array, with the new 

elements specified, and the remaining elements copied from the previous array. However, compiler 

analysis may be able to determine that some updates can be done in place on the existing array, if 

the pre-updated array can be shown not to be referenced after the update [7]. Functional language

6
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arrays typically are dynamically sized and “know” their extents; i.e. the language has a function 

that returns the extents of an array argument.

Most functional languages rely on recursive functions, rather than loops, to implement iteration. 

However, loops are possible in functional languages, though the expression-oriented nature of these 

languages requires that a  loop produce one or more return values rather than act through side effects. 

Lazy, higher order language's often have library functions that are themselves recursive, but hide the 

recursion and allow the programmer to program at a higher level, where neither loops nor recursion 

are visible.

While some proponents of functional languages value them simply for their expressiveness, re­

searchers in parallel computing find them interesting because of the inherent parallelism in pure 

functional programs. This parallelism can is derived from the freedom from side effects. As soon as 

side effects are introduced, parallelism may become more difficult to detect. Imperative languages 

represent the extreme case, where the very nature of a program's execution involves side effects, and 

detection of parallelism presents a significant challenge.

While the promise of "free parallelism" from functional languages is an attractive one. a program­

mer who wishes to get good parallel performance must have a thorough understanding of the eval­

uation orders that arise from the language's semantics and implementation [21. 2 Ij. Further, when 

performance is im portant, the programmer needs both relevant feedback from the compiler/run-time 

system to show where problems may be occurring, and mechanisms to control and tune the system 

based on that feedback. These control mechanisms should be at as high it level as possible, while 

still allowing sufficient control [3].

1.3 Dataflow

A dataflow graph expresses a computation using nodes for operations and directed edges between 

nodes to convey values, called tokens, from a node output to one or more node inputs. The dataflow 

model has been used as a virtual machine description for use as compiler intermediate forms, as well 

as for actual target machines for parallel computation. Dataflow graphs are attractive for expressing
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parallel computations because the only constraints they place on parallelism ancl order of evaluation 

are those caused by da ta  dependencies.

Jack Dennis, a pioneer in dataflow research, identifies two principal forms of dataflow [12]: static 

architecture and tagged token. The latter is closer to the semantics of high-level programming 

languages: It has mechanisms to support recursive function calls and concurrent execution of loop 

iterations. The token taggings allow the appropriate tokens to be matched when multiple invocations 

of a graph are concurrently active. Two well-known tagged token dataflow architectures are the 

Manchester Dataflow Machine [17] and the Monsoon machine developed bv MIT and Motorola [20].

The static approach does not support function calls and concurrent graph invocations. Because 

of this, resources do not require dynamic ( run time) allocation. The targeting of static dataflow from 

a high-level language requires compiler analysis that can remove function calls and convert to an 

execution model that is stream or pipeline oriented. Parallel execution of loop iterations is achieved 

either by pipelining or bv creating multiple copies of tin* loop body and steering tokens among the 

copies.

The Sisal [33] compiler 1ms used a hierarchical dataflow graph form called “IF I” ;is an inter­

mediate representation [40]. It has been found to be an excellent form for the* application of many 

optimizations. A graph in IFL is acyclic, and has four parts:

• Nodes are operations that take place within tin: graph. N’odes may be simple or compound: 

the latter contain subgraphs.

• Edges carry values between nodes.

• Types are associated with edges and functions.

• Graph boundaries enclose groups of nodes and edges, and have input and output ports.

One important kind of graph is the forall. which has three subgraphs: the generator, the body, and 

the returns. The generator describes the values associated with the loop's iterations. The body 

describes the computations performed with those values for an iteration. The returns describe the

8
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values that are accumulated and returned by the loop. (Since this is a  functional language, a loop 

is an expression and therefore must return one or more values.)

The Sisal language has been targeted to the Manchester Dataflow Machine, with various op­

timizations applied to the dataflow graph representation [4j. They discuss standard optimizations 

(e.g. common subexpression elimination), function inlining, array copy avoidance, and vectorization.

1.4 The Cameron Project

The Cameron Project [34. 22] began in 1998 as a  DARPA-funded1 effort between the Computer Sci­

ence Department of Colorado State University and Khoral Research. Inc. to "shift the programming 

paradigm of adaptive anil reconfigurable systems from hardware centered to software centered." The 

project focuses on image processing applications, aiul consists of the following parts:

1. Design and implement a language that supports image parallel programming and that can In* 

effectively compiled to reconfigurable hardware.

2. Develop a set of domain-specific library modules for use as building blocks in the design of 

FPCJA-based programs.

3. Integrate the design environment with Khorus [31]. a commonly used program development 

environment in the image processing community.

4. Provide a rapid prototyping adaptive computing capability based on pro-compiled libraries of 

FPGA programs.

The Khoros environment is a  graphical user interface that allows a user to connect together, in a 

dataflow-like way. image processing modules. The nodes are called glyphs, which are selected from 

menus anil correspontl to basic image processing routines such as convolution, median filter, etc. 

The user develops an application by selecting glyphs and interconnecting them.

lThis work is supported by DARPA under L'S Air Force Research Laboratory contract F33615-98-C-1319.
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An im portant part of the Cameron effort involves the creation of a functional language, designed 

both to allow the straightforward expression of image processing algorithms and with FPGA-based 

target architectures in mind. The language is called “Single Assignment C.” or SA-C. In spite of 

the performance problems that many function languages have exhibited, they remain attractive for 

such a  project since their semantics make certain kinds of compiler analysis much easier than those 

for imperative languages. An im portant emphasis in making this effort succeed is to provide the 

user with better control and feedback on performance-related issues.

In the image processing community. Vector/Siijiial/Imaye Proces.siny Library API. referred to 

as VSIPL has been developed with the goal of standardizing many of the routines needed by the 

community [10]. The VSIPL library has been written in SA-C and integrated into the Khoms 

environment, and efficient compilation of these routines, as well as compilation of programs that use 

these routines, is an ongoing focus of the Cameron project.

1.5 Related work

In addition to the many reconfigurable hardware projects currently underway at various research 

institutions, there are also some attem pts at compilation of conventional languages to FPGA-based 

targets.

As part of the "Brass'* project at the University of California at Berkeley, the; yarpcc compiler 

has been developed [6]. Their goal is to compile "dusty deck" C programs for execution on the Garp 

processor. Since this processor is a tightly-coupled CPU  and reconfiguarble logic block, it is feasible 

for them to direct execution to the CPU or the FPGA on an iteration-by-iteration basis. They 

use trace scheduling to identify the most commonly executed paths and compile these to hardware 

configurations by merging basic blocks into "hvperblocks“ .

As part of the PipeRench project a t Carnegie Mellon University, the DLL programming lan­

guage (Data-Flow Intermediate Language) has been created [15]. It is an intermediate-level, single 

assignment language targeting the PipeRench CVH (Configurable Virtual Hardware) chip. A DIL 

program is a description of a synchronous circuit.

10
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The Oxford University Computing Laboratory has created a language called Handel-C, designed 

specifically with the intent of compiling to hardware [16]. Handel-C lets the user specify integer bit- 

widths in variable declarations as well as for subexpressions. The language has a strong hardware 

orientation: it includes RAM and ROM constructs and explicit timing in the form of clock cycles.

The David Sarnoff Research Center and the Supercomputing Research Center have created a 

data parallel C language called dbC. similar to C'* and others, for compilation to reconfigurable 

hardware. It has parallel control constructs and variable bit-widths. They compile dbC to a generic 

three-address SIMD form, and allow the programmer to specify the partitioning of the problem 

between the host and the RC’S.

The MATCH Project at Northwestern University uses MATLAB as a source language. They ta r­

get hardware made up of FPGAs and digital signal processors (DSPs). Their approach is to identify 

and pre-compile commonly-used primitives. Compilation of an application consists of composing 

the primitives by generating "glue cotie".

11
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Chapter 2

The SA-C language

When the Cameron Project was created, with the goal of compiling a high-level computer language 

to reconfigurable hardware, the group had two alternatives: an existing language could he used, or a 

new language could be created. Then* are obvious advantages to using an existing language: Then* 

is an existing base of knowledgeable programmers for many current languages, as well as a base of 

existing compilers that could he used as a starting point for the C’amerou project's development. 

Also, programmers are much more willing to develop codes in a familiar language than in a new 

language that requires a significant effort to learn.

Nevertheless, a new language was created for Cameron, called SA-C [20] (derived from "Single 

Assignment C" but pronounced “Sassy” ). The paramount consideration in creating a new language 

was the ability to focus the group s efforts solely on the mspects of compilation that are interesting 

when compiling to an RCS. If the C language [30]. for example, had been chosen as the project 

language, some kind of support would have had to be given for all parts of the language, even though 

many of those parts not only have nothing useful to offer when compiling to reconfigurable hardware, 

but may even make the job of compilation significantly more difficult. Using C woidd require dealing 

with that language’s primitive treatm ent of arrays, as well as with the extremely difficult issue of 

explicit pointers and aliasing. It would also require doing extensive analysis to uncover the array 

access patterns of loops. Since C does array accessing at a very low level, programmers may use 

many methods in expressing array-manipulating loops. A compiler th a t tries to derive array access 

patterns from a C program may recognize some idioms while not recognizing others, with resulting
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confusion on the part of programmers as they try to understand how to write code that will optimize 

well. Finally, most mainstream languages are imperative and have sequential semantics, both of 

which complicate the compiler's job of finding parallel work.

SA-C. on the other hand, has been narrowly defined to focus on the application area of interest 

(image processing) and to make the compiler's job more feasible. For example, it has powerful 

array capability and loops th a t express array access patterns in a straightforward way. SA-C is 

a strict, pure functional language, so it eliminates not only explicit pointers but also side effects. 

The language's strictness combined with its lack of side effects makes it ejisy for a compiler to find 

parallelism in a program. Also, the pure functional nature of the language makes source-to-source 

program transformations oiisy to design ami validate.

This section does not provide a complete description of SA-C. but rather highlights the language 

aspects that are important for understanding the research that is later described.

2.1 SA-C types

SA-C’ has scalar base types, complex types, and arrays composed of scalars or complex num­

bers. There are eight base types in SA-C: bool (boolean). bits<n>  (mm-numeric bit vectors). 

int<n> (signed integers). uint<n> (unsigned integers). fix<n.m > (signed fixed point numbers). 

ufix<n.m > (unsigned fixed point numbers), float, and double. The n value is a total bit width, 

and the m value is a fractional bit width. Some example base types are:

bool
bits5
uint6
fixl6.4
ufix8.8
float

The complex types in SA-C have signed numeric subtypes int, fix. float, or double. Example 

complex types are:

complex int8 
complex fix8.8 
complex double
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SA-C has multidimensional arrays with components limited to scalars and complex numbers. The 

language emphasizes array operations and includes mechanisms for taking array slices (or sections) 

and creating arrays through special loop constructs. All arrays are rectangular. The following 

array-related term s are defined, drawn from Fortran 90 [13] terminology. The rank of an array is 

the number of dimensions it has. Thus, what we commonly call a 2D-arrav. or matrix, is an array 

of rank two. An array has an extent for each of its dimensions. Multiplying all the extents of an 

array together yields the number of elements, or the size of the array. An array's rank and extents 

together comprise its shape. One or more of an array's extents can be zero, which would imply that 

the array's size is zero.

An array type in SA-C describes two characteristics of an array: its component type and its rank. 

The type does not define an array’s extents. Instead, during program execution each array carries 

its extents with it. anti these extents can be accessed explicitly through the e x te n ts  operator, ami 

implicitly through the loop generators. As in C’. SA-C' array index range's always start at zero. An 

array type specifier consists of a btise type1 followed by a comma-separated list of either colons or 

integer constants enclosed in square brackets. The colon indicates that the arm y extent is defined 

dynamically, whereas an integer constant statically declares the extent. Examples of array types 

are:

int8[:] / /  ID array of 8-bit signed integers
uint4[8,:] / /  2D array (8 rows) of 4-bit unsigned integers
bool[2,2,2] / /  3D "hypercube" of booleans

Because an array 's extents are not part of its type, arrays of different sizes can have the same type.

2.2 Expressions

Expressions play a  dominant role in SA-C programs. The language’s integer scalar arithm etic and 

bit operators are the same as those in C. with the same associativities and precedences. Signed 

integer and fixed point operations are performed using two’s complement arithmetic.

As in C. the inferred type of an expression is derived from the expression’s operands, and SA-C 

uses rules similar in spirit to  C. in that the result type is the same as the “widest” or most general
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of the types of the operands. Because of SA-C’s variety of type and bit widths, the exact rules for 

this are somewhat more complex than those for C: If either of the operands is signed, the result is 

signed. An operation on integer or fixed operands yields a result with the maximum integral and 

fraction operand sizes. Neither the integral, nor the fractional size can exceed 32. If the total size 

of the result exceeds 32. the size of the fraction will be reduced so as to make the total size 32. As 

an example, a f lx l6 .1 0  combined with a fix l6 .1 4  will result in a fix20.14. whereas a fix32.10 

combined with a fix32.20 will result in a fix32.10. An operation on a  float and an integer or fixed 

point results in a float. An operation oil a d o u b le  anil a float or integer or fixed point results in a 

d o u b le .

Even though these rules are similar to those of C. a SA-C programmer must take special care 

to understand them because of SA-C’s variable bit widths. For example, if four u in t8  variables are 

being added, they will in general require a u in tlO  variable to hold the result. Furthermore, a cast

will be necessary to force the computation to be done with ten bits:

uintlO R =  (uintlO)VO +  VI + V2 + V3;

Early definitions of SA-C applied similar rules to the intrinsic functions. For example, a call to 

s q r t  would return a  value having the same type ;is the call's argument. Users quickly discovered that 

this did not work well. Consider the situation where a u in t3 2  value has been computed, and the 

user wishes to take its square root with a resulting ufix32.16. that is to say a value with 16 whole 

number bits anil IG fractional bits. The user’s first attem pt might be

uint32 v =  ...
ufix32.16 vsq =  sqrt (v);

but this would perform a u in t32 -to -u in t32  square root, which can't hold fractional bits. By the 

time it is implicitly cast to uflx32.16 it is too late. If the user attem pts to fix the problem by

forcing the square root to be done as a ufix32.16-to-ufix32.16 operation

uint32 v =  ...
ufix32.16 vsq =  sqrt ((ufix32.16)v);
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the cast on v discards the high-order bits of v. Casting it to ufix48.16 is not an option because 

SA-C’s scalar type bit-widths are limited to  32 bits.

This problem was solved by recognizing that intrinsic functions are functions, not operators; the 

output types of functions are not inferred by their input types. So SA-C now sees s q r t  as able to 

accept a variety of input types, but always returning a type d o u b le . The user can cast that return 

value to any desired SA-C' type, so that

uint32 v =  ... 
ufix32.16 vsq =  sqrt (v);

does exactly what the user wished. Section 3.4.2.3 discusses how this is handled when the call is 

transferred into a dataflow graph.

Casting a value of some type to another type, either explicitly or through assignment, can have 

two effects: the value can lie numerically conceited, i.e. its bit representation can be changed, or 

the value can be intejfirctril in terms of the new type without change in its bit representation (apart 

from truncating leftmost hits or adding zero bits on the left to adjust size.) Interpretation occurs 

when casting any type to and from a b its  type. Conversion occurs when any non-bits is cast to any 

non-bits. Array casts are also allowed in SA-C. For example, the expression

(ufixl2.4[:.:])A

takes the rank-two array A and creates a new array in which each element 1ms been cast to the 

type u fix l2 .4 .

2.3 Array operations

Arrays can be created in a  number of ways. First, an array can be explicitly typed, sizetl by integer 

constants, and given an expression for each of its elements in an assignment, as in:

uint8 A[3,4] =  { {3.6,7,2},
{4,3,2,1},
{7,1,0,8}}

The size of the array must be specified on the left hand side of the assignment, and the patterns 

within the curly braces must match the size specifiers. Another way of creating an array is through a
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loop return value, as discussed later. The array .concat operator creates an array by concatenating 

its two operand arrays, which have to be of equal type and of equal extents in all but the rightmost 

dimension.

Individual array elements can be referenced using a single set of square brackets, with comma- 

separated integer expressions. Array slices can be taken using colon notation, similar to that of 

Fortran 90. A lone colon in a given dimension signifies taking the entire index range of the dimension. 

A subrange can be specified with integer expressions on either or both sides of the colon, anil an 

optional step ;is a third param eter. Here are some examples, iissuming the above definition of 

array A:

A[l,2] / /  returns scalar value '2 '
A[:.l] / /  returns vector {6.3.1}
A[0,:j / /  returns vector {3.6.7.2}
A[2,l:3j / /  returns vector {1.0.8}
A[0:1,0:1} / /  returns matrix {{3.6}. {4.3}}
A[0,2:j / /  returns vector {7.2}
A[0,:2:2] / /  returns vector {3.7}

An array can be referenced through a variety of reduction operators built into the language. 

For example, array .sum  takes an array and returns the sum of its elements. It can be given an 

optional second argument of an array of boolean values that determine which values are summed. 

The summing operation and the result of the return value are* the same type as the array elements, 

so it is often necessary to cast the array argument to a type suitable for holding the result value. 

Many of the array reductions also have accum versions, in which another array of labels is used to 

partition the values being reduced: the operator performs a  separate reduction and returns a value 

for each partition.

2.4 Loops in SA-C

SA-C has two loop constructs: for and while. The while loop is the more general, and is designed 

for situations where, upon encountering the loop, the executing program cannot determine how 

many iterations will take place. The for loop, in contrast, is able to determine, when it is about to 

begin execution, exactly how many times it will iterate. It is not possible to break out o f a  for loop
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early. Both loop forms allow values to be carried from one Iteration to the next through the use of 

"nextified" variables, discussed later. The compiler optimizations and dataflow graph generation in 

this research concentrate solely on fo r loops, so this document does not deal with w hile  loops.

SA-C for loops occur in two ways: with and without loop-carried dependencies: i.e. with and 

without nextified variables. A loop without nextified variables can understooil as having completely 

independent, parallel iterations. The presence of nextified variables, on the other hand, enforces 

a sequence to the iterations, though the iterations may allow some overlap, and hence parallelism, 

during execution. A nextified variable in SA-C must be given an initial value before the loop, and 

a nex t assignment within the loop. For example.

uint8 ac =  0: 
uint8 rs =  

for .... {

next ac =  ...
} return (...);

A for loop has three parts: a ycnvrutor. a hotly, and one or more return expressions. The 

generator produces values that are used in the loop body, and it determines how many iterations 

the loop will perform. The loop-returns combine, in various ways, values that are produced in the 

iterations of the loop. When a SA-C loop is executed, it has a shape.: a rank and extents. This 

shape is determined by the behavior of the loop's generator, anil it determines the shapes of any 

arrays that arc* created by the loop's returns. This is described more fully in the following sections.

2.4.1 Loop generators

A SA-C for loop has one generator, made up of one or more simple generators. Each simple 

generator is one of four kinds: scalar, array-element. array-slice or window. If there are multiple 

simple generators, they are combined with a  dot or cross operator, described later. Each simple 

generator has a  shape, which contributes to the overall shape of the generator and hence the shape 

of the loop.

A scalar generator produces sequences of integers in one or more dimensions. For example, the 

generator
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uintlO v in [3~6]

will produce four values (3, -1, 5 and 6). assigned to the variable v. This gives rise to four loop 

iterations, one for each of the four generated values: the generator is rank-one with an extent of 

four. Scalar generators can be multidimensional. For example.

uintlO vO, uintlO v l in [1~2,1~3]

will produce six pairs of values (<1 .1> . <1.2> . <1.3> . <2.1>. <2.2>. <2.3>) assigned to the 

variables vO and v l. There are six iterations of the loop: its rank is two. with a shape of [2 ,3 ] . 

Of course, the* range expressions in general need not be* static constants, allowing the extents of the 

loop to be determined by the execution of the program. Scalar generators also allow an optional 

step value for each of the loop's dimensions. Finally. SA-C allows a shorthand syntax for scalar 

generators that start at zero. For example*, these two generators are equivalent:

uint8 v in [n] uint8 v in [0~n-l]

An arrmj-elcment generator extracts scalar values from a source array. Its syntax looks like

a in A

where a is the capture variable and A is the source array. Here a type* is not needed for a since its 

type is assumed to be the same as the component type of A. This generator will extract all values 

from A. one per iteration, and give rise to a loop whose shape is identical to that of A. An optional 

s te p  value may be specified for each dimension of the source array. (Xon-unit steps means that the 

generator’s extents will be smaller than the extents of the source array.)

An array-slice generator extracts sub-arrays from a source array, in which each slicing dimension 

is the full width of the source array in that dimension. For example,

V (~,:) in A

extracts row vectors from A into the capture variable V. The pattern inside the parentheses deter­

mines which dimensions are being iterated (") and which are capturing slices ( :) .  In this example, 

column vectors would be extracted if the two symbols in the parentheses were interchanged. The
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rank of an array slice generator is equal to  the number of " symbols in the parentheses, and the 

extent for each dimension is the extent of the source array in that dimension. An optional step value 

can be supplied for each " dimension.

A window generator extracts sub-arrays from the source array, but unlike the array slice generator, 

its rank is equal to the source array's rank, and in each dimension the sub-array's extent is typically 

smaller than the source array's extent. (If it is equal to the source array  extent, then the generator 

has an extent of one. If it is larger, the generator's extent is zero: no iterations are produced.) The 

window generator specifies the size of the sub-array. For example.

window W[3,2] in A

will extract 3x2 sub-arrays from source array A into capture variable W . All possible sub-arrays are 

taken, one per iteration, meaning that the windows overlap each other. The loop extent in a given 

dimension is the number of windows that lit the* source array in that dimension. For example*, if A 

hael e*xte*nts [1 0 ,2 0 ] . then the above window generator would give rise* to  loop extents of [8 ,1 9 ]. (In 

the* vertical dimension. eight size-three windows lit in an e*.xtcnt of ten. ami 19 size*-twe> windows lit 

in an extent of 20.) Wimlow generators may be* give*n optional ste*p size*s in each of the*ir dimensions, 

which can le*ave some array elements untouched in e*ither of two wavs: the window may skip ewer 

elements if its step is larger than its size, anel there may be an untouched fringe at the end of the 

array.

The three array-accessing generators may also capture the indices of the current source array 

access via an at specification. In the case of the window generator, the indices are the lowest indices 

of the window's elements in each dimension (e.g., the indices of the upper left window element in a 

rank-two source array).

Any combination of the these simple generators may be formed with dot or cross operators. 

The dot operator runs the simple generators in lock step, advancing each generator with every 

loop iteration. The language requires the simple generators in a dot to  have identical shapes. The 

generator’s shape is the same as the shape of each of its simple generators. A cross operator 

combines simple generators by producing all combinations of values from each of the generators,
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varying the rightmost generator the fastest. This is equivalent to a nest of loops, each containing 

one of the simple generators. (The innermost loop contains the rightmost generator.) The rank of 

a loop with a  cross product of simple generators is the sum of the ranks of those generators, and 

the extents are derived by concatenating the extents of each generator.

In addition to the generators already described, there is a related operator called loop-ind ices. 

It produces loop iteration indices, and though it seems in that respect to he another generator, it is 

different because it does not cause loop iterations, but merely reports indices of iterations that have 

been caused by the loop's true generators. Because of this, it does not occur with the generators 

but rather as a call in the loop body. Here is an example:

for window W[3,3] in A step (3.3) cross uintl6 v in [m] ( 
uintl6 i, uintl6 j, uintl6 k = loop.indices ();

Thi* lo o p .in d ices  operator contrasts with the a t  specification of array-extracting generators in 

that the a t values will stride if there is a non-unit step in the generator, whereas the loop .ind ices 

will always produce contiguous values. Also, the lo o p Jn d ic e s  operator’s effect is derived from the* 

combined (dotted or crossed) generators, whereas a t  is associated with an individual generator.

There is a significant capability missing in the current SA-C generators: a hybrid between the 

window and the array-slicing generators. Such a hybrid would behave like a window in one dimension 

and like a slicing generator in another dimension. Such generator behavior can be expressed less 

elegantly using existing window generators, but there are two drawbacks: it requires explicitly taking 

the extents of the source array, and it produces a result array of a rank larger than it should be. 

making it necessary to take a sub-array to convert it to the desired rank. Here is a simple example 

of a proposed syntax a t left, and the way it must be expressed currently a t right:

uint8 f (uint8[:,:)); uint8 f (uint8[:,:J):

uint8 R[:] =
for W[:,5] in A

return (array (f (W )));

u in tl6  dO, .  =  extents (A); 
uint8 RTmp[:,:] =

for window W[d0,5] in A
return (array ( f  (W)));

uint8 R[:] =  RTmp[0,:I;
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2.4.2 Loop returns

Because SA-C is a functional language, all loops return one or more values. The language has a 

variety of return operators, which fall into three kinds: structuring, reduction and final value.

2 .4 .2 .1  S tru c tu r in g  re tu rn s

The structuring operators are a r ra y , t i le  and concat. The a r ra y  operator collects scalar ralues 

or »ub-urrays from the loop iterations and builds them into a return array. If the collected values 

are scalars, then the shape of the re tu rn  array is the same as the shape of the loop itself. If the 

collected values are themselves arrays, then they are required to  have identical shape from iteration 

to iteration, and the return array has a shape formed by concatenating the loop's shape and the 

component's shape. For example, consider

for a in A {
uint8 T[2.3] = {{a-l.a .a+ l} ,{a-2 .a-l.a}};
} return (array (T))

The return component T has a shape of [2.3]. If A has a shape of [•">]. then the return of the loop 

has a shape of [-j.2..'J].

The tile  operator applies only to  array components, and requires that the components have* 

identical shape from iteration to iteration. The return arm y's rank is the max of the rank of the 

luop and the component, and its extents are obtained by left-padding the shape expression from the 

lesser rank with ones and then multiplying them independently in each dimension. For example, a 

loop with shape [3.-I.G] and tiles of shape [2.2] will produce an  array of shape [3.8.12]. While this 

sounds complicated, it's quite easy to  visualize. Figure 2.1 shows this example.

The co n c a t operator is related to  the tile  operator, but may be used only in a rank-one loop, 

and unlike tiling, the components th a t are concatenated may have different rightmost extents from 

iteration to iteration. (A component’s rightmost extent in a  given iteration may be zero, meaning 

that the iteration does not contribute any ralues to the result array.)
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Figure 2.1: Example of t i le  operator on [2.2] tiles (at left) by a [3.-1.0] loop.

2 .4 .2 .2  R ed u c tio n  re tu rn s  a n d  final values

SA-C loops may perform a variety of reductions, sucli as s tu n , p ro d u c t, ru in . m ax . an d  and or. 

Since these reductions are associative and commutative, they allow parallelism as well as various 

loop order restructuring. (A notable exception is the m ed ian  reduction, which is not associative: a 

median-of-medians is not the same as the median.) Reductions also may be given optional boolean 

mask values that determine for each value whether or not it should be included in the reduction. 

The h is to g ra m  reduction differs from the above in that it returns an array rather than a scalar. It 

requires the user to specify an expression for the extent of the return array. All of these reductions 

also have accu m  counterparts that reduce into arrays. Each value of the return array corresponds 

to a label value that is used to determine which index the reduction value should be folded into. For 

histograms, the ac cu m  version produces a rank-two array.

An interesting family of reductions is the v a ls .a t   operators: vals_at_m axs. vals.at_m ins.

v a ls .a t J irs t_ m a x . v a ls .a t J i r s t  _m in. v a ls .a t J a s t  .m a x  and v a ls .a t . la s t  _min. The first two 

locate every loop iteration that produced a max (or min) of the specified value, anil they return 

specified capture values from those iterations in the form of an array. The number of maxs (or 

mins) of a loop, and therefore the size of the return array, is not known until after the loop is ran. 

Sometimes the user wants a value from just one iteration. The other four operators accommodate 

this by selecting from the first, or last, iteration that produced the min or max.
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The last value of a nextified variable may be returned using the final keyword, as in this example:

for a in A {
next ac =  ac * (a-1);
} return (final (ac))

2.4.3 A loop example

Here is an example of a SA-C loop th a t runs two dotted windows across two source arrays, computes 

a value v anil a boolean b in each iteration, anil returns tin array of v and the max value of v from 

the iterations where b is true:

for window WA[3.5) in A dot WB[2,2] in B { 
uint8 v =  f (WA) + g (W B); 
bool b =  (W(0,0] + W Jl.lJ - W[1.0] - W[0.1]) > =  0:
} return (array (v). max (v, b))

If tin‘shapes of arrays A anil B are [ 12.10) and [11.13] respectively, then each of the window generators 

will have a shape of [10.12]. meaning that they tire consistent. (It is a run-time error for generators

of a dot operator to have different shapes.) The result array rakes its shape from the loop, which

in turn has taketi its shape from the generator.

2.5 Conditionals and switches

SA-C has the usual conditional if-else expression, that can return multiple values. There is also 

an elif  that allows expressing a cascade of conditional tests. The return value syntax is similar 

to that of the loop: a code hotly may exist within curly braces, followed by the keyword return 

anil a parenthesized, comma-separated list of return expressions. The language also has switch 

expressions, which also may return multiple values. Here are examples of a conditional anil a 

switch:

if (a> b) { switch (y+3) {
uint8 a =  x*x+3; case 2, 5 : return (y-1)
} return (a) case 3 : return (y)

elif (a<b) default : return (42)
return (x+1) }

else
return (x-1)
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2.6 Functions

Each SA-C function takes zero or more arguments ancl returns one or more values. The syntax is 

derived from that of C. For example.

int8, uint4[:,:] fl (uint8 A[:,:], int8 z. bool M[:J) {

is the beginning of function f l ’s definition. It returns two values: a scalar 8-bit signed integer 

and a 2D-array of 4-bit unsigned integers. It takes three arguments. A SA-C' program consists 

of one or more function definitions. The function body and return values are syntactically like 

those of loops: the body is enclosed in curly braces anti is followed by the  keyword re tu rn  and a 

parenthesized, comma-separated list of expressions. The function named "main" is considered the 

top-level function. All function names are in scope throughout the entire program. To make type 

checking possible and still allow separate compilation, function prototypes can be declared, as in C.

A variety of intrinsic functions art* available in SA-C. taken from the standard C' math library 

but adapted slightly: Some of the C math functions return more than one result by passing an 

additional result via a pointer argument. Since SA-C allows multiple return values, these? functions 

have been implemented with multiple returns. Many of the C math functions take and/or return 

type d o u b le  values. Since SA-C has a d o u b le  type ;is well, they have the same type signatures. If 

a SA-C programmer wants to apply an intrinsic function on a different type, a cast can be used to 

convert the double value to the desiretl type.
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Chapter 3

Data Dependence Control Flow 
(DDCF) graphs

Duta-Dcpcudcuce-Control-Flnvv (DDCF) graphs arc used as an intermediate* representation in tin* 

SA-C compiler, suitable* for performing a variety of optimizations [IS]. The graphs art* acyclic and 

hierarchical, i.e. some nodes contain subgraphs within them. The entire SA-C language can be 

represented by DDCF graphs. The DDCF graph representation has pure functional semantics: a 

memory model is not exposed at this level. Etlges have* SA-C' data types.

DDCF graphs are* not suitable for token-driven e*xecution or simulation because tht*rt* is implicit 

information shared between certain kinds of nodes in the graph. For example, there are no explicit 

edges be*twe*en a loop's generator and its loop-return nodes. If token-driven simulation were to take 

plant, the return nodes wotdtl have to receive information from the generator conveying shape in­

formation for any arrays that are produced and therefore would require additional edges to convey 

this information. But since the DDCF graph is used only for structural representation and transfor­

mation. there is no need for these edges: there is an implicit relationship among the generator and 

the return notles by virtue of the fact that they exist together in a loop's graph.

3.1 D D C F Nodes

There are two kinds of DDCF nodes: simple nodes are bottom-level, whereas compound nodes 

contain subgraphs. All nodes have input and output ports that interface the node to the rest of the 

graph by means of edges. Each input port may have either an incoming edge or a  literal value. Each
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output port has zero or more outgoing edges. Each port of a  simple node is associated with a  specific 

piece of information, based on node type. In contrast, a compound node’s ports have no particular 

inherent semantic meaning; the ports are merely means by which to connect outside edges to the 

internal graph, and those internal connections determine the meaning of the da ta  that How through 

a given port. (There is an exception to this: a FUNCTION node's inputs anti outputs correspond 

to its parameters ami return  values, and the order of the ports correspond to the parameter and 

return value orders in the SA-C source program.)

Every port has a SA-C type tag that specifies the data type of the values tha t travel through 

the port. When an input port and an output port are connected by an edge, their type tags must 

match. Some node's have' node-specific information Jissociated with the'tn. For example, an FC’ALL 

noele> will hotel the- name' of the' function being called.

Compound mule's contain INPUT. IN PUT.NEXT ami OUTPUT mules (called I/O  mule's) that 

serve as the' interface between the* mute's internal structure' ami its exterior. Each e>f the'se* I/O  mule' 

type's 1ms noele-specitic information that mils which exte'rnal port tlu* mule* is jissociated with, ju s  

well ju s  which compound node it five's in. A compound mule* "knows" the identities of its input and 

output nodes, via jirrays tjf mule identifying numbers, as well j i s  its either internal node's via j i  linked 

list eif mule ide'ntifie'rs.

Figure 3.1 shows the cemvemtions used when drawing DDCF mules. Feir all nodes, input peirts 

occur along the top of the mule', and output ports occur along the bottom. There is an implicit 

Ieft-to-right ordering of the ports. A simple node's interior is shown with its node type and any 

node-specific information tha t may apply. A compound node contains a subgraph, with I/O  nodes 

represented j i s  small black rectangles along the top and bottom of the compound node, to reduce 

clutter. A INPUT .NEXT is distinguished from a INPUT by the fact that there is a  dashed implicit 

edge from a NEXT node back to its Jissociated INPUT .NEXT node. An input port can be targeted 

by an edge or by a constant value. All ralues pass through the boundaries of a  compound node via 

I/O  nodes.
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<nuUetype>

* *

42

! ND.NEXT|

<nodetype>

F illin ' 3.1: An example of a .simple* node (left) and compound nodi* (right.) Both haw  three input 
ports and two output ports. Tin* compound uodi* cuntains nine internal nodus (including its I/O 
nodus), and its middle input is "nextified".

Ew ry port has a SA-C tt/pr tag which tells

•  the* scalar type (u in t. float, etc.)

•  the total hit width

•  the fractional hit width

•  whether it is scalar or array

• the rank

• the extent, if known, for each dimension

A ‘-C  value in the extent information indicates that a dimension's size is not known. In general, 

when an edge connects an output port to an input port, the type tags of the ports must match. 

There is one exception: when edges from multiple CASE nodes target the same output port, there 

may be different sizes on the different output ports, and the input port they target will show a ‘-1' 

since the size can vary at run time and is therefore not statically known. Since an edge connects
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ports with matching types, DDCF figures that show SA-C types are usually drawn with the types 

alongside the graph’s edges.

A complete listing of DDCF nodes is found in the reference document [18], Nodes that are 

particularly relevant to this research are now described.

3.1.1 Array-related nodes

A varietv of simple nodes are associated with arrav creation and referencing.

The A REF node is used to extract a scalar or a slice from an input array. It has node-specific 

information that defines the kincl of access it makes: a dimension indicates a sliced dimension, 

for which three inputs exist to convey the low and high indices of the slice and a step value. A 

non-colon dimension indicates one for which an index value is provided. ;is a single input. The first 

input is the array itself. For example, the SA-C expression A[2:8.j,k:m:n) would produce the node:

An AREF node that takes a scalar value from an array is simply a special case of this general form, 

in which all dimensions are designated as and there is one index input for each dimension.

The ARR.DEF node defines an array of statically known size. It has one input for each ar­

ray value, and node-specific information that specifies the array's shape. For example, the SA-C 

assignment

A 2 S I k m n

A REF[:,_,:|

uint8 A[2,3] =  {{a, b, c},{d, e. f}};

will produce the node:

a b c d e f

ARR.DEF [231
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An EXTENTS node takes a  single array as input and returns the extents of the array; the 

number of outputs equals the rank of the array. The ARRAY-CONCAT node corresponds to the 

SA-C operator a r ra y  .c o n c a t. It takes two arrays and concatenates them in the rightmost dimen­

sion. The source arrays must have the same rank and m ust have the same extents except for the 

rightmost dimension. The DDCF graph also has a related node that has no SA-C counterpart: AR­

RAY.CONCAT -VERT concatenates a pair of rank-two arrays in the left dimension, and is produced 

during one graph transformation.

3.1.2 DDCF for loop graphs

There are two graph nodes produced by SA-C for loops: FORALL and FORNXT. The latter has 

nextified variables: the former does not. A loop graph lias one generator graph nodi*, one or more 

loop-return nodes and various nodes representing the loop’s body.

3.1 .2 .1  G e n e ra to r  g ra p h s

There are two kinds of generator graph: DOT and CROSS. If a loop has only one simple generator, 

it is contained in a DOT graph. Within the generator graph are the* simple generators, which come 

in three kinds.

The scalar generator of the language produces a SC’ALARGEX node. For each dimension of the 

generator then* are three inputs and one output. The inputs are the low and high range values, and 

the step.

The army-element and array-slice SA-C generators produce ELEGEX nodes. As with AREF 

nodes, the scalar-extracting version is a special case of the more general form. Node-specific in­

formation indicates for each dimension whether it is a slicing dimension (designated by ':’) or an 

iterating dimension (designated by No input information is needed for a slicing dimension. For 

each non-slicing dimension, a single input conveys the step size. The leftmost input is the source 

array. The leftmost output is the array component, and there is an additional output for the a t  

index for each non-*:’ dimension.
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Figure 3.2: Examples of generator nodes.

The window generators produce WIXDOWCIEX nodes. Eac h dimension of the* source array gives 

rise- to two inputs, conveying the window's size and step in that dimension. The leftmost input is 

the source array. The leftmost output is the generated window sub-array, and there art* additional 

outputs for the* a t  index for each dimension.

When multiple simple generators exist in a CROSS graph, they are drawn in a left-to-right 

configuration that matches the SA-C source. This left-to-right relationship is captured in the DDCF 

graph internal d ata  structures by the ordering of the CROSS graph 's internal node identifier list.

A loop's generator graph is often visualized as sending streams of values out of its output ports. 

The output edges are typed with the SA-C types of the generator's capture variables in the source 

program. However, since the DDCF graph is not executed or simulated, this streaming behavior 

is simply a convenient way of thinking about the meaning of the generator. Figure 3.2 shows an 

example of each of the three simple generator nodes, as well as cross- and dot-product examples.
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3.1.2.2 Loop-return nodes

All of the various loop-return nodes are simple (i.e. not compound) and have direct associations with 

the language’s return nodes. The constructing return operators array, tile and concat give rise 

to CONSTR.UCT_AR.RAY. CONSTRUC'T.TILE and CONSTRUCT.CONC’AT nodes. Each has a 

single input (the component) and a single output (the accumulated result). When compared with 

the simple generators, these nodes have a kind of inverse behavior: the array-referencing generators 

take arrays ; l s  inputs and emit array components as outputs, whereas the constructing return nodes 

take components and emit complete arrays as outputs.

The SA-C loop reduction operators have direct counterparts ;is well, giving rise to nodes such 

;is SUM. AND. MAX and HISTOGRAM. Each produces one output, and most have two inputs, 

one for the value and the other for the boolean mask value. (HISTOGRAM, however has an addi­

tional input for the size of the result array.) The reductions also have their accum counterparts, 

such as ACCUM.SUM. ACCUM.AXD. AC’CUM.MAX. ACCUM.HISTOGRA.M. etc. Each has an 

additional input to indicate the range of the label values, specifying the extent of the resulting array.

If a final value of a nextified variable is returned, it goes directly from the output of its associated 

NEXT node to an output port of the loop's graph.

3.1.2.3 Loop example

Figure 3.3 shows an example of a parallel for loop graph corresponding to the SA-C’ loop:

for V (:.~) in M a t (., uint8 idx) { 
uint8 s =  array-sum (V) +  idx;
} return (array (s))

The inner loop is produced by the array_sum call.

3.1.2.4 N odes derived from unrolled loops

The SA-C compiler does full loop unrolling when it is able to determine how many iterations the 

loop will execute. Loop unrolling requires new nodes that are associated with loop reductions 

after unrolling. These nodes are xxx-MANY versions of the reductions. For example, consider the 

following loop:
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FORALL

DOT

ELEGEN

FORALL

DOT

ELEGEN [-]

true

SUM

ADD

CONSTRUCT. ARRAY

Figure 3.3: Example of a FORALL loop.

for a in A
return (sum (a))

If A has a shape of [ lj and the loop is unrolled, it will produce a S l’XLMAXY node as shown here:
\   •  •  •  .

A R E F U A R E F U A R E FU A R E F U

\r t »  j  — 1 r in*

SUM.MANY

There is a pair of inputs for each iteration, one for the value and one for the optional boolean mask.

3.1.3 Switch graphs

The SWITCH node is a  compound node corresponding to switch and conditional expressions in SA- 

C. Each SWITCH graph contains exactly one SWITCH .KEY node that acts as a  sink for the switch 

select expression. The SWITCH graph also contains multiple CASE graphs, each of which in turn 

contains a SELECTORS node that sinks multiple constant value inputs. (There is an exception: one 

CASE graph may lack a  SELECTORS node; this is a default CASE.) SA-C conditional expressions
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Figure 3.4: Example of a switch expression's DDC’F graph.

(if-else) are represented by SWITCH graphs since the conditional is a special case of tin* more 

general switch. The O l 'T P l’T nodes of a SWITCH graph are the single exception to the rule that 

multiple DDCF graph edges may not target the same port.

As an example, figure 3.4 shows the DDCF graph produced by the following SA-C expression:

switch (n+2) {
case 3. 4 : return (m*4) 
case 5 : return (42)
default : { uint8 p = n*2+m: } return (p) }
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Chapter 4

SA-C compiler optimizations

Tin* optimizations in tin* SA-C compiler arc* designed and implemented with the? goal of improving 

performance of the FPGA-related code*. While the* host code can also benefit from optimization, no 

effort has been expended in that direction yet. (However, some of the optimizations that have been 

implemented may incidentally improve host code as well.) Optimization refers to transformation of 

code* to improve performance, either in space or time.

In conventional architectures, space usually refers to memory space, but in FPGA-related sys­

tems space* can also refer to the amount of internal FPGA logic space that a loop rccpiircs in its 

implementation. Execution rime in an architecture with FGPA-bascd coprocessor boards can lie 

broken into a number of sometimes overlapping categories:

• C o n fig u ra tio n  dow nload  tim e  is the time taken to transfer the* bitmaps that define* the 

FPGAs' internal logic:. This is somewhat analogous to loading a program into memory on a 

conventional computer.

• D a ta  tra n s fe r  to  R C S  refers to the time taken to copy data from the host to the memories 

of the RCS board.

•  R C S  c o m p u te  tim e  is the time spent by the RCS doing the computation. It has a number 

of parts, which may overlap:

-  R C S  re a d  fro m  local m e m o ry  is part of the RCS compute time. It is the time spent 

reading values from RCS local memory* into the FPGA(s). Because windows in SA-C’s
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loop generators often overlap each other, the number of reads may change after a code 

transform ation.

-  L o o p  ite ra tio n  o v e rh ead  refers to the amount of time required by a loop iteration, 

and is part of the RCS compute time. Because the number of loop iterations may change 

when a cotie is transformed, this time can change.

-  R C S  w rite  to  local m em o ry  is part of the RCS compute time. It is the time spent 

writing values to RCS local memory from the FPGA(s). Unlike the R C S re a d  from  

lo ca l m em o ry  where generator overlap reduction can change the number of reads, the 

number of writes for a given loop and its transformation must always be the same.

• D a ta  t r a n s f e r  from  R C S refers to the time taken to transfer results from the RCS board 

back to tin* host.

Optimizations are designed to improve performance in one or more of tin* above categories, but 

often a performance improvement in one area produces a degradation in another area, lending to 

performance tradeoffs. Also, some costs can be hidden by concurrency. The following descriptions of 

SA-C compiler optimizations include brief motivations, but a more complete performance analysis 

is saved for the later chapter on performance measurement on benchmarks. All the optimizations 

take place as DDCF-to-DDCF transformations, meaning that they stay within the pure functional 

realm and do not expose most implementation details, including memory use.

In the next section, the currently-implemented SA-C compiler optimizations are described. Fol­

lowing that is a section describing some optimizations that are not implemented, but which can 

nevertheless be tested since they are expressible in SA-C. The last section talks about the order in 

which the optimizations are performed and iterated.

4.1 Currently implemented optim izations

The optimizations described in this section are implemented in the SA-C 1.0.242 compiler.
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4.1.1 Array and loop size propagation

When compiling SA-C to FPGAs, static size information is vitally im portant. For example, full 

loop unrolling can take place if the number of loop iterations is statically known, allowing the loop 

to spread over chip space rather than over time. Section 4.1.2 discusses the benefits of full loop 

unrolling.

SA-C has a close association between arrays anil loops. Both have shapes, i.e. ranks anil extents. 

When a loop generator traverses an array, that array’s size plays a part in determining the shape 

of the loop. The loop's shape, in turn, plavs a part in determining the shapes of the arrays it 

creates. This means that extent information at one place in the program can propagate to parts of 

the program that are associated with it. If viewed from the perspective of the DDCF graph, this 

information can flow downwards, upwards and laterally among the individual generators within a 

DOT graph. The lateral information flow takes place through the shape* information of the loop 

itself (see section 2.4.1). The size propagation implementation has two parts: a downward sweep 

puts array extent information on the outputs of nodes, wheretus an upward sweep purs array extent 

information on the inputs of nodes. During both sweeps information is transferred to and from tin* 

loops’ extents. These sweeps are iterated until no new information is inferred.

4.1.1.1 Inferring array sizes on node outputs

This section defines the rules used to infer array extents at the output ports of various node types, 

using input extent information and /or loop extents. The dashed arrows show the extents that are 

computed.

The extents are passetl through to the output's 
extents. (Note that step specifications do not exist 
for -.' dimensions.) Loop extents are not relevant 
here.

»  [5.9J
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2 I 3

|  1 1 1 I  1

WINDOW_GEN

scalar

CONSTRUCT ARRAY

[2.1.31

loop extents: 
[5.3.71

The output extents are not related to the input 
array 's extents, but rather come from the window- 
size inputs to the node. Step sizes do not m atter. 
Loop extents are not relevant here.

For scalar input, the output extents are the same 
as the loop’s extents.

15.3.71

It
[11.171

CONSTRL'CT_ARRAY

loop extents: 
[5.3.71

[5 .3 .7. 11. 17 1

For non-sealiir input, the output extents are the 
loop extents concatenated with the input extents.

1
11I-17|

CONSTRL’CT_TILE

i
It

1331

[53.7|

15.33.11‘)|

HD

CONSTRUCTCONCAT

[3.55]

The loop extents and tin* input extents are right 
justified, and the shorter one is left-padded with 
<>nes. The output extent in each dimension is tin* 
product of tin* loop extent and the input extent.

The loop rank is guaranteed to be one. The right­
most output extent is the product of the input 
extent and the loop extent. The other extents are 
carried down directly from the input extents.

[4.:.7| [ :J .9 |

| ARR_CONCAT

[43.161

The rightmost output extent is the sum of the 
rightmost extents of the inputs. Each remaining 
output extent can be carried down directly from 
either o f the corresponding input extents. An er­
ror can be reported here if the input extents are 
not consistent.
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[12.14

Each output extent is the sura of the correspond­
ing input extent and two times the perimeter 
width.

The input extents are not relevant. The dimen­
sions are slice dimensions, whereas each dimen­
sion has a specified index expression. Each output 
dimension corresponds to a :' in the extract pat­
tern. Note that for each dimension, there are 
three input edges, carrying the low index, high in­
dex and step size. An output extent is computed 
by the C expression:

* hi-lo<0?0:l+(hi-lo)/step

-1.1.1.2 In fe rrin g  a r ra y  sizes on  node in p u ts

This section defines the rules used to infer array extents at the input ports of various node* types, 

using output extent information and/or loop extents. The dashed arrows show the extents that are

The input extent for a dimension comes from 
the corresponding output extent. The input ex­
tent for a dimension comes from the corre­
sponding loop extent, and can take place only if 
the step size is one. Non-unit step sizes don't al­
low size inference because' a leftover "fringe'" route 1 
be pre'se'nt in the* generator’s source array.

An input extent can be inferred only if its loop 
extent is greater than zero and the step size is 
one. The input extent is the loop extent plus the 
window size minus one.

The input rank has been determ ined by the type 
system. Its rank is guaranteed to  be less than the 
rank of the output. The input extents are taken 
from the rightmost output extents.
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computed.
loop extents:  > - [ 5 1 1 7 1 0

[11.151 , ,

y I  I

E LE .G EN

; [5.7i
y
...............=► [22.26.351

loop extents: 
[20.25.30|

CONSTRUCT_ARRAY

[9.1IJ.7]

' 1 2  1 4  1
t> if i1 I  W

W INDOW .GEN

[3-2.4I

ARR C O N PE R IM

[16.18|

A R EF [:._ .:|

[2.01
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loop extents: 
[6.10|

CONSTRUCT TILE

I5.42.W1

15.7.91
The loop extents and output extents are right jus­
tified. Each input extent is computed by dividing 
the output extent by the loop extent. An error can 
be reported here if the output extent mod loop ex­
tent is not zero. For input dimensions where only 
one extent exists (either loop extent or output ex­
tent), the input extent is set to th a t extent.

•* 15.7.: |

CONSTRUCT.CONCAT

[5 .7.9{)|

..................»  l-UJI

ARR.CONCAT

| [4 .3.161 

f

■ ■ no 
in lcrrcncc

' I T  »

AREF1

[T. IS |

The loop rank is guaranteed to be one. The right­
most extent of the input can never be inferred, 
since its size may vary from iteration to iteration 
of the loop. The remaining extents can be inferred 
directly from the output extents.

All but the rightmost extents of both inputs can 
be inferred directly from the output extents. The 
sum of the rightmost input extents must equal tin* 
rightmost output extent, so if the1 output and one 
input extent is known, the other can be inferred. 
An error can be reported here if the input extents 
are inconsistent with each other, or with the out­
put. An error can be reported if the rightmost 
output extent and one input extent infer n nega­
tive extent for the other input.

.Vo input extent information can be directly in­
ferred. This can In* understood by looking at the 
downward propagation rule, shown earlier. The 
output extents are associated with the slice size, 
not the source array’s size. Even in the case where 
the user has specified a full slice, e.g. A [ : ,  3]. 
the fact that a full slice is being taken in a given 
dimension is not directly evident in the DDCF 
graph.

4.1.1.3 Inferring loop extents

This section defines the rules used to infer loop extents from the input and /o r output extents of 

various node types. The dashed arrows show the extents that are computed.

[5.7.9.111

ELE GEN
loop extents: 

[7.11]

For a  dimension, the loop extent can be 
inferred directly from the input extent and 
the step size. The loop extent is computed 
by the C expression

in < 0?0 :l+ in /step
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[5.7.91

loop extents: 
 ► [4.7.71

loop extents: 
 -  [8.3|

WINDOW.GEN

SCALAR_GEN

Each loop extent can be inferred from the in­
put extent, the window size and the window 
step. The extent is computed by the C ex­
pression

in-wsz<0?0:1+(in-wsz) /s tep

Each loop extent can be inferred from the lo. 
tii and step values. The extent is computed 
by the C expression

hi-lo<0?0:1 -l-(hi-lo)/step

scalar

loop extents:
CONSTRL’CT_ARRAY --------------*■ [5.3.71 When the input is scalar, the loop extents can 

be inferred directly front the output extents.

15.3.71

CONSTRl'CT.ARRAY
loop extents:

- .............19.IU

(9.11.3.7|

15.7.91

loop extents:
CONSTRUCT_TILE - ................► [6.101

[5.42.901

[7.9|

CONSTRUCTJTILE

[5.42.90

loop extents:
[5.6.101

When the input is an array, the loop extents 
can be inferred directly from the leftmost 
output extents. Xote that the output rank 
equals the input rank plus the loop rank, and 
both ranks have been determined by the type 
svstem.

If the loop rank is less than or equal to the 
output rank, the loop, output and input ex­
tents are right justified and each loop extent 
can be computed by dividing the output ex­
tent by the input extent. If the output extent 
mod input extent is not zero, an error is re­
ported.

If the loop rank is greater than the input 
rank, the loop, output and input extents are 
right justified and each loop extent can be 
computed by dividing the output extent by 
the input extent. If the output extent mod 
input extent is not zero, an error is reported. 
The leftmost loop extents are inferred di­
rectly from the output extents.
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[5.7.91

CONSTRUCT_CONCAT

[5.7.90|

The loop rank is guaranteed to be one. The 
loop extents: loop extent can be computed by dividing the

»- [ 10| output extent by the input extent. If the out­
put extent mod input extent is not zero, an 
error is reported.

The loop extents produced by each simple 
generator in a cross product are concatenated 
to produce the complete set of loop extents.

For dot products, a loop extent can be in­
ferred from the corresponding extent of any 
of its simple generators. Errors can be re­
ported of the extents of tin* simple generators 
are not consistent.

4 .1 .1 .4  A n e x a m p le

Figure 4.1 shows a small SA-C program (encountered while restructuring a 7x7 convolution) that 

demonstrates many of the propagation rtdes. Note that size propagation does not take place across 

function calls, but rather occurs after functions have been inlined. However, for clarity, this example 

is shown before inlining. The size "7" in this code originates from the user’s specification in the 

window generator of the main function. It propagates downward through other generators and slices, 

until it reaches the d o t  operator in the dprod function. Here it crosses to the other array in the d o t 

and it travels all the way up. finally inferring that the left dimension of the kernel param eter of main 

must be size “7” .

4.1.2 Full loop unrolling

Full unrolling of a  loop means eliminating the loop entirely and replacing it with explicit loop 

bodies, each corresponding to one iteration of the loop [42]. This can be done only if the compiler

42

CROSS.PROD
1

1 1
1 1 
I £en 1

^  [4.71 ^  [9.11)

I
----------- 2
loop extents

14.7.9.11

DOT.PROD

gen gen

14.: 1 [■•! 11

loop extents: 
[4.111
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u in t2 2 [ : . : ]  m a in  (u in t8  I m a g e [ : . : | ,  u in t8  k e m e l [ : , : ] )  { 
u i n t ! 6  d l  =  e x te n ts  ( I m a g e ) ;  ^

u in t2 2  resL:.: , : |  = ----------------------- “•
f o r  w i n d o w  W [ 7 ,d l ]  in  I m a g e  { \

u in t 2 2  re s_ row [:]  =  p r o c e s s _ s t r i p e  ( W ,  k e r n e l ) ;
) r e tu r n  (a rray  ( r e s _ r o w ) ) ;

) r e t u r n  ( re s [ : .0 . : | ) ;
r

u in t2 2 [ : ]  p ro c e s s _ s t r ip e  (u in t8  W [ : , : | .  u in t8  k e m e l [ : . : | )  { 
u in t  16 d  I =  e x te n ts  ( W ) ;

u in t2 2  in term edia te [ : . :J .  =  '
f o r  k e rn e l_ c o l ( : ,~ )  in k e r n e l  a t  (_ .  u in t8  c )  { 

u in t8  s l ic e [ : l ;J =  W [ : ' e : d I + c - 7 ] ;  
u in t 2 2  rw [ : |

f o r  w i n _ e o l ( : . - i  in  s l i c e  v
re tu rn  (a rray  ( d p r o d  (k e rn e l_ e o l .  w i n _ e o l ) ) ) ;  

j r e tu rn  (a rray  ( rw )) ;

u in t2 2  re s [ : ]  =
f o r  V ( : .~ )  in in te rm e d ia te  

r e tu r n  (a r ray  (a r r a y _ s u m  (V )) ) ;
| r e tu rn  ( re s ) ;

u in t2 2  d p r o d  (u in t8  V O p], u in t8  V l [ : J )  { 
u in t2 2  r e s  =  '

f o r  vO in VO d o t  v  I in  V 1 A 
r e tu rn  (s i tm  ( ( u i n t 2 2 ) v 0 * v l ) ) ;

) r e tu rn  ( re s ) ;  ’■------

Figure 4.1: An example of array  and loop size propagation.
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can determine the exact number of iterations and the sources of the inputs that will drive them. 

This optimization in the SA-C compiler has a number of motivations. First, since the SA-C compiler 

currently places only a bottom-level loop (i.e. a loop th a t contains no loops) on the RCS. unrolling 

an inner loop may allow a  higher-level loop containing it to be placed on the RCS. This in turn  

means that more work per iteration may be performed by the RCS. better amortizing the cost of 

moving data between RCS aticl host. Also, since loop unrolling distributes the loop s iterations over 

space (i.e. FPGA logic blocks) instead of time, the computation may be speeded up. In SA-C. a 

loop often can be completely unrolled if its extents, inferred by the size propagation pass, are known 

by the compiler. There are some generator and return-operator limitations on unrolling, which are 

noted in the following discussion.

4.1.2.1 U n ro llin g  loop g e n e ra to rs

SA-C has four kinds of loop generators, which ran be* couibined as d o t or c ro ss products: scalar, 

array-oletnont. array-slice and window. It also has a loop-extents generator that produces the loop’s 

indices based on the other generators and the way they an* combined. Each of these generators must 

lie* handled appropriately when a loop is unroiled.

To unroll a scalar generator, the compiler must product* constant values corresponding to the 

scalar values tin* generator produces as inputs to tin* loop bodies. A loop-extents generator is 

unrolled in a similar way. but the scalar values start with zero and are unit-stride. Figure 4.2 shows 

an example of each.

Array-oletnent. array-slice and window generators require AREF notles to extract appropriate 

parts of the source array. An array-slice generator also requires an EXTENTS node to determine 

the extent(s) of the source array. Figure 4.3 shows examples of these unrolled generators.

The current implementation of loop unrolling requires that the generator parameters be con­

stants. This restriction could be eased: the compiler would have to build expression sub-graphs 

where it currently computes and installs constants for inputs to nodes.
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foruintS i, uin(8j in [2-3,4-61 step (1,2) 
return (array (f (i. j))) T

FCALLT FCALLT FCALLT FCALL'P

ARRJ5EF 
1------

0 0 2 4 0 1 2 6  1 0 3 4  1 1 3 6

Cor uintS i, uindi j in [2—3.4—61 step ( 1.2) ( 
uintS m. uintS n = loopjndices ();
) return (array (f (m.n.i.j)))

FCALLT FCALLTFCALLT FCALL T

ARR.DEF

Figure -1.2: Examples of unrolled scalar generator and loop-indires generator.

4.1.2.2 Unrolling loop return operators

Most loop return operators allow a loop to lie unrolled, with each operator having an tussociated 

node type that takes in explicit value edges rather than the loop's implicit stream  of values. The 

number of inputs is variable. As an example, a S l’M loop return operator, which has two inputs 

for the value and boolean mask streams, will produce a S l’M-MAXY node with two inputs (value 

and mask) for each loop body that is created. It is left to implementations to choose an appropriate 

evaluation strategy for the node (e.g., tree of adders.) Table -l.l lists the loop return operators that 

allow loop unrolling, and their unrolled counterparts.

Since the goal of full unrolling is to generate DFGs for placement on the RCS. some loop return 

operators have not been supported for unrolling due to the fact that their unrolled counterparts 

are not implementable in FPGAs under the current compilation process. For example, the various 

accum versions of the reductions produce arrays as outputs. In general, array-proclucing nodes 

cannot exist in a loop body on the RCS (see chapter a for a full discussion of the translation to 

DFGs). so the “MANY” counterparts of the accum return operators have not been implemented. 

The m ean and st.d ev  operators have not been implemented since they require division, which is 

currently not supported on the RCS.
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tor a in A
return (array (1(a)))

AREF AREFAREF

FCALL T FCALLTFCALLT

ARR_DEF

tor Vc.-i in A
return (array ( f (V11)

A

AREF AREF

FCALL I'FCALL T

ARR.DEF

FCALL T

AREF

EXTENTS

ADD

for window W[3| in A 
return (array (f (W)))

AREF AREFAREF

FCALL T FCALLTFCALLT

ARRJ3EF

Figure 4.3: Examples of unrolled array-element generator, array-slice generator, and window gener­
ator.
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loop return operator unrolled counterpart
VAL-AT-FIRST-MAX VAL.AT .FIRST-MAX-MANY
VAL_\T-FIRST_\IIN VA L -AT _F IRS T _M IN _M A N Y
V.AL_AT_L.AST_MAX VAL.AT-LAST-MAX-MANY
VAL_4T-LAST_\IIN VAL-AT-LAST-MIN-MANY
VAL-AT-MAXS VAL-AT-MAXS.MANY
VAL-AT-MINS VAL-AT -MINS-M ANY
SUM SUM-MANY
HIST HIST-MANY
MIX MIN_MANY'
MAX MAX-MANY
AND A.MANY
OR OR-MAXY
MEDIAN MEDIAN-MANY
CONSTRU CT-ARRAY ARR.DEF

Table 4.1: Loop return node types capable of unrolling, with their unrolled counterparts.

4.1.3 Stripmining and blocking

The window generators in SA-C allow loop stripmining and array blocking [12] to be expressed 

in an elegant wav. These two optimizations are pragma-directed and they have nearly identical 

implementations.

Stnpm m inij is used, along with full inner luop unrolling, to achieve the* effect of partial unrolling 

over multiple dimensions. This should have a number of useful effects. First, when overlapping 

windows are being generated, this should reduce the amount of data  moved from the local memories 

to the FPGAs. Second, the number of loop iterations is reduced, thus reducing loop overhead. 

Finally, stripmining allows multiple loop bodies to be executed concurrently on an FPGA.

On the other hand, blocking is motivated by size limitations of the RCS local memories. Since 

a source array for a loop may be too big to fit in the local memory, blocking breaks the loop into 

a number of chunks, each with a sub-array that will fit the local memory. The partial results from 

these chunks are then combined by the host into a  complete result.

Loop stripmining, in multiple dimensions, is used to get the effect of partial unrolling of loops. 

For example, consider

/ /  PRAGMA (stripmine (4,5)) 
for window W[3,3] in A
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A new loop will be created, with a 4x5 window generator. The existing loop will be nested inside 

the new loop, and will traverse the 4x5 arrays created by the outer loop. The inner loop is then 

fully unrolled, leaving one loop that has six parallel loop bodies. As with any partial loop unrolling, 

this has the potential for shared computation among the loop bodies, saving work. It also may save 

loop iteration overhead by reducing the number of iterations.

While the motivations of array blocking are different than those of stripmining, it is accomplished 

in an almost identical way. The difference is that the original loop is not unrolled. For example, 

consider

/ /  PR A G M A  (b lo c k  (8 0 .8 0 ))  
for w indow  W [3 .3 | in A

As with stripmining. a loop nest is created by enclosing the original loop in a new loop with, in this

case, an 80x80 window generator, but the inner loop is not unrolled. Since only an inner loop can

run on FPCIAs. the inner loop with the 3x3 generator will run on the RCS. and the outer loop will 

run on the host. The hosts'* loop blocks the source array into chunks: each chunk is an argument to 

the inner loop that is called on the RCS. Since a user may want both stripmining and array blocking, 

it is possible to put both pragmas on a loop. The stripmine transformation is applied first, yielding 

one loop that replaces the original. Then blocking is applied, creating a loop nest.

Implementation of those transformations requires dealing with three issues. First, the step sizes 

for the newly formed outer loop must be determined. Second, the values returned by the inner loop 

must be combined by the new outer loop into final rallies for the loop nest. Finally, since the window 

of the outer loop may leave "fringes" of the source array untouched, these fringes must be handled 

separately and their results grafted onto the array returned by the main loop. In the implementation 

discussion, the following variables are used, subscripted by the dimension being referenced:

•  e, is the original window's extent in dimension i

•  Si is the original window's step in dimension i

•  «, is the stripmine windowTs extent in dimension i
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•  ti is the stripmine window’s step in dimension i

• e; is the source array’s extent in dimension i

4.1.3.1 Com puting the new step  size and the fringe array slices

The outer loop's step is computed by the equation

ti =  {{tli C, "F ■•>-,)/«,) X s t

using integer arithmetic. This equation is designed to ensure that, in the event of non-unit step in 

the original loop, each window of the outer loop starts at an index that would be visited by the 

original iinstripmined loop. For example, tint srripmined loop

/ /  PRAGMA (stripmine (6)) 
for window W[3] in A step (2)

oil a source array of extent 12 produces an outer loop step of four. This can In* shown visually:

!--------------- 1 f r in g e  r a n g e
\

original loop windows

1(1 II

h } outer loop windows

Each outer-loop window (below) starts on an index that an original iteration started on. and each 

succeeding outer iteration starts where the preceding one failed to contain an original iteration. This 

diagram also shows that the sub-array used to compute the fringe must s ta rt at the first original- 

loop window that fails to fit in the outer-loop windows. This starting index is computed from the 

expression

(ei -  (((e* - « , )  mod £,) +«*)) + t,

which evaluates to eight in this example.

The fringes are more complicated for a rank-two source array. A right sub-array and a bottom 

sub-array are created to compute the fringes, as shown:
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b

Source '  , Result

The right source array’s horizontal start index is computed bv the equation:

b =  (ei -  (((f'i -  «i) mod f t ) +  « i)) +  11 

Its vertical range is identical to the vertical range of the source array, making the array slice:

.l[() :e„ -  1.6 : r ,  -  L]

The bottom source array’s slice requires computing tin* value of a start index r  and an end index </:

c = (Co ~ (((Co — (in) mod 11j) +- iid)) + tii

(/ =  I) + (C| -  S| -  I)

Its array slice is:

A [c : cii -  L.l) : d]

The values of a, are always statically known since they are specified by the pragma. The values 

of c, anti a, need not be statically known, but in the present implementation they are required to

be. This allows the step sizes of the outer loop to be computed by the compiler. To ease this

restriction, the compiler would have to build a small expression graph that would compute the step 

size dynamically using the above equations.

4.1.3.2 Combining the inner loop results

Since this transformation computes chunks of results produced by the inner loop, the outer loop 

must be able to combine these chunks into a  correct result. Stripmining has been implemented for 

those operators that are associative in the following sense:
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The presence of mask rallies can make some operators, such as m ean , nonassociative since the* 

number of values being averaged in the various subcomputations may not be equal. (With some 

significant additional work, m ean  could be accommodated by bringing a second value out of the 

inner loop to convey the number of values that were used in the mean. However, it would be better 

to use SUM reductions in the inner loop, and do only one division after all results are combined.)

Figure 4.4 shows DDCF graphs, before and after inner loop unrolling, for the following loop:

/ /  PRAGMA (stripmine (4.5)) 
for window W[3,3] in A 

return (sum (f (W)))
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Before unrolling, the outer loop is summing a stream  of values, each of which was produced by the 

inner loop's summing; in this case the inner loop is summing six values. After unrolling, the inner 

loop produces six loop bodies, each fed by an AREF node that takes a  3x3 slice of the 4x5 outer 

loop window. As discussed in section 4.1.2. the sum reduction node is replaced by its SUM-MANY 

counterpart.

A variety of loop return node types will prevent this transformation from taking place. The m ean  

and s t .d e v  could be handled with additional work its mentioned earlier. The m o d e  and m ed ian  

operators are not associative anti therefore will not allow stripmining or blocking. The h is to g ra m  

operator and many of tlu* various accu m  operators are associative but return sub-arrays, which 

would require the creation of new DDCF nodes to combine the* outputs of the inner loop. For 

example, h is to g ra m  would require a node that summed arrays on an index-hy-index basis. The 

v a ls .a t.f irs t_ m in  operator (and its related nodes) could have been stripmined if the* operator had 

returned the tain along with the captured values, but since* only tin* raptured values emerge from 

the inner loop, a combining node for the outer loop does not have tin* information needed to select 

among the values it receives.

4 .1 .3 .3  O th e r  re s tr ic tio n s

There are a few other restrictions on this transformation:

• The current implementation deals only with rank-one anti -two generators. This can be ex­

tended to higher ranks, but has been deferred since the computation of the fringes gets more 

and more complex as the rank increases.

•  Generators with "at" specifications currently are not able to be transformed. To do this 

properly, the inner loop would have to be given a scalar generator, combined with its win­

dow generator as a dot product, that would produce the range of indices appropriate for the 

particular outer loop iteration.

•  If any of the pragma’s extents is less than its corresponding window' generator extent, the 

transformation will not take place.
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• The current implementation allows only one generator in a loop that is to  be stripmined. 

because with more than one generator it is not clear to which generator the stripm ine pragma's 

extents should be applied. (Keep in mind that a pair of generators may apply different window 

sizes with different steps.) However, since in a vast m ajority of cases the generators in a DOT 

operation have identical sizes aucl steps, this restriction could be cased to allow multiple 

generators in that case.

• The current implementation cannot stripmine a loop that has an array-slice generator, since 

doing so would require the hybrid window/slice generator as discussed in section 2.-1.1.

• The* current implementation does not operate on loops with nextified variables. In general 

a nextified loop cannot be stripmined. since there are dependencies between successive loop 

iterations and vertical stripmining. for example, has the effect of rescheduling the iterations. 

Stripmining in the rightmost dimension, however, could be done.

4.1.4 Loop fusion

Then* art* various ways to fust* loops [12]. Three possibilities art* associated with these structural 

forms:

-*} loop
loop (-*•

loop
loop

loop

In the form on the left, if the input array is traversed by identical generators in both loops, they 

can be fused easily. In the middle form, the two inputs arrays in some cases may be inferred to 

have the same shape (by analysis of the generators they feed) anti it may be possible to fuse the 

two array-producing loops. The first two forms are not difficult for a programmer to  fuse, and the 

present SA-C compiler does not fuse them. (However, in a programming environment where these 

loops come from a predefined component library it would be useful for the compiler to  fuse these 

forms.)

Fusion in the form on the right (a producer/consum er form) can be expressed in SA-C under 

many conditions, but it is not easy for the programmer to do. as will become apparent in the discus-
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sion below, so this kind of fusion has been implemented in the SA-C compiler. This transformation 

is intended to reduce communication, both between the host and RCS. and perhaps more impor­

tantly between the FPGAs and their local memories. Fusion should also reduce the number of loop 

iterations, reducing loop overhead.

4.1.4.1 Developm ent o f an approach to fusion

The goal of loop fusion is to replace a pair of loops with one new loop. This is partially accomplished 

in this optimization stage by transforming the loop pair to a loop nest. It is left for the loop unrolling 

optimization to complete the job by unrolling the inner loop, leaving the desired result: one loop 

that replaces the two original loops.

The essential idea behind the SA-C’ compiler’s loop fusion can be seen with a simple example. 

Consider the SA-C loops:

uint8 A[:J =
for window W[3] in Source 

return (array (fl (W))); 
uint8 Res[:j =

for window W[3] in A
return (array (f2 (W)));

If these loops are to be transformed into a single loop, the resulting loop’s window must be wide 

enough to hold all the elements of Source needed to compute one value of Res. in this case* a width 

of live. This is shown graphically in figure -1.3. One value of the result requires three intermediate 

values, and each of those in turn requires three rallies from the source, but they have some overlap.

This transformation also is designed such that the new loop produces the result rallies in the same 

order as they were produced by the original lower loop. This means that the lower loop body anil its 

return operator (or operators) can be transferred directly to the new loop. It should be clear that if 

the new loop is to be an equivalent of the original pair, then the new loop must have a shape (rank 

and extents) that is identical to the lower loop. (This observation will be important when reasoning 

about the handling of multiple generators that may be present in the lower loop.) Figure 4.6 shows, 

a t left, a DDCF graph for the above example, and in the center shows the transformation using the 

reasoning developed so far. It has a generator of the required width, as well as the loop body and 

return of the lower loop.
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To complete the transformation, code must be defined and placed between the generator and 

the body that was transferred from the lower loop. To understand what should go here, consider 

iteration / of the new loop. The undefined code body must produce the same sub-array as the 

window read by iteration i of the original lower loop, i.e. a wiclth-3 window of the intermediate 

array. The width-3 window of the new generator produces all the values needed to compute this 

width-3 array, and the required block of code is most easily defined by creating an inner loop identical 

to the original upper loop. However, now it traverses a width-3 array rather than the source array 

and therefore produces a width-3 result each time it is executed. This is shown in the right part 

figure -1.6. arul its corresponding SA-C code is ;is follows:

uint8 Res[:| =
for window WT[5] in Source { 

uint8 T[:] =
for window W[3j in WT 

return (array (fl (W)));
} return (array (f2 (T)));

Since1 the1 inner loop operates on an array of statically known size, and its window size is also 

statically known, it will be ftillv unrolled. The resultant rode is then:

uint8 Res[:] =
for window WT[5] in Source { 

uint8 VO =  f l (WT[0:2J); 
uint8 VI =  f l (WT[1:3]); 
uint8 V2 =  f l (WT[2:4J); 
uint8 T[3] =  VO. V I. V2:
} return (array (f2 (T)));

This approach to loop fusion creates redundant computation. For example, in the above loop 

the evaluations of f l  (WT[0:2]) and f l  (W T[1:3]) were also performed in previous iterations. If 

FPGA space is plentiful, this is probably not a problem since the three evaluations of fl happen 

in parallel. However, another optimization can transform the above loop to a nextified version in 

which the redundant computations are eliminated and their values are carried from one iteration to 

the next, thereby saving space (see section4.2.1).
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4.1.4.2 Generalizations and Limitations

The fusion approach developed above can be generalized in a number of ways. There are also 

inherent limitations in it.

4.1.4.2.1 Generators with different sizes and steps The two original generators can run 

windows of different sizes, each with its own step size. If q ; anil ry. represent the upper and lower 

window sizes, anil and */. represent their steps, then the window generator of the new loop will 

require window and step sizes as follows:

r = (1 7 . -  I) x .s(■ + t'i

S  =  S ( -  X .S(.

This approach generalizes to multiple dimensions, each dimension being treated independently as 

shown above. Array-clement generators (which extract scalar values) can lie handled by first trans­

forming them into window generators of size one.

4 .1 .4 .2 .2  M u ltip le  g e n e ra to rs  in  th e  u p p e r  loop If the upper loop has multiple window 

generators in a DOT graph, fusion can still be performed. Each window generator will yield a 

corresponding one in the resulting loop, according to the same rules as described above. For example, 

consider the SA-C loops:

uint8 A[:] =
for window W1[3J in S i step (2) dot window W2[4] in S2 

return (array (f l (W l, W2))); 
uint8 Res[:] =

for window W[2] in A
return (array (f2 (W ))):

For the left upper loop generator and the lower loop generator.

cu =  3, si; =  2 and c l  =  2t s l  =  1 yielding c =  5. s  =  2

For the right upper loop generator and the lower loop generator.

cc  = 4. su  =  1 and cl =  2. sl  =  1 yielding c =  5. s  =  1
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This produces the following loop after transformation:

uint8 Res[:] =
for window WT1[5] in S l step (2) dot window WT2[5] in S2 { 

uint8 T[:] =
for window W l[3] in W T l step (2) dot window W2[4] in WT2 

return (array (f l (W l. W 2)));
} return (array (f2 (T)));

4 .1 .4 .2 .3  M u ltip le  g e n e ra to rs  in  th e  low er lo o p  Additional generators of any kind, in a 

DOT graph, may coexist in the lower loop alongside of the window generator that traverses the 

output of the upper loop. These generators are transferred to the new loop, ami their outputs feed 

the lower loop hodv. i.e. f2 in the examples. To understand why this is valid, recall that the now 

loop has a shape that is identical to that of the original lower loop, and it produces values in the 

same order. This means that the other generators of the lower loop, if transferred to the new loop, 

will have correct shapes and will produce their values in the correct sequence.

4 .1 .4 .3  M u ltip le  r e tu rn  values from  th e  loops

Multiple values of any kind can he returned by the lower loop without affecting the fusion implemen­

tation. since the lower loop body that feeds them is copied directly into the new loop and it is fed 

by the same values it would have received in tin* unfused execution. However, there are significant 

limitations for the outputs of the upper loop and the ways in which they are used.

First, no output of the upper loop may feed a node other than the lower loop. To see why. note 

that in general the shapes of the arrays created by the upper loop are different than the shapes of 

those created by the lower loop. If an intermediate array is referenced outside of the loop pair, it 

would have to be produced by the new loop after fusion, but any array-returning node in the lower 

loop will not have the correct shape for the intermediate array.

Second, the upper loop may not send a reduction to the lower loop. This is understood by noting 

that the lower loop needs the value of the reduction while it traverses its source array, but the value 

is not available until the upper loop has completely traversed its sources. Thus a fused loop will not 

have the reduction’s value when it is needed.
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Third, if multiple re turn  values of the upper loop feed multiple generators of the lower loop, they 

must either agree on the sizes and steps of the fused loop’s generators, or separate generators must 

be formed for each. Consider an example (admittedly somewhat contrived since the dot product in 

the lower loop works only because of the fringes left due to non-unit steps):

uint8 A[:], uint8 B[:| =  
for window W[3j in Src

return (array (f (W)), array (g (W ))); 
uint8 Res[:] =

for a in A step (4) dot b in B step (5) 
return (array (h (a. b)));

The left generator of the lower loop combines with tlu* upper generator to produce a generator 

in the fused loop of size 3 and step I. The lower loop's right generator however suggests that the 

fused loop should have a generator of size 3 and step 3. Thus tlu* fused loop must have two window 

generators, both traversing array Src but with different steps. In general, if both loops have multiple 

generators, the fused loop will need a generator for every possible pair of upper loop-lower loop 

generators. In practice, however, it is highly likely that the generators of the lower loop will have* 

identical sizes and steps, meaning that the lower loop generators agree on the sizes and steps of the 

generators of the fused loop. It is probably not worth the effort to write the fusion optimization 

to handle the extreme general c;ise. Furthermore, tlu; case when* the lower luop generators have 

identical window sizes and steps can In* accommodated by a separate transformation that combines 

the return arrays of the upper loop into one array anti gives the lower loop a single generator 

along with code that unpacks the values (see section -1.2.4). Such a transformation would make it 

unnecessary for the fusion optimization to handle multiple edges between a loop pair.

4.1.4.4 DDCF view  o f  loop fusion

Figure 4.7 shows a loop fusion opportunity in DDCF form. It demonstrates that each of the loops 

may have additional generators, and that various other values entering the loops and used in various 

ways must be handled appropriately in the transformation. Figure 4.8 shows the result of the 

transformation.
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The current implementation’s criteria that allow loop fusion are now detailed. T he upper loop 

requires that:

• it produces exactly one re tu rn  value, formed by a CONSTRUCT_A.RR.AY node and feeding 

only the lower loop

• the input to the CONSTRUCT .ARRAY node is scalar

• the generator graph is DOT

• each simple generator is WINDOW, or ELEGEN with scalar output

• tin* window and step sizes are statically known 

The lower loop requires that:

• the generator graph is DOT

• the input from the upper loop feeds only the generator

• the generator fed from the upper loop has statically-known window and step sizes

4.1.5 Lookup tables

Because SA-C 1ms scalar types with user-specified bit-widths. functions sometimes have parameters 

consisting of relatively few bits, making it feasible to implement them as lookup tables. This means 

that thi“ function’s return values are computed by the compiler for all possible param eter values and 

saved ;is an array, and calls to the  function are replaced by references to the array. The conversion 

of a function to a lookup table is controlled by the user through a pragma.

The first step in converting a  function to a lookup table is the creation, by the compiler, of a 

new SA-C program that consists of one function called "main’’. This function has no parameters, 

and returns an  array whose rank is equal to the number of parameters to the original function. The 

array’s type is the type of the re tu rn  value of the original function. The body of ‘‘m ain” is a loop 

that generates all possible values of the original function’s parameters and whose loop body is the 

original function’s body. Consider the  following example:
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/ /  PRAGMA (lookup)
ufixl0.5 magnitude (ufix4.1 a, ufix4.1 b)

return (sqrt ((ufix9.2)a*a 4- (ufix8.2)b*b));

The new program created by the compiler is

ufixl0.5[:,:J main () return (
for uint32 i, uint32 j in [16,16] { 

ufix4.1 a =  (bits4)i; 
ufix4.1 b =  (bits4)j;
ufixl0.5 v =  sqrt ((ufix9.2)a*a -r (ufix8.2)b*b);
] return (array (v)));

The newly created program is next written to a temporary tile in DDCF format. The compiler 

then calls itself, compiling the new program to an executable. Once compiled, the  executable* is 

run and its output saved in binary format. The original function is then altered by creating a 

constant array from values read from the binary hie. and producing a lookup ;is the function's 

return. Continuing the above example, the function now looks like this:

ufixl0.5 magnitude (ufix4.1 a. ufix4.1 b) {
ufixl0.5 A[16,16] = {  ccom puted values> - - -
j return (A[(uint4)(bits4)a,(uint4)(bits4)b|);

Tlu* casts through b its4  to u in t4  preserve the bit pattern of the parameters when used as arrav 

indices.

At this point the lookup table conversion is complete. Other optimizations carry on to produce 

the desired results: Function inlining will replace calls to the function with the function body (which 

includes the constant array definition). Typically the call occurs within a loop. If th is is the case, 

the invariant cotie motion optimization will lift the array definition out of the loop. Also, if there 

were multiple calls to the function within the loop, the multiple array definitions wall be replaced, 

during common subexpression elimination, by one definition. For example, consider the following 

loop using magnitude from the earlier example:

ufixl0.5 R0[:], ufixl0.5 Rl[:J =
for sO in SO do t s l  in S l  do t s2 in S2 dot s3 in S3 { 

ufixlO.5 vO =  magnitude (sO, s l) ;  
ufixl0.5 v l =  magnitude (s2, s3);
} return (array (vO), array (v l));
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After function inlining, code motion and constant subexpression elimination, the code will have been 

transformed to the following:

ufixl0.5 A[16.16] =  {  <com puted values> —  }:
ufixl0.5 R0[:], ufixl0.5 Rl[:] =

for sO in SO dot s l  in S l  dot s2 in S2 dot s3 in S3 { 
ufixl0.5 vO =  A [(uint4)(bits4)s0,(uint4)(bits4)sl]; 
ufixl0.5 v l =  A[(uint4)(bits4)s2,(uint4)(bits4)s3];
} return (array (vO), array (v l));

The criteria for allowing conversion to a lookup table art*

• The function must have only one return value.

• The return value must be scalar.

• The return value, and all parameters, may not be Float. Double, or any complex typo.

• The total hir-width of all the parameters must not exceed l-l bits (a somewhat arbitrarily 

chosen limit to prevent extremely large lookup tables).

• The function may not have a function call in its body.

To accommodate lookup tables, function inlining is performed twice, once before and once after 

the lookup table conversion. The first pass inlines functions but skips those that are designated as 

lookup tables. (This means that the bust criterion above is not really a problem unless there is a 

call to a function that has been given a noJnline pragma.) The second function inlining pass takes 

place after lookup table conversion, setting the stage for the code motion and common subexpression 

steps as described above.

4.1.6 Array-related optimizations

The SA-C compiler performs three array-related optimizations.

4.1.6.1 Array cast elim ination

SA-C follows rules similar to C in the way it infers the size and type of an operation by the sizes and 

types of its operands. If this is applied in a consistent way to loop reduction operators, it requires
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Figure 1.9: DDCF graph before and after array cast elimination.

the user to specify the size and type of the reduction through the use1 of a cast. For example, if the 

user wants to sum uiut8 values into a uintlG result, the loop return can he written

return (sum ((uirttl6)v))

Unfortunately, the array .sum  operator, which is turned into an explicit loop during translation 

into a DDCF graph, gives the user no way to express this except to cast the army to the desired 

width:

uint8 A[:] =  ... ;

u in tl6  s =  array-sum ((uintl6[:])A);

This produces a DDCF graph as shown at left in figure -1.9. A straightforward translation of this 

graph into host code creates a  new array of 16-bit elements, with all values copied from the old to 

the new array. Array cast elimination moves this cast to the output o f the generator, where it is 

casting scalar values rather than an array, thus eliminating array allocation and copying. This is 

shown at right in figure 4.9.

4.1.6.2 Array value propagation

The application of other optimizations, especially full loop unrollingr often creates situations in 

which an array of statically-known size is created with individually computed values, feeding array
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reference nodes that read values at statically-known indices. For example, consider tlu* following

SA-C code*:

u in tl M[3] = {1. 0. a+2}; 
uint8 R[:] =

for window W[3] in 1m { 
uint8 v =

for w in W dot m in M 
return (sum (w*m));

} return (array (v));

After the inner loop is unrolled, this produces the DDCF graph shown at left in figure 4.10. 

Array value propagation moves the two constant array values directly to their points of use. and 

brings the a + 2  expression into the loop to  its point of use.

4.1.6.3 Array reference chain elim ination

SA-C allows array slice operations, sim ilar to  those in Fortran, to  be expressed, giving rise to AREF 

nodes in DDCF graphs. In some situations, an AREF node taking a  slice inav feed another AREF 

node or an EXTEXTS node. The graphs in these cases can be simplified.
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The following code shows a piece of SA-C code that gives rise to pairs of AREF nodes:

uint8[:.:] main (uint8 A[:.:]) { 
uint8 R[:.:] =

/ /  PRAGMA (stripmine (4.4)) 
for window W[3.4] in A

return (array (array_sum (W ))) ;
} return (R);

The loop is stripmined. creating an outer loop with a 4x4 window generator. The inner loop is 

then unrolled, creating two loop bodies, each of which takes a slice of the 4x4 window. AREF 

nodes extract elements from these slices. Figure 4.11 shows the DDCF graph at this stage of the 

optimization process. After array reference chain elimination, the two slicing AREF nodes are 

eliminated by dead-code elimination.

AREF nodes can be eliminated by the following transformations. Consider first a pair of AREF 

nodes in a producer/consumer relationship:

uint8 B[:J =  A[a:b:c]; 
uint8 C[:] =  B[d:e:f];
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can be replaced with

uint8 C[:] =  A[c*d+a:c*e+a:c*f];

This can be seen as a static computation of dope vectors. A related situation can occur if the second 

AREF node takes a  scalar:

uint8 B[:] =  A[a:b:c]; 
uint8 C =  B[d];

can be replaced with

uint8 C[:] =  A[c*d+a];

These two situations can be generalized to multidimensional arrays, where each dimension is treated 

individually according to the above transformations.

A related situation occurs when an AREF taking a slice is followed bv an EXTENTS node. The 

EXTENTS mnle can be eliminated using tlu* transformation from

uint8 B[:J =  A[a:b:c]; 
uint8 r =  extents (B);

to

uint8 B[:] =  A[a:b:c]; 
uint8 r =  (b -a + l) /c ;

Again, this generalizes to multiple dimensions by treating each dimension individually.

4.1.7 B it-w idth narrowing

The ability in SA-C to specify the bit widths of the scalar types opens up opportunities for space 

optimization in FPGAs by inferring that certain subexpressions can be computed with fewer bits 

than specified without changing the result of the expressions. Such situations arise, for example, in 

loops with loop-carried dependencies ( ’hiextified” loops in SA-C) where values grow or shrink from 

one iteration to the next.

The SA-C function in figure 4.12 computes the square root of a six-bit unsigned value. This loop 

can be fully unrolled, producing three loop bodies, shown in figure 4.13. There are four nextified

6 8
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uint3 sq .roo t (uint6 vsqn) { 
bits6 vsq =  vsqn; 
bits6 asq =  0; 
bits3 a =  0; 
bits6 tvsq =  0;

uint3 v =
for uint3 i in [3] {

bits6 nasq =  ((b its6)((u in t6)asq+(u in t3)a)<< 2) | Obi; 
bits3 sa =  a < < l ;
next tvsq =  (tvsq< < 2) | ((b its2)(vsq>>4)); 
next vsq =  vsq<<2: 
next a. next asq =

if (nasq < =  tvsq) return (sa |0b l. nasq) 
else return ( sa. asq < < 2 );

} return (final (a));
) return (v);

Figure 4.12: SA-C code to compute tin* st|iuirc* root of a six-bit value.

variables, three of whieh are initialized to zero, allowing; cotistaiit folding to remove eight nodes 

in the first iteration. Since three of the nextified variable values are not needed after the loop 

completes, dead code elimination removes three of the nodes in the hist iteration. It is important to 

note that, bit shifts by statically known distances do not consume FPCIA logic, since they are simply 

interconnection. The same is true of CHAXGE-WIDTH nodes, which truncate or pad with zeroes: 

they an* shown in the diagram as small rectangles. Tilt* small circles show the bit widths of the logic 

required for the node. In the case of BIT-OR. the required logic is tlu* lesser of the two input widths. 

The widths of the types specified by the programmer are sufficient to hold tin* widest of each of the 

ralues. even though not every iteration needs that much width. For example, the UADD nodes are 

six bits wide, even though the UADD node in the middle iteration is adding two 1-bit values (the 

constant inputs of the  SELECTOR nodes feeding it) and therefore needs a width of only two bits.

A first approach to  narrowing bit-widths might apply straightforward rules based on the worst 

case for each given operator. For example, and ADD node with input bit-widths of w0 and uq 

requires 1  +  max(tc0 .u.q) bits, and a LSHIFT of a value with bitwidth ft/, shifted by distance d. is 

ft* +  d. However, these rules sometimes produce widths that are wider than necessary'. Consitler 

these two examples:
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Figure 4.13: Three iterations of square root loop, before narrowing. The dashed boxes in iteration 
one were removed by folding. The dashed boxes in iteration three were removed as dead code.
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UADD

■y.A

UADD

m

F illin ' -1.14: Example of .semantic problem with downward bit width propagation. Red values are 
maximum values. If the upper node's output width were inferred to be three bits, based on its max 
value of seven, the addition in the lower node would be too narrow.

At left, the left shift to ten bits leaves two zeroes on the right, so adding three is guaranteed to fit 

in ten bits, even though the simple rides dictate eleven. At right, the multiply requires seven bits, 

but the largest value that can come out of the I’ML’L node is La x 7. or ll)*>. The four-bit input to 

the I'ADD node cannot be greater than L5. so the result of the L’ADD cannot be larger than 120. 

which fits in seven bits, even though the rules dictate eight bits.

A better approach to narrowing bit-widths uses the maximum values on edges, rather than just 

the numbers of bits. It is possible to establish, for each node output, a maximum unsigned bit value. 

In the case where only the bit width of the output is known, the maximum value will be 2“’ — 1 

where tu is the width in bits. However, a tighter bound is often possible, as in the above examples. 

It is not difficult to establish the rules, for each node type, by which the maximum output values 

can be computed, given their maximum input values. This information is propagated through the 

dataflow graph in a downward pass.

The maximum values are of interest since they can be used to determine the number of bits 

each edge needs to convey its information. However, an optimization that narrows bit widths must

LSHIFT [ [ UMUL

UADD UADD
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conform to the semantics of the source language. In SA-C, the semantics of an operation such as 

UADD defines the result to be computed by casting the narrower input value to the width of the 

wider one. then performing the addition at that bit width, and finally casting the result to the 

output width. Thus, the addition of two l-b it values will not produce a correct 2-bit result unless 

one of the two inputs is cast to a u in t2  type. Because of this, bit widths cannot be assigned during 

the downward pass as the maximum rallies are being determined. To see why. consider the dataflow 

graph shown in figure 4.1-1. When visiting the upper UADD node, a  maximum output value of 

seven might seem to imply that the output width of the node can be set to three bits. However, that 

width is too narrow for the lower UADD node, for it would do its arithm etic at a 3-bit width that 

is incapable of producing tin* value ten (its maximum value). Of course, it is also not possible to 

know what output width the lower node requires, since it may similarly affect nodes below it. This 

shows that, while a downward pass can be used to tag the edges with their maximum bit widths, it 

must be followed by an upward pass that narrows the widths according to SA-C's semantics.

The downward pass rags each node's input and output ports with a maximum value as follows:

for each node .V
for each input port P

if is-constant (P) then
Ptnttmtl — COtlSt\ul (P)

else
S  = source (P )
Pr m i x r u t  - “

for each output port P
apply node-specific rules using the marvals of the input ports

The upward pass assigns new bit widths to the ports, inserting CHANGE-WIDTH nodes where 

needed:

for each node ;V
for each output port P

if reads-tnemory (A") then 
bit width is not changed

else
Pwuith =  min (Pwiuth, max (target widths)) 

for each target T  from P  
if Pwidth Pwidth then

insert a CHANGE-W IDTH node to accommodate the mismatch
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for each input port P
apply node-specific rules using the bit widths o f the output ports

The dataflow graphs that are produced after application of this algorithm may have C'HANGE- 

W1DTH nodes tha t don’t actually cause a width change, i.e. the input and output widths are the 

same. A pass through the dataflow graph is used to remove these.

Figure -1.15 shows the three loop bodies of the square root graph after bit width narrowing Inis 

been performed. The widths of the BIT-OR. I’ADD. ULE and SELECTOR nodes start narrow and 

grow with each iteration.

Another kind of narrowing opportunity may occur where a programmer has left some widths 

witler than necessary. For example, consider

uint8 a = ... 
uint8 b = ... 
uint6 c = a -t- b;

According to SA-C semantics, the add operation should be eight bits wide, but since the result 

is being assigned to a six-bit variable, the addition itself can be narrowed to six bits. The narrowing 

algorithm described above will reduce the input widths of the CADD node to six bits, potentially 

saving FPGA space.

4.1.8 Conventional optimizations

The SA-C compiler performs a variety of common optimizations [I]. Their applications to DDCF 

graphs are discussed here.

In c o n s ta n t fold ing, the compiler computes the value of a node's output if all of its inputs are 

constant. The node is then replaced by the value. The SA-C compiler does constant folding for all of 

the common arithm etic and logic operator nodes. It also computes the value of. and then eliminates, 

intrinsic function call nodes with constant input(s). It also folds away CAST nodes with constant 

inputs. The .—MANY nodes, produced when loops are fully unrolled, present opportunities for 

folding as well. These nodes have an arbitrary number of pairs of inputs, each pair representing a 

value and a boolean mask bit. During constant folding, any pair of inputs with a constant FALSE
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Figure 4.15: Three iterations of square root loop, after narrowing.
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on its mask input can be eliminated. Also, all value inputs with constant TRUE bits on their mask 

inputs can be combined into one value by the compiler. Here is an example of this folding:

~n0] [~nT] f~n2l

I

7
F T

I A
SUM_MANY

nO G lI

I

1 0

SUM_MANY

Algebraic id e n titie s  and s tre n g th  re d u c tio n  are used to simplify graphs. The SA-C compiler 

simplifies ADD and SUB nodes with a ’I)' input: MUL nodes with O '. T ' or ‘-I* inputs: any DIV 

node with ’I ’ as its right operand. BIT-AXD and BIT-OR nodes with constants containing all zeros 

or all ones: and bit shift nodes with 'O’ shift distances. The SA-C compiler converts multiplies and 

divides by powers of two with equivalent bit-shift equivalents.

C o m m o n  su b ex p ressio n  e lim in a tio n  combines nodes of identical type and operating on 

identical inputs. The SA-C compiler does this for all non-compound nodes that are within a given 

compound node. Experience has shown that this optimization often consumes significant time when 

graphs are large, since it looks at all pairs of nodes within a compound node. To speed this process, 

a graph's nodes are partitioned by hashing them with a function whose inputs ari* the node type 

and its inputs. Nodes that can be combined will always occur within the same partition, so each of 

the partitions can be processed separately, often speeding up the process.

D ead  co d e  e lim in a tio n  involves removing nodes whose output values are not used. This is 

easy in a  DDCF graph, since it simply requires seeing whether a node has any outgoing edges.

Invariant code motion involves lifting nodes out of a loop graph if the rallies they compute 

do not change as the loop iterates. This is easy to recognize in a DDCF by following incoming edges 

upward. If every one of a node's inputs is either constant o r comes from outside the  loop, the node 

can be pulled out of the loop.

Constant-expression switch elim ination searches for switch structures whose switch expres­

sions are statically known. Each SWITCH graph is then replaced by the graph from the appropriate 

CASE node it contains.
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4.2 Unim plem ented optim izations

The following optimizations are not yet implemented, but nevertheless can be tested for performance 

since they are DDCF-to-DDCF transformations and are therefore expressible in SA-C.

4.2.1 Nextification of FORALL loops

SA-C’s window generators in FORALL loops can cause redundant computation in a  variety of 

circumstances. The simplest example is a rank-two window that is summed:

< type>  R[:.:] =
for window W[3.3] in A

return (array (array-sum (W )));

This produces a DDCF graph in which, after application of optimizations, the window's nine outputs 

feed a SUM.MAXV node, causing eight additions. After tin* first iteration of a given row traversal, 

the window slides to the right, and six elements of the new window are the same ; ls those* in the 

previous. When the window slide's again (ite*ratiem thre*e*) thre*e* edemeuts are* the* same* as those in 

the* first ite*ratiem. This is more* e*Ie*ariy se*e*n if the loop is transformed to:

< type>  R[:.:] =
for window W[3.3] in A {

< type>  C0[:j =  W[:,0];
< type>  Cl[:j =  W [:.lj:
< type>  C2[:j =  W[:.2];
< type>  SO =  arrayium  (CO):
< type>  S l =  array_sum (C l):
< type>  S2 =  array-sum (C2):
< type>  S =  SO +  S l +  S2;
} return (array (S));

The value of S l is the same as the value of SO one iteration earlier, anil the value of S2 is the same 

as the value of SO two iterations earlier. If the partial sum SO could be passed from one iteration 

to the next, two redundant sums could be eliminated. SA-C’s “nextified" variables were created to 

express loop-carried dependencies such as these.

To understand how nextified variables can be used to eliminate some of these redundant com­

putations, first consider the case of a loop with a single window generator. (This restriction will 

be eased later.) There sue two steps involved in this transformation. The first step builds a loop
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nest in which the outer loop extracts rank-two full-width horizontal stripes, of a height equal to the 

window height, from the source array: the inner loop runs the original window across the stripe and 

will be transformed into a nextified equivalent. The outer loop’s job is to generate the stripes and 

produce the initial values for the inner loop’s nextified variables. To create the loop nest, a hybrid 

window/array-slice generator is used (see section 2.4.1). After the first step of the transformation, 

the above example looks like this:

< type> R[:,:j =
for Stripe[3,:j in A {

<type> T[:J =
for W[:,3] in Stripe {

< type>  C0[:] =  W[:,0J:
< type>  Cl[:j =  W [:,lj;
< type>  C2[:j =  W[:,2);
< type>  SO =  array .sum (CO);
< type>  S l =  array-sum (C l):
< type>  S2 =  array .sum (C2):
< type>  S =  SO +  S l + S2;
} return (array (S));

} return (array (T));

Hybrid generators are used in both loops. The outer loop takes complete slices in the horizontal 

dimension, whereas tin* inner loop slices vertically. The inner loop returns vectors, and the outer 

loop packs them  into a rank-two array.

The second step replaces redundant computations in the inner loop with nextified variables. Note 

that the inner loop extracts sub-arrays from its window variable W: these are AREF nodes in the 

DDCF graph. The general approach is to visit each AREF node, starting with the ones taking slices 

from the right edge of the window, and look "left” to see if there are other AREF nodes that will be 

reading the same sub-array in subsequent iterations. If so. and if their ou tputs are feeding identical 

computation subgraphs, then they can be replaced with nextified variables.

In the example above, the nextification transformation recognizes th a t the window generator 

is feeding three slices, that slices CO and C l are left shifts of slice C2. and that their outputs go 

to identical computations, in this case SUM-MANY nodes that were produced by unrolling the 

a r r a y j u m  operators. This means that the computations of S l and S2 can be replaced with 

nextified variables, whose initial values are created before entering the inner loop, yielding:
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< type>  R[:,:J =
for Stripe[3,:] in A {

< ty p e>  C0[:] =  Stripe[:,0];
< ty p e>  Cl[:j =  Stripe[:,lj;
< ty p e>  SO =  array-sum (CO);
< ty p e>  S l =  array jum  (C l);
< ty p e>  T[:] =

for W[:,3] in Stripe {
< type>  C2[:J =  W[:.2J; 
< type>  S2 =  array-sum (C2); 
< type>  S =  SO ■+■ S l - r  S2; 
next SO =  S l; 
next S l  =  S2;
} return (array (S));

} return (array (T));

In general. this transformation can tii'ai with dotted window generators. as well as m ulti­

ple loop returns as long as they are COXSTRl'C'T-ARRAY. COXSTRl'C’T-TILE or commuta­

tive/associative reductions. It also can deal with irregular occurrences of sub-slices from the gen­

erators. various loop ranks and non-unit step sizes. However, the window and step sizes of the

generators, as well as the slicing parameters of the AREFs. must he statically known. To see a more

general example, consider the following partial inner loop:

for window WA[6,9] in A dot WB[5.10] in B step (1.2) {
<type> V0[:.:| = f (WA[0:2.4:5]);
<type> Vl[:.:j = f (WA[0:2.7:8]);
<type> V2[:| =  g (WA[2:5.1|);
<type> V3[:j = g (W A[2:5.3]);
<type> V4[:j = g (WA[2:5,6J):
<type> V5[:,:| =  h (WB[0:1.1:2]);
<type> V6[:,:j =  h (WB[0:1.4:5]);
<type> V7[:,:j =  h (WB[0:1.8:9]);
<type> V8 [:] =  m (WB [2.2:4]);
<type> V9[:] =  m (WB [2.7:9]);
<type> V10[:.:] =  p (WB[3:4.0:2]);
<type> V ll[:,:j =  p (WB[3:4.4:6]);

Figure 4.1G shows the two windows, and the sub-arrays that are being referenced. This example 

avoids sub-array overlap for clarity, but sub-arrays can overlap without affecting the transformation. 

Searching for nextification opportunities in the window of A starts with the sub-array WA[0:2,7:8], 

associated with the computation of VI. in the upper right corner. Since A’s window generator has 

a unit step in the horizontal dimension, the sub-array is stepped leftward with unit stride until it
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Figure 4.16: Example from text, showing the identification of values computed in previous iterations. 
The patterned sub-arrays in the right-hand arrays are the ones that are used by computations in the 
loop. The computations of the others are eliminated by bringing them in via nextified variables. The 
lower part of the diagram shows the  shift registers and value computations derived from analyzing 
the upper diagram. Computations are shown as circles, and registers as small rectangles.
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finds WA[0:2.4:5], the same shape sub-array, with both feeding a  computation f. The computation 

of VO can be replaced by a nextified variable, and since it was three steps to the left the value 

must be threaded through three iterations. The right half of the figure shows what happens after 

nextification. T he patterned areas are sub-arrays used for computations, while the others have been 

replaced by nextified variables. Note th a t since the window generator traversing B has a horizontal 

step of two. the computation of V5 produces a  value that was not computed in previous iterations, 

so it cannot be nextified. The same situation applies for V8 . The lower part of the figure shows 

the actual computations and the registers that are produced for this example. Each iteration shifts 

values leftward.

The SA-C code after nextification is shown in figure 1.17. The names have been chosen to 

show the computed value and the iteration distance. For example. V4.3 is value V4 from three 

iterations back. The initial values of the nextified variables must be computed for each of the 

different iteration distances. For example, since the value of V4 in the loop uses sub-array WA[2:5,6]. 

the nextified variable for one iteration distance back. V4.1. uses WA[2:5.5). Note that because1 B’s 

window generator has a stop of two. V7 and V ll have nextified variables for distances one and two 

in ilvmtion spare, which correspond to sult-arruys of distances two and four in arraij-uiilvx space.

It is useful to note that after this transformation, the inner window generators may be larger 

than they need to be. In the simple summing example1, the inner loop generator's first two columns 

are newer referenced. A separate optimization can by implemented to reduce window sizes in such 

cases (see section 4.2.3). It is also im portant to note that, though nextified variables in general 

may produce cycles in their dataflow graphs, this transformation does not create cycles. This is 

important because an acyclic graph can be pipelined for improved performance.

Perhaps the most interesting opportunity  for this transformation arises from the loop fusion 

transformation described in section 4.1.4. in which many computations of the upper loop are repeated 

as the windows of the fused loop traverse their source arrays. After fusion and the subsequent 

unrolling of the inner loop, the windows o f the upper loop become slices of the transformed loop's 

windows, producing DDCF subgraphs th a t resemble the following:
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for StripeA[6,:] in A dot StripeB[5,:] in B {
< type>  V1J3[:.:] =  f (A[0:2,4:5]);
< type>  Vl_2[:,:] =  f (A[0:2.5:6]):
< type>  Vl_l[:.:j =  f (A[0:2.6:7]);
< type>  V4_5[:J =  g (A[2:5,l]);
< type>  V4_4[:J =  g (A[2:5.2]j;
< type>  V4_3[;] =  g (A[2:5.3]);
< type>  V4_2[:] =  g (A[2:5,4]);
< type>  V4.1[:j =  g (A[2:5,5]);
< type>  V7_2[:.:] =  h (B[0:1.4:5]);
< type>  V7.1[:.:j =  h (B[0:1.6:7]);
< type>  Vll_2[:,:] =  p (B[3:4,0:2l);
< type>  V ll.l[ : . : j  =  p (B[3:4.2:4]);
< type>  TAf:,:). jtype<. TB[:.:J =

for WA[:,9] in A dot WB[:,10l in B step (1,2) { 
< type>  V0[:,:] =  V 1 J ;
< type>  Vl(:,:j =  f (WA[0:2.7:8]);
< type>  V2[:] =  V4.5;
< type>  V3[:j =  V4.3;
< type>  V4[:j =  g (WA[2:5,6]);
< type>  V5[:,:] = h (WB[0:1.1:2]):
< type>  V6[:,:j =  V7.2;
< type>  V7[:,:j =  h (W B[0:1.8:9]);
< type>  V8[:] =  m (WB[2,2:4]);
< type>  V9[:j =  m (WB[2,7:9]);
< type>  V10[:,:] =  V11J2:
< type>  V ll[:,:j =  p (WB[3:4.4:6J);

next V1.3 = V1.2: 
next V l ^  =  V1.1: 
next V1.1 =  VI: 
next V4J5 =  V4.4; 
next V4.4 =  V4.3: 
next V43  =  V4.2; 
next V 4 ^  =  V4J.; 
next V4.1 =  V4; 
next V7.2 =  V7.1: 
next V7.1 =  V7; 
next V11.2 =  V11.1; 
next V11.1 =  V ll;
}

Figure 4.17: SA-C code after nextification of loop example in text.
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Each AREF noile is extracting a window that would have been produced by the original upper loop, 

and many of these nodes feed identical sub-graphs, meaning that redundant com putation is taking 

place. Replacing these redundant computations with nextified values should save significant logic 

space in the FPCIAs.

4.2.2 An alternate approach to nextification

Section 1.2.1 showed a general approach to reducing redundant computations in a for loop by 

introducing nextified variables. This section shows a variation that, while less general, can produce 

a more* efficient loop in some circumstances. It also looks at this alternate form as applied in the 

most common source of nextification opportunities: loop fusion.

4 .2 .2 .1  T h e  tra n s fo rm a tio n

The previous approach has two potential disadvantages. First, it requires the host program to 

compute the initial values of the nextified variables for each execution of the inner loop. i.e. for 

each stripe of a source array. Second, by creating a loop nest it has produced an execution pattern 

in which there are repeated calls by the host to the inner loop on the RCS. In the present system, 

each call requires an individual transfer of its stripe to the RCS and a transfer of a result row back 

to the host. (Of course, it is possible to improve the system so that data  transfers happen just once 

and the calls to the RCS loop simply send pointers to source and target sub-arrays.)

An alternate approach uses the RCS loop to compute the initial nextified variable values, by 

padding the source array on the left with dummy values, running the loop, and discarding the 

leftmost junk values from the result. In other words, a few extra iterations of the loop are run at the 

beginning of each horizontal traversal in order to  shift the correct values into the nextified variables.
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Since the host does not have to compute the starting  values, it is no longer necessary to create a 

loop nest.

The first step in this transformation is the same as in the previous nextification approach: exam­

ine the sub-arrays referencing the windows and look leftward to find values that have been computed 

in previous iterations. The lower part of figure 4.16 shows an example of the computations and shift 

registers that are created. The next step is the padding of the source arrays. Since this padding cre­

ates the extra loop iterations needed to fill the nextified registers, the number of iterations required 

is derived from the maximum number of registers in any of the register chains: call this </. In the 

figure's example, five iterations are needed to fill the registers associated with V4. Multiplying the 

required number of iterations by the step size gives the number of columns that must be padded 

onto the array to create those iterations.

SA-C requires nextified variables to be given initial values before the loop is entered. In this 

transformation those values do not m atter, but since they must be supplied they can simply be set 

to zero. Note that these initial values will feed into the first horizontal sweep, and each subsequent 

sweep will receive the values left from the previous sweep: again, these values do not m atter.

Since the source array was padded, the result array is too big. and has junk values along its 

left. For a COXSTRL’C'T-ARRAY return node, the number of extra columns will be d. since that 

many iterations were added. For a COXSTRL’CT .TILE node, with a horizontal tile extent of e. the 

number of extra columns will be d  x e. The host code will discard these columns by taking a slice 

of each returned array.

Here is an example, simplified by using a rank-one array. (The horizontal dimension is the 

interesting one: in the other dimensions nothing is changed from the nextification discussion of 

section 4.2.1.) The loop before transformation looks like this:

< type>  R[:J =
for window W[8] in A step (2) {

< type>  vO =  f  (W[5:7j);
< type>  v l  =  f  (W [4:6]j:
< type>  v2 =  f  (W [3:5]j;
< type>  v3 =  f (W [2:4]j;
< type>  v4 =  f  (W [l:3]j;
< type>  v5 =  f (W[0:2J);
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} return (array (x));

The values vO and vl cannot be nextified. The values v2 and v4 are nextified from vO, and the values 

v3 and v5 are nextified from v l. Each of these chains lias two registers, so two new iterations are 

needed, and since the step size is two. this will require four values to be padded on the left of array 

A. The return array will have two junk elements on its left, so following the loop they are discarded. 

The result is:

<type> Pad[4] =  {0,0,0.0};
<type> AA[:J =  array.concat (Pad, A);
<type> v2  = 0 ;
<type> v3 =  0:
<type> v4 =  0;
<type> v5 =  0:
< t y p e >  RR[:j =

for window W[8 | in AA step (2) {
<type> vO =  f (W[5:7));
<type> v l = f (W[4:6J);

next v5 =  v3; 
next v4 = v2: 
next v3 =  vl; 
next v2 =  vO;
} return (array (x));

<type> R[:j =  RR[2:j:

An interesting observation can be made here: tin- window s first four values are not being refer­

enced. so the window can be narrowed to width four, and the first four values of AA can be discarded. 

But these are the padded values: they're not needed! The loop can be rewritten:

<type> v2  =  0 :
<type> v3 =  0;
<type> v4 =  0;
<type> v5 =  0;
<type> RR[:] =

for window W[4) in A step (2) {
< type>  vO =  f (W[l:3});
< type>  v l  =  f (W[0:2]);

next v5 =  v3: 
next v4 =  v2; 
next v3 =  vl; 
next v2 =  vO;
} return (array (x));

<type> R[:] =  RR[2:j;
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This leads to the question: Under what circumstances does the array padding become unnecessary? 

Sometimes the padding cannot be eliminated; note that if the original loop had, for example, one 

additional statement

<type> w = g (W[0:3|);

then the window could not be narrowed and the padding would have to remain. The next section 

looks at array padding in the case where nextification follows loop fusion, the most common situation 

under which nextification occurs, to see whether the cancellation of the array pad by the narrowed 

window should be expected to occur often.

4 .2 .2 .2  N ex tifica tio n  a f te r  fusion

Though the nextification transformations arc* general in nature, not caring what other transforma­

tions might have set the stage for them, they are usually enabled by SA-C"s loop fusion, since fusion 

creates redundant computations. The previous section showed that there are times when the array 

padding may be canceled by window narrowing. This section asks whether this can be expected to

happen often in the loops that are created by loop fusion. To keep the discussion simple, a rank-one

analysis is used.

Consider two rank-one loops before fusion, with window sizes i f  and r/. for the upper and lower 

loops, and step sizes .<r and . s . As shown in section -1.1.-1.2.I. the fused loop will have a size and 

step:

C =  ( f £  -  I )  X  .S f  +  I f  

s = sLr X  .St

Figure 4.18 shows an example from fused loops with the following generators:

for window W[7] step (3) ...
for window W[5] step (2) ...

where

Cf =  7. s c  =  3. c*t =  5, « t =  -  
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window

I l l l l l t I

Figure* I. IS: Example of a fused loop's window, with sub-arrays being taken. The sub-arrays below 
the dashed line show the sub-arrays for the next iteration.

The new window is 19 units wide, stepped by six. There are live width-7 sub-arrays being read from 

it. stepped by three. Because tin* sub-arrays arc* stepped by .sj- and tin* new window is stepped by 

.sc x ,s / . then* will bo sutt-arrays that cannot be nextified. The figure shows when the window 

shifts right by six units, three of the sub-arrays art1 the same* as those in the previous iteration: two 

are new.

Two adjacent slices are offset by .s f .  anil each slice hits width 1 7 -. so the .>7 . remaining slices take 

a total width of >•<■(*£ — 1) + <7 -. Since the fused window width is ( 1 7  — Ij.sc + 1 7 -. the number of 

unused window elements is

((<7 -  l) .S f +  C f ) -  (*7 (s7  -  1) + Q - )  =  s t  («7. ~  ■s' I.)

and window narrowing will eliminate them. This is the same number of elements that must be 

removed from the left of the source array after narrowing has occurred. In the example, there are 

nine unused window elements after nextification.

However, the source array must have been padded with enough elements to fill the registers 

with correct values. Since there are * 7  slices left after nextification. each new iteration will create 

values in * 7  nextified variables. The number of nextified variables is cl — .7 , so it will take 1

iterations to fill these variables. Since the loop's step size is *7 -6 7 , the number of padding elements 

is s f SL  r CL~*U 1 • In the example, it will take two iterations to fill the  three nextified variables, and
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since the step size is six, twelve values must be padded onto the source array.

When c i  is a  multiple of s i ,  the number of padding elements is s c (c i  — .*>■/.), which is the same 

as the number of elements removed by narrowing the window. In other words, window narrowing 

will exactly cancel the padding if and only if c i  is a multiple of s i .  Since unit step sizes are common 

(i.e. s i  = I), it will often be the case that the source array can be used directly by the nextified 

loop without padding.

4.2.2.3 Nextification with loop reductions

Loop return node type CONSTRUCT .ARRAY and CONSTRUCT .TILE require throwing away the 

left edge of the result array, since it is composed of junk values. However, for reductions such as 

REDUC’E-SL'M there is no way to retract the unwanted values after the loop has run. Instead, the 

values have* to bo prevented from entering the reduction in the first place, and this can be done using 

the optional boolean mask that each reduction allows. Since the compiler "knows" the number of 

dummy iterations that will take place, it therefore knows how many values to mask at the beginning 

of each horizontal traversal. The window generator nodi* in the DDC'F graph produces outputs that 

convey the source array indices of the current window, and the compiler can connect the rightmost 

index output to a compare node that will produce the correct number of FALSE values.

Here is simple example:

int8 R0[:,:] =
for window W[3,2] in A 

return (array (f (W))); 
int8 R l =

for window W[2,2j in RO { 
uint8 s =  array-sum (W);
} return (sum (s));

There is one dummy iteration, which caused a pad of one that was canceled by window narrowing. 

The following is the nextified loop:

int8 vOO =  0; 
int8 vIO =  0; 
int8 R l =

for window W[4,2] in A a t (u in tl6  i, u in tl6  J) { 
bool b =  ( j> = l) ;  
int8 vOl =  f (W[0:2,0:lJ);
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int8 v l l  =  f (W [l:3,0:l]);
int8 T[2,2] =  {{v00,v01},{vl0.vll}};
uint8 s =  array^um  (T);
next vOO =  vOl;
next vlO =  v l l ;
} return (sum (s,b));

The index value j is compared with L. producing the boolean value b that is used in the su m .

4.2.3 Window size reduction

A window generator in a SA-C program may be larger than it needs to be. This can happen as 

a result of the nextification transformation discussed previously. If an outer row or column of a 

window generator is never referenced, the window size can be reduced to eliminate it.

This optimization is quite simple and involves two steps. First, the window size is reduced to 

eliminate the unused rows and /o r columns. In the case of a left column or upper row. this also 

requires adjusting the indices of AREF nodes that reference the window to account for the change. 

The second step involves taking a slice of the input array and feeding its result to the generator. 

The need for this is obvious if a left column or upper row was eliminated, since a corresponding row 

or column must be removed from the source array as well. It is also necessary for right columns and 

bottom rows since the change in the generator size would otherwise change the number of iterations 

of the loop.

In this simple example, only tin? middle column of the window is being referenced:

< type>  R[:.:J =
for window W[4,3] in A {

< ty p e>  S[:] =  W[:,l];
} return (array (array jum  (S)))

It can be transformed as follows:

uint32 d =  extents (A):
< type>  AA[:,r] =  A[:,l:d-2J;
< type>  R[:,:) =

for window W [4,lJ in AA {
< type>  S[:J =  W[:,0];
} return (array (array jum  (S)))

The slice AA has trimmed the first and last columns from A. The window generator has been reduced
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Figure 1.19: DDC’F transformation tliat combines arrays in a producer/consumer Eo<>[) pair.

to a single column. and tin* column index in the loop body's array reference has been adjusted by 

one to account for tin* loss of the left column.

4.2.4 Array combining using bit concatenation

Since SA-C does not have record data  types, users are forced to use multiple array value returns 

in situations where an array of records might have been the more reasonable choice. However, 

sometimes it is feasible to combine the arrays created by the producer loop by bit-concatenating 

their ralues on an inclex-by-index basis. This one array is sent to the consumer loop, which unpacks 

each array value into its individual parts. This transformation is possible as long as the combined 

rallies do not exceed SA-C?s scalar width limit of 32 bits.

The potential benefits are twofold. First, there may be less loop-retum and generator overhead. 

Second, this is an easy way to set the stage for loop fusion, since the current fusion implementation 

is limited to handling a single array value passed between two loops. The implementation of fusion is
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already the most complex transformation in the compiler, and doing array combining as a separate 

transformation should be easier than expanding the capability of the fusion transformation.

Figure 4.19 shows the DDCF transformation. It requires th a t the two window generators have 

the same access patterns, i.e. the same sizes and steps. Simple shifting and bit manipulations are 

all that are required.

4.3 Order o f application and control o f optimizations

Optimizations interact in complex ways, and since the interactions are program-dependent it is hard 

to anticipate how they will behave under the multitude of user programs they will encounter. Most 

of the optimizations in the SA-C' compiler are formed into a sequence that is iterated until stability 

is reached. This cyclic sequence, described below, is used within a higher-level sequence ;us follows:

1 . inline all functions except those designated for lookup table conversion

2 . convert all designated lookup table functions

3. inline the functions that were converted to lookup tables

4. perform cyclic sequence until stable

o. perform array blocking

G. perform loop stripmining

7. perform cyclic sequence until stable

Inlining and lookup table conversion are done first since they are not dependent on any other code 

transformations. Inlining is performed on a function unless its definition has a no .inline pragma. 

Lookup tables are designated by lookup pragmas. After inlining, the cyclic optimizations are 

performed to do a general cleanup and to set the stage for the array blocking and loop stripmining 

transformations, which are controlled by user pragmas with parameters. After this, the cyclic

optimizations are performed again, since these transformations create new opportunities for code 

improvement.
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The cyclic sequence is as follows:

1. invariant code motion

2. array cast elimination

3. constant-expression switch elimination

4. array and loop size propagation

•'). array value propagation

G. constant folding

7. algebraic identity simplification and strength reduction

5. dead code elimination

‘J. full loop unrolling

ll). common subexpression elimination

11. array reference chain elimination

12. loop fusion

The order of these optimization is somewhat arbitrary, though some are placed after others because of 

the obvious opportunities they create. However, cycling reduces the concern about getting the order 

right: if a later optimization in the sequence sets up an opportunity for an earlier one. it will be picked 

up in the next pass. When window generator nextification and window size reduction optimizations 

are implemented they can be placed in this sequence after loop fusion. As optimizations take place, 

the compiler reports the irdmirig, lookup table conversion, fusion, unrolling, blocking and stripmining 

that takes place. It also reports the number of passes from each of the two cyclic optimization passes.

The cycle-until-stable strategy- may cause concerns about termination, but non-termination is not 

possible in this set of transformations. Non-termination would imply either a  boundlessly growing 

DDCF graph or else a return to a graph th a t had been previously encountered. Bounilless growth is
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not possible, since the only optimizations that can increase the number of nodes in a DDCF graph 

are loop fusion and loop unrolling, but both of these operate on loops and in the process reduce 

the number of loops in the graph. Hence growth must eventually stop for lack of new loops to 

transform. The rest of the optimizations either remove nodes or replace complex nodes with simpler 

ones. No transformation exists that could reintroduce the more complex nodes, so a cycle is not 

possible. As optimizations take place, the compiler reports the inlining, lookup table conversion, 

fusion, unrolling, blocking and stripmining that takes place. It also reports the number of passes 

from each of the two cyclic optimization passes.
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Chapter 5

Translation of loops to DFGs

The DDCF graph of a SA-C loop that is to be executed on the RCS is transformed bv the compiler 

to a low-level dataflow graph (DFG). which is a noii-hierarcliical form that is read by the system's 

DFG-to-RC'S translator. This chapter describes the DFG form and the process by which a DDCF 

loop is transformed to a DFG.

5.1 Dataflow graphs (DFG)

Dataflow graphs are used internally by the SA-C compiler as a program representation that pre­

cedes the VHDL form anti can I)** simulated using a token-driven semantics [23]. They represent 

a program in a low-level, non-hierarchical and asynchronous way. The graphs take into account 

set [untieing but not t iming: however, the node functions have been created in such a wav its to allow 

reasonably straightforward translations into the synchronous circuits that finally will be mapped 

onto reconfigurnble hardware.

The functional elements of dataflow graphs are nodes, each of which has a node-tvpe. one or 

more input ports, and one or more output ports. The nodes of a dataflow graph are connected by 

directed edges, each of which connects an output port to an input port. An output port can connect 

to any number (including zero) of input ports, but an input port can be fed by only one output port.

When a dataflow graph executes, nodes are “fired” anti data are communicated via tokens. Every 

token is created by an output port of some dataflow node. (Data are brought in from outside the 

dataflow graph through special INPUT nodes.) Each token represents a single Ar-bit untyped entity, 

where k is specified by the output port of its source. Each node type has a  firing rule that specifies
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its behavior when it fires. When a node produces a value at one of its output ports, a token of 

that value is sent to every input port th a t is fed by that output. Every input port has a queue of 

unbounded size. The order of the tokens at an input is the same as the order in which they were 

produced.

A node may fire only when its firing rule is met. If multiple nodes me ready to fire, they may 

fire in any order or concurrently. The behavior of most nodes is very simple: it fires only if each 

of its inputs sees a token. The act of firing consumes one token from each input, and the value of 

its output is a function of only those inputs. If an input needs a constant value, it is fed by the 

constant rather than by an output port. The constant input may be viewed as producing a token 

of that value whenever such a token is needed to fire its node. Tokens have no type, but each has 

a size as a number-of-bits. Tile bit-size of an output must match the sizes of each input it feeds. 

However, the size of a node's input does not have to match the other inputs or the outputs of its 

node. Tin* exact behavior of a node whose inputs and outputs are of various hit-sizes depends on 

its nodi*-tvpe.

DFCis produced by the SA-C compiler also contain nodes with s ta te  and more complicated firing 

rules. All of these stateful nodes are derived from the language's generators and loop returns. The 

DFG also has one or more explicit addressable memories, meant to act as counterparts to the local 

memories on an RCS board. DFGs art* nearly acyclic: only one node type, derived from a loop's 

nextified variables, can introduce back edges into a DFG.

5.2 Criteria for loop conversion

The SA-C compiler attem pts to convert any bottom-level FORALL and FORNXT loops into 

dataflow graphs (DFGs) for execution on RCS hardware. (The user can prevent this by using a 

no-dfg pragma.) The following are the criteria to allow a  loop to be translated into a DFG:

•  The loop must be a FORALL or a  FORNXT.

•  No float, double or complex types m e allowed, other than double outputs of intrinsic func­

tions.
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• Any AREF node th a t is fed from a generator m ust have constant indices.

• All AREF o u tp u ts  must be scalar.

• An ARRDEF node is allowed only if it feeds only a CONSTRUCT .TILE node.

• A CONSTRUCT.TILE is allowed only if it is fed by a ARRDEF node.

• The generator graph must he DOT.

• No LO O PJN D ICES nodes are allowed.

• Each WINDOW GEN node must have constant si/e  inputs.

• Each array slice generator must have kmnvn slice* dimensions.

• Tin* following mules may not hi* present within the loop: ARR.COXPERIM. 

ARR.COXCAT. EXTENTS. FUNC. FC'ALL. FORNXT. FORALL. WHILE. WHILE.PRED. 

DIY. MOD. CONSTRl'CT.CONCAT. YAL_VF.FIRST.MAX. YAL.AT.FIRST.MIX, 

\ A L. AT .LAST .MAX. YA L. AT.LAST _\ I IN . YAL.AT.MAXS. YAL.AT-MIXS. PRODUCT. 

MEAN. ST.D EY . MODE. MEDIAN. HIST.M ACRO. ACCUM.PRODUCT. ACCUM.MEAN. 

ACCUM-ST.DEY. ACCUM.MEDIAX

Some of tltese lim itations exist simply because broadening the implementation Inis a low priority, 

considering the IP coties of current interest to the  Cameron Project.

There are two steps in the conversion of a loop to  a  DFG. The first is to enclose the loop in a 

RC.COMPUTE node anti surround the loop w ith host/RCS interface computations. The second is 

to translate the loop itself to a  RC.FOR notle by converting its graph to a DFG.

5.3 Interface graphs

The first step in converting a loop to a DFG is to  surround it with host/RCS interface code, and 

to enclose this code and the loop in a RC.COM PUTE node. Within this node, but outside of the 

loop itself, the sem antics change: memory addresses are exposed in this layer. The nodes here will
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be translated into host code that handles such issues as transferring d ata  to and from the RCS, and 

allocating memory on the RCS board.

There are four sets of information computed by the interface code and sent into the loop:

• Address and extents for each array that is referenced by the loop. A MALLJCFER node for 

each SA-C array allocates space for the array in the RCS memory, transfers the data into that 

memory, and outputs the address. An EXTEXTS notle for each array produces the extents.

• The target addresses for the loop's return nodes. These arc produced by MALLOC’.TARGET 

node’s.

• The loop's extents. These are* computed with LOOP.EXTEXT nodes whose input information 

is derived from the> loop's generator node’s.

• The’ total number of iterations tlu’ loop will e>xe’cute. These* are’ computes! bv multiplying the* 

outputs of the* LOOP-EXTEXT noeles.

The* loop exte’uts and iteration count are1 redundant, since’ the* generator inputs have* the* information 

needed te> determine the'se values, but they are brought in this way to keep the* loop's graph its simple1 

;is possible.

The’re is also interface code at the output of the loop. After DFG conversion, a loop has ex­

actly erne trigger output. Each loop-return tunic gives rise to a TRAXSFER.TO-HOST_\RRAY or 

TRAXSFER-TO-HOST.SCALAR node, whose first input is a trigger signal from the loop's output. 

The second input is the result’s address. Additional inputs for the TRAXSFER.TOJiOST.ARRAY 

convey the array's extents.

As an example, figure 5.1 shows the interface code for the following SA-C loop:

for window W[2,3J in A 
return (array (f (W)))

5.4 Converting a loop to a DFG

A FORALL or FORNXT loop that meets the criteria for becoming a  DFG is modified in a variety 

of ways during the loop’s DDCF-to-DFG transformation. First, the graph’s type is changed to
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Figure o.l: Example of DDCF interface code.

RC’.FOR to indicate tiiac it is a DFCi and designated to run on the RCS. Internally the graph is 

flattened: the DOT graph anti any SWITCH graphs are brought up to the top level, and all internal 

nodes are modified to a form suitable for DFGs. Various shift and mask operators are added to  the 

graph to allow operations of various SA-C types to be performed using low level integer arithm etic 

operators. Any nodes tha t reference arrays in memory are given explicit edges that provide address 

and extents information. Loop-return nodes are converted to forms th a t explicitly provide target 

address and extents information. These nodes deliver termination trigger tokens when the node is 

done, and these triggers are ANDed to a single loop output. The edges in the DFG become typeless. 

having only bit-width a ttribu tes. These issues are now discussed in greater detail.
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Figure 3.2: Example transformations of array-clement. arrav-slice and window generators.

5.4.1 Generator conversion

Four kinds of generator may appear in tin* DOT graph of the loop before transformation: .scalar, 

array-element. array-slice and window. Tin* scalar generator does not require modification. Each 

of the other three is transformed into a node that has scalars for all of its outputs and has been 

give'n source1 array extent information in addition to the inputs it already had. Figure* 3.2 shows an 

example of each.

5.4.2 Loop body conversion

Within the loop body all nodes undergo some modification. In the simplest case it is the remoral 

of a SA-C type from its ports, leaving them untyped. However, many nodes require more changes. 

AREF nodes may appear in a loop body, and they require a transformation similar to that of the 

array-referencing generators: the array  address and extents information is passed hi as explicit edges.

Some nodes require more extensive work for DFG conversion: SWITCH nodes, various arithmetic 

operators, intrinsic function calls and NEXT nodes. These are now discussed in detail.
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5.4.2.1 SW ITCH node conversion

SWITCH graphs in the loop body are transformed into a flattened form in which all of the case 

subgraphs are brought to the top level and feed a SELECTOR node that uses the key expression to 

choose among the different case ralues. Figure 5.3 shows an example of this, corresponding to the 

SA-C expression

switch (key) {
case -1 : return (EO)
case 3.-7 : return (E l)
case 2 : return (E2)
default : return (E3) }

The leftmost input of the SELECTOR node is the key value. Following it are <ease-value. return- 

vaiue> pairs. Finally, the rightmost input is the default return value. This approach to SWITCH 

conversion produces a DFG in which all cases of the SWITCH are computed, and the return value 

is selected according to the key expression. This somewhat unusual approach is appropriate for 

FPGAs. since there is nothing to be gained by preventing all of these values from being computed 

(tin* FPGA logic for all the cases must exist regardless) and there is no danger of system malfunction 

in doing so.

If a SWITCH graph has multiple outputs, a SELECTOR node is produced for each output value. 

Since SWITC'Hes can he nested, this SWITCH transformation routine is recursive.

5.4.2.2 Arithmetic node conversions

Since the arithmetic operators available in the DFG form are all integer operations. SA-C’s fixed 

point operations must be converted to integer equivalents by inserting change-width (with or without 

sign-extension) anil bit-shift (right or left) operators into the graph. For example, for the last line 

in the SA-C code

fix8.2 a =  ... 
ufix9.1 b =  ...

fixl6.4 c =  a +  b;

the DDCF graph and its transformation is shown in figure 5.4. In the DDCF graph the type of
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Figure 3.3: Example uf SW ITCH transformation.

the ADD nude’s output is determined l>v SA-C’s semantics. The assignment to  a fix 16.-1 creates 

the CAST node. In tin* DFG form, the first CHANGE-WIDTH node adds a  I)' bit on the left to 

convert the unsigned value to a signed value. Tin* LEFT-SHIFT gives the value another fractional 

bit. to match the left operand of the ADD. (When two values are added, they must have the same 

number of fractional bits.) Tin* ADD node itself is specified as IADD. i.e. a signed addition. The 

last two nodes are generated by the CAST: the LEFT-SHIFT gives the value four fractional bits, 

and the C’HAXGE-WIDTH-SE is a sign-extended widening of the value to sixteen bits.

a  b

Oxa

CHANGE-WIDTM

tlx I

0x10

[ADD

LEFT-SHIFT

LEFT-SHIFT

CHANGE-WIDTH-SE

fix 11.2

fix  16 .4

ADD

CAST

Figure 5.4: Example of arithm etic transformation.
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A multiply node (MUL) in a DDCF graph is given special handling, due to the inherent inconsis­

tency between SA-C semantics and the behavior of multiplication circuitry in hardware. To perform 

a multiplication a t a specific bit width, the SA-C programmer often must cast one of the operands 

to that width. For example, if a u in t7  variable x and a u in t5  variable y are multiplied to yield a 

u in tl2  result, the programmer might write

(uintl2)x * y

However, hardware multiplication circuits typically produce outputs whose bit widths arc the sums 

of their input widths. If the programmer's type cast stays in place after transformation to hardware, 

the multiplication uses more hardware than it needs.

To solve the semantic/hardware multiplication inconsistency, a new DDCF node has been intro­

duced. called ML’L-MAC’H. which has semantics like* that of a hardware multiply, i.e. it produces a 

result whose width is the sum of its input widths. As a loop body is transformed into a DFG. tin* 

M l’L nodes are converted to ML'L-MAC'H nodes in three steps:

1. If one input is signed and one input is unsigned, then add a CAST mule to the unsigned input 

to convert it to a signed value. However, if the unsigned input is already fed by a CAST node, 

insert the new CAST above the existing CAST node.

2. If one of tin* inputs is fed by a CAST node, and the CAST node is not a  sign converter, and 

the CAST does not destroy bit information (i.e. it is a  widening CAST), then remove the; 

CAST node, transferring its input type to the input port of the ML’L node.

3. Convert the  ML’L node to a ML’L-MACH node, by making its output bit width the sum of 

its input widths, and its output fractional bit width the sum of its input fractional bit widths. 

Insert a CAST node below the MUL-MAC’H to convert the type back th a t which was originally 

on the MUL node’s output.

The MUL-MACH node is then converted, in a  straightforward way, to a UMUL or IML’L node in the 

DFG. Figure 5.5 shows four examples o f MUL conversions. The left forms are the DDCF sub-graphs 

before transform ation, for the following four SA-C expressions:
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1: uint7 a =  ...
uint5 b =  ...
u in tl2  c =  (u in tl2 )a  * b;

2: int7 a =  ...
uint5 b =  ...
in tl2  c =  a * (in tl2 )b ;

3: uint7 a =  ...
uint5 b =  ...
uint7 c =  a * b;

4: ufix8.5 a =  ...
ufix8.3 b = ...
ufixl6.1 c = a * (ufixl6.1)b;

The right forms are tli«> resulting DFG sub-graphs, and some intermediate forms are shown between 

tin* starting and ending forms.

In the first example, the* user has done a east that will eause the multiplication to take place in 

twelve bits. The CAST node does not lose bit information, since it is casting from seven to twelve 

bits, so step two of the conversion eliminates the upper CAST. Step three puts a CAST nodi* on the 

output, but since it casts a uin tl2  to a uintl2. the cast is removed by a subsequent clean-up pass. 

The DFG at right is exactly what the user wanted.

The second example shows a mix of signed and unsigned inputs. Step one adds a CAST node 

above the existing CAST, as a sign transformer. Casting a uint to an int always requires adding a 

bit for the new sign, so the output of the new CAST hits the type int6. Step two then removes the 

original CAST node, and step three puts a CAST node under the Ml'L-MAC’H. This CAST stays 

because its input anil output types are not the same. The CAST nodes are converted to CHAXGE- 

WTDTH nodes in the DFG: the second one is called CHAXGE-VVTDTH-SE for sign-extending. (A 

sign-extending node is always used when a signed value is an input, even though in this case the 

node is truncating bits and there are no bits into which th e  sign can be extended.)

The third example shows a MUL in which there are no casts on the inputs. This situation can 

arise if the user knows that the combinations of the two operands will never produce a result greater 

than 2’ — 1. i.e. 127. it is not possible to narrow one of the inputs: note that two pairs of inputs.
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<  1.31 > and <  127.1 > , produce results that fit in the u in t7  output type, yet all of the input bits 

are needed. In the conversion, step three puts a CAST node after the MUL-MACH to narrow the 

u in t l2  result back to the correct u in t7  type.

The fourth example has fixed point types. The DDCF graph has two CAST nodes, one from 

the explicit cast on b and the second an implicit cast from the assignment to  c. Note that the type 

of the ML’L node's output is ufix20.5. determined by SA-C semantics. T he upper CAST is not 

removed, because it loses bits, and eliminating it would allow bits to be multiplied that could change 

the result. Step three puts a CAST node after the? ML’L-.MAC'H node, casting the type back to that 

of the original ML’L node's output, i.e. u in t2 0 .5 . In conversion to DFG. the  CAST nixies become 

right shifts since they are truncating fractional bits.

5 .4 .2 .3  In tr in s ic  fu n c tio n  conversion

The only intrinsic function currently implemented with regard to DFG transform ation is sqrt. The 

SQRT operator in a DFG is assumed to work on an unsigned integer input w ith an even number of 

bits, returning a value with a bit-width of half the input width. Since the intrinsic s q r t  call returns 

a doub le , a DFG can only tx* produced if the call's output is cast to an integer or fixed point type. 

The transformation must then generate code that shifts the input so that the output of the SQRT 

produces the correct value: specifically, the fractional number of bits of the input must be twice that 

of the output. Figure 5.G shows an example that comes from the last statem ent of

ufix8.1 a =  ... 
ufix8.4 v =  sqrt (a):

Since the output fractional size is four bits, the input value must have eight fractional bits, requiring 

a left shift of seven bits. Since this yields a total bit-width that is odd. a zero is padded on the left 

by the CHANGE-WIDTH node.

5 .4 .2 .4  N E X T  n o d e  conversion

When a loop is converted to a DFG, each nextified variable receives its value from a previous 

iteration. CIRCULATE nodes manage this: they are the only source of back edges in a DFG. 

Nextified variables are converted to CIRCULATE nodes as shown in figure 5.7. The final value of
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Figure 5.5: Four examples of multiplication transformations.
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Figure 3.6: Example uf sqrt transformation.

the variable emerges from a loop output of the DDCF graph if it was railed for in the SA-C' program. 

When converted to a DFG it produces a WRITE-SCALAR node that stores the final result and 

delivers a trigger token as described below for other loop return operators.

NEXT

exprl j

i num ber of 
i iL 'r a i io n < i  i

i n-MiU 
.uiilrcvM

exprl) I

JL L
I CIRCULATE

JL
I WRITE_.SCALAR

Figure 5.7: Example of nextified variable transformation.

5.4.3 Loop-return conversion

During DFG conversion, loop return nodes produce corresponding nodes th a t have the information 

needed to specify where the result is written in target memory, and how many values will be streaming 

into the node. CONSTRUCT.ARRAY and CONSTRUCT.TILE nodes give rise to WRITE-TILE 

nodes with value inputs, a base memory address, and the loop's extents. A CONSTRUCT.TILE 

node must be fed by an ARR.DEF node.
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VVRITE-TILE nodes exist is a variety of forms according to the rank of the input tile and the 

rank of the loop itself. (In SA-C the tile and loop ranks need not be the same.) For example, a 

VVRITE-TILE-2D.3D node takes rank-two tiles and lives in a rank-three loop. The return node 

needed for a CQNSTRUCT.ARRAY node is simply a special case of a W RITE.TILE in which the 

“tile" is a one-element array.

Figure 5.8 shows an example from the loop return

for ... {
uint8 T[2.2] =  {{a.b}.{c.d}};
} return (tile (T))

where the loop is rank-three. This kind of situation arises when a loop has been stripmined. 

a  b  c U

l i i l
I ARR.DEF

u h w it

ill! .

target add revs 
loop  e x ten t (I 
loop ex ten t I

Ux2 0 x2 

J L ,
[ CONSTRUCT.TILE WRITE-TILE-’D-tD

result array Ineger

Figure 3.8: Example of CONSTRUCT.TILE transformation.

Loop reduction nodes have inputs for streams of values and their boolean masks, as well ;is inputs 

the result target address and the number of values being reduced. Figure 5.9 shows, for example, 

the conversion of a SL'M return. Other loop return nodes require their own pieces of information. 

Tlit1 HISTOGRAM reduction, as well as the various ACCUM-type reductions, require not only the 

values, masks, address and iteration count, but also information about the shapes of the arrays they 

write.

Since the converted loop-retum nodes deliver their residts by writing values to memory, their 

output tokens are simply triggers that indicate that the node is done and the results have been 

written. If there are multiple loop returns, these triggers are combined using an AND-MANY node.

5.4.4 A complete example of loop conversion

Figure 5.10 shows the result of DFG conversion for the loop in the following piece of SA-C code:
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result value

trigger

Figure 5.9: Example of SUM transformation.

ufixl0.4[:,:]. ufix20.2 main (ufix8.2 A[:.:]) { 
ufixl0.4 R0[:,:], ufix20.2 R l =

/ /  PRAGMA (stripmine (4,2)) 
for window WA[3.2] in A {

u fix ll.2  S =  array .sum ((ufixll.2[:,:])W A):
} return (array ((ufixl0.4)(sqrt (S))),

sum (((ufix20.2)W A [l,0 |+W A [l.l])/2));
} return (RO. Rl);

The boolean mask values for the xxx-MAXY nodes are om itted for clarity: in this example they 

are all 'I ',  i.e. true*. The window generator is a -1x2 with step (2.1). produced by the stripmining. 

The source arm y’s address and extents feet I flit* generator, along with the window sizes anti steps. 

The eight CHANG E-WIDTH nodes (abbreviated "CH.WTDTH” in the figure) are the result of the 

cast in the a r ra y  .s u m  operator. The RSHIFT nodes are the result of the division by two. The 

inputs of the USUM.YALUES notle are the value, the mask, the target address and the number of 

values being reduced. The inputs for the \YRITE-TILE_2D.2D node are the values (two), the target 

address, the loop extents (two) and the tile extents (two).
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Figure 5.10: Example of FORALL loop after DFG conversion.
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Chapter 6 

Code generation

Th«‘ mill* generator reads a DDC’F fill* as input and produces a C' tile as host code and a DFCI file 

for each RC.FOR node in the DDC’F graph. The SA-C run-time system (RTS) is tightly linked 

to code generation, since the code generator produces calls to various RTS routines. In the SA- 

C’ compilation system. DFCIs can he executed either l>v a host-based simulator or on actual RC’S 

hardware. However, the code generator does not make a distinction between these, generating 

identical code in either case, instead, a small set of function calls have dual implementations in tin* 

RTS. and the decision with regard to simulation or RCS execution is controlled by linking in one of 

two libraries.

6.1 Host code generation

Host code generation produces C code from the DDC'F graph and the interface part of each 

RC-C'OMPL’T E  node.

6.1.1 Internal C data structures

The RTS has C’ typedefs used to declare variables that hold the various kinds of SA-C data. Scalar 

values from one to eight bits wide are stored as Uint8 and Int8 ralues (for unsigneil and signed, 

respectively). Similarly, values from nine to sixteen bits are stored in U in tl6  and In tl6  values, 

and values larger than sixteen bits are stored as Uint32 anil Int32 values. While SA-C does not 

support explicit scalar types larger than 32-bits. 64-bit entities are sometimes needed in the C code
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to implement SA-C’s semantics correctly, so Uint64 and Int64 types are also available. Finally. 

Float32 and Double64 are defined for SA-C’s float and double types.

The RTS also has typedefs for SA-C’s complex and array types. The complex ones are simply 

pairs of <real. imaginary> values, with different typedefs existing for each of the scalar d ata  types 

that are allowed in SA-C's complex values. The array typedefs follow the pattern:

typedef struct { 
int rank: 
int size; 
int extents[8]; 
int mults[8];
Uint8 *base:
Uint8 *mem:
} ArrayUint8;

Most of these fields have obvious purposes. The mults array and the base field hold multipliers and 

base address for dope vector access. The mem field is the allocated memory address, used if a call 

to free deallocates an array. There is an array typedef for each of the scalar and complex storage 

types.

6.1.2 Generating host code for SA-C functions

A C' function is produced for each SA-C function. Each SA-C parameter gives rise to a C' function 

param eter of one of the above types. Since C does not give convenient support for multiple return 

values from a function, function returns are handled via global variables. This is possible because 

SA-C is non-recursive.

The C’ code for SA-C's arithmetic operations implements SA-C semantics, including the bit- 

widths of the operands and the shifting necessary to handle fixed point arithmetic properly. Signed 

operands are sign-extended to 32-bits before an arithmetic operation takes place. For multiplication 

of fixed point values, the operands are cast to 64-bits, the multiplication is performed, and the result 

is then shifted and masked as appropriate for the specified result type. For division, the numerator 

is shifted by a distance that will produce the desired result type after the division. For example, if 

variables a and b are SA-C type ufix32.16, they are stored in C language variables of type Uint32. 

The expressions a x 6 and a/6  are defined by SA-C semantics to have a result type of ufix32.16,
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and are computed by the C expressions

(U int32)(((U int64)a*(U int64)b)>>16)
(U in t3 2 )(((U in t6 4 )a « 1 6 )/b )

SA-C for loop simple generators give rise to loop nests in C. where the number of loops is equal 

to the rank of the generator. Simple generators that produce sub-arrays, i.e. window and array-slice 

generators, have different implementations depending on whether or not dope vectors are being used. 

Without dope vectors, a temporary array is allocated for the window or slice, and in each iteration 

tlu* sub-array's values are copied into it. With dope vectors, the windows and slices are formed 

by manipulating the sub-array's base address and multipliers. Dot products are implemented In­

putting additional index variables in the fo r loops. Cross products give rise to a second level of loop 

nesting.

There are various approaches to implementing for loop return operators:

• The scalar reductions su m . p ro d u c t, m in . m ax. an d  and o r  accumulate directly into a 

scalar variable*.

• Tin* m ean  reduction sums into one scalar, and counts values in a  second scalar. The* division 

takes place after the loop is done.

•  The s t .d e v  reduction is similar to m ean , but maintains an additional scalar in which the sum 

of the scpiares is gathered.

•  The m ed ian  reduction allocates a tem porary array in which the values are collected. After 

the loop, the values are sorted and the median is extracted.

•  The h is to g ra m  reduction allocates the result array, and increments its values as the loop 

runs.

•  The vals_at_maxs, vals_at_inins. vals.at _first_max. valsmt_last_max. vals_at_first_min 

and vals_at Jast jn in  reductions allocate temporary arrays in which the key ralues and the 

potential return values are collected. After the loop, the results are extracted.
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•  The accum  reductions of sum , product, min, max. and and or allocate the result arrays 

and accumulate directly into them.

•  The accum  version of m ean allocates two arrays for the sums and the counters. The divisions 

take place after the loop.

• The accum version of st.d ev  is similar to  that of mean, but a third array is allocated for

the sums of scpiares.

• The accum version of median allocates two arrays, one to collect the values and another to 

collect the labels. After the loop is complete, the values arc* partitioned by label, and each 

group is sorted so that the median can be selected and returned.

• The accu m  version of h is to g ra m  allocates the rank-two result array, and the appropriate 

values are incremented as the loop runs.

•  The a r ra y  return allocates the* result array, and collects values into it as the loop runs. The 

values are generated in order, so an incremented pointer is used to store* the values.

•  The tile  and co n ca t operators collect a tem porary array of arrays. After the loop finishes, the* 

result arm y is allocated and the* values are tilled in. This approach is necessary in the genera! 

case since the sizes of the array components being gathered art* not always known when the 

loop head is reached during execution.

The return operators for while loops are similar, but for the array, tile and concat operators the 

size of the array, or array-of-arrays. is not known when the loop head is reached, so dynamically 

growing arrays are implemented.

As an example, figure 6.1 shows the C code generated for the following SA-C file:

intl6 g (ufixl6.4);
uint8, intl6[:] f (ufix!6.4 A[:]t bool M[:]) { 

uint8 RO, intl6 Rl[:] =  
for a in A dot m in M { 

intl6  v =  g (a); 
uint8 w =  a;
} return (max (w, m), array (v)};

} return (RO, R l);
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Lines one ancl two are function prototypes for functions g and f. Lines three through five give 

types for the return variables of all functions. Lines six and seven declare the return variables for 

the function f that is defined in this file. The function f. named "SCJ" in the C code, begins on 

line nine and has two arrays as its parameters. The code corresponding to  the SA-C loop begins 

on line 17. first creating size and extent information. Lines 17 through 23 come from the first 

generator, and lines 24 through 30 come from the second generator. To keep the code generation 

process straightforward, each simple generator in a DOT product produces all possible extent and 

iteration variables, even though some may not be needed. The C compiler is relied upon to eliminate 

unused variables and dead code.

Lin«’s 34 through 10 create the loop's return variables. The c r e a te .m u lts  macro initializes the 

multipliers in the dope vector. The tests on lines 12 and 13 check that the* two generators have the 

same extents. Lines 17 and IS extract array elements from A and M. Function g. which in the C 

code is called "SC.g ". is called on line 19 and its return value is captured on line 30. The max value 

is updated on line 32 and the array value is written on line 33. Finally, the function's two return 

values are written to its global variables on lines 33 and 30.

6.2 Run tim e system  (RTS) and in put/output (I/O )

The run time system for SA-C consists of three parts: general purpose macros that implement various 

useful operations for the host code, input/ou tput routines, and interface functions that communicate 

between host and RC’S (or DFG simulator).

Host code-related helper macros and functions exist for such things as array references, bounds 

checks, array copying and array concatenating. Many routines are related to the various loop return 

operators. Also, the dynamically-resizing arrays used to implement some w hile  loop returns are 

implemented in the RTS.

For a SA-C program, the parameters of the function “main17 represent the program's inputs, and 

its return values represent the program's outputs. Input/ou tput for SA-C happens in one of two
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1: void SC.g (Uintl6);
2: void SC.f (ArrayUintl6, ArrayUint8);
3: extern Int16 SC.g.retO;
4: extern UintS SC.f.retO;
S: extern ArrayIntlS SC.f.retl;
6: Uint8 SC.f.retO;
7: Arraylntl6 SC.f.ret1;
8 :
9: void SC.f (ArrayUintl6 TO, ArrayUint8 Tl) {
10: Uintl6 T2;
11: Uint32 T3. T4;
12: Uint8 T5;
13: Uint32 T6, T7;
14: Int16 T8;
15: Uint8 T9. T10;
16: ArrayIntl6 Til;
17: {{ Int32 iO;
18: Uint32 liO;
19: Uint32 szO = TO.extents[0]<=0?0:l+(TO.extentsCO]-l)/(i);
20: Int32 il;
21: Uint32 lil;
22: Uint32 szl = TO.extents Cl]<=0?0:l+(TO.extents[1]-D/Cl) ;
23: Uint32 sz.genO = szO«szl;
24: Int32 i2;
25: Uint32 112;
26: Uint32 sz2 = Tl.extents[0]<=0?0:l+(Tl.extents[0]-l)/(l);
27: Int32 i3;
28: Uint32 li3;
29: Uint32 sz3 = Tt.extents Cl]<=0?0:l*(Tl.extentsCl]-1)/(1);
30: Uint32 sz.genl = sz2»sz3;
31:
32: Uint32 sz = sz.genO;
33:
34: Intl6 •p1;
35: T10 * 0;
36: SC.malloc (2, Intl6, sz. pi)
37: Til.base = Til.mem = pi;
38: Til.size = sz; Til.rank = 2;
39: Til.extents CO] = szO; Til.extentsCl] -  szl;
40: create.mults (Til, 2)
41:
42: dot_gen.size.test (szO, sz2)
43: dot_gen.size.test (szl, sz3)
44:
45: for (i0=0,i2=0,li0=0; iO<TO.extents CO]; iO+a(l),i2+*(l),liO*+)
46: for (il=0,i3=0,lil=0; il<TO.extentsCl]; il+=(l),i3+=(l),lil++) {
47: get.array.ele2(T2, T0,i0,il,5,,'tst731.sc",l‘f'1);
48: get.array.ele2(T5, Tl,i2,i3.5,“tst731.sc“,"f");
49: SC_g (T2);
50: T8 = SC.g.retO;
51: T9 = ((T2»4)A255);
52: if (T5 k k  T10<T9) T10 = T9;
53: *(pl++) = T8; » >
54:
55: SC.f.retO = T10;
56: SC.f.retl = Til;
57: >

Figure 6.1: Generated C code for function shown in text.
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modes: via ASCII std in /stdou t for easy use during program testing, and via command line-specified 

arguments for other environments. For the latter, there are two file formats: ASCII and binary.

For ASCII inputs in either mode, a full parser exists to read values and fill in specified data  

structures. The C function ■main.’’ created by the code generator, allocates a data  structure for 

each of the program's inputs. The data  structure is filled in with information specifying the SA-C 

type of the input (including its total and fractional bit-widths). its rank, and a pointer to the location 

to which the data  should be stored. The input values are interpreted according to the SA-C type. 

For example, an input string "I" is a valid value for every u in t .  in t .  u fix . f ix .  f l o a t  and double 

SA-C type, but the bit pattern that is stored will vary based on the type.

For binary I/O . a tilt* format has been defined that is a superset of the PG M /PPM  image format. 

SA-C type information is placed in lines that are interpreted as comments by the image format. In 

the absence of such type information, the SA-C input rout ini* will assume the input values to In* of 

type u in t8 . as a 2D array (for PPM) or .'ID array ifor PGM). This allows SA-C to use and generate 

image files with minimal manual intervention.

There are seven Host/RCS interface functions that set up the RCS hardware and transfer data 

between host and RCS. These functions have two implementations, one for the real RCS and out? 

for DFG simulation. The functions are described:

•  Tin* in itia lize  function is called once at the beginning of the program, to put the hardware in 

a reset inode. In the simulation implementation, this function forks the simulator process and 

connects it with the running program with a pair of pipe's.

•  The d o w n lo ad .co n fig u ra tio n s  function transfers a specified set of FPGA configurations to 

the RCS. In the simulation implementation, this function tells the simulator to load a specified 

DFG file.

•  The write_arg function writes a single 32-bit DFG argum ent to a specified location in RCS 

source memory.

•  The m eni.w rite-input function is used to transfer a block of data from host memory to the
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RCS source memory.

• The ex e c u te -d fg  function starts  the  RCS computation and waits for a termination signal.

• The m e m -re a d -re su lts  function transfers a block of clata from RCS memory back to the 

host.

• The e n d .d fg .p ro c e ss  releases the  RCS. In the simulation implementation, this function tells 

the simulator process to term inate.

The implementations of most of these routines are simple. For example, the w rite_arg, 

m em .w rite  . in p u t  and m em _ read _ resu lts  functions make c alls to routine's supplied bv Annapolis, 

the maker of the RCS board.

The d o w n lo ad .co n fig u ra tio n s  function is designed to minimize the time spent in program­

ming the FPGAs. This is important since the FPGAs in the current RCS an* programmed in a 

hit-serial way. This function keeps track of each configuration that is used by the executing pro­

gram. and also keeps track of which configuration is currently loaded in tin* FPGAs. Each time a 

d o w n lo ad .co n fig u ra tio n s  call is made, the configuration is downloaded unless it is already in the' 

FPGAs. If it is the first call for tin* particular configuration, then the file is read and loaded into a 

memory buffer before being downloaded to the FPGAs.

6.2.1 Host code generation for RCS calls

When an executing host program is about to call a DFG to be run on the RCS. it must execute 

code that has been generated from the RC.COM PETE node described in section 5.3. This includes 

doing memory allocation for the RCS memory.

RCS memory is 32-bit word addressed. To conserve RCS memory space and reduce the number 

of FPGA reads and writes, the arrays written to RCS memory are packed into 1-. 2*. 4*. 8-. 16- 

or 32-bit chunks. Also, to make array element extraction easier for the FPGAs. multidimensional 

arrays are word aligned, i.e. each row is padded so that the next row begins on a word boundary. 

Since the host d a ta  are not stored in this way, the interface host code must pack and word align 

when data are sent down, and perform th e  reverse operations when data are read back. This incurs
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no cost, since the DMA transfers require the use of separately allocated memory, hence copying, 

anyway.

An example will illustrate the issues involved in code generation. Consider the following SA-C 

loop, with its loop compiled to run on th e  RCS:

uint8[:.:] main (uint8 A[:f:]) { 
uint8 R[:,:] =

for window W[2,3] in A
return (array (array.sum  (W )));

} return (R);

This is the same example whose interface code is shown in figure 5.1. Figure G.2 shows the C code 

generated to call this loop. The variable s r c _ a l lo c  holds the address of the start of free RCS 

memory. The inputs of the DFG are stored  ;is 32-hit values in the bottom memory addresses. Since 

this loop has seven input ports, the s r c _ a l lo c  is set on line 1 to start just after the first seven 

words. Lines 2 through S allocate space for the array A and transfer the data to the RCS memory 

after writing it to DMA memory with word alignment. The free memory address is set to the free 

word following the array. Lines 9 through 13 capture and /o r compute the array’s extents, the loop’s 

extents and tin* loop iteration count. Lines I f through 21 compute* the size of the return array and 

allocate span* in RCS memory for it to  be* written.

Line* 22 elovvnloaets the* FPGA configurations. Lines 23 through 29 write the seven DFG arguments 

te> the first seven memory aeldresses on the RCS. Line 30 tells the RCS to e*xecute: here the heist 

waits for a termination signal. Lines 31 through 51 allocate host space for the result array, as well 

as DMA memory for the elata transfer from RCS to host. Line 49 does the data  transfer, and line 50 

copies the data  to the allocated space, removing word alignment and packing.
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1: src.alloc = 7;
2: { Arrayllint8 Trap;
3: Uint32 tfr.sz;
4: copy_array_to_ward.align2 (Tmp, TO, Uint8, SC.DMA.malloc, tfr.sz)
5: mem.write.input (arc.alloc, (void*)(Tmp.meo), tfr.sz);
6; SC.DMA.free (Tmp.mem);
7: Tl = src.alloc;
8: src.alloc ♦« tfr.sz; >
9: T2 = TO.extents[0];
10: T3 = TO.extents Cl];
11: T4 = ((Int32)T3-(3))<0?0:l+(T3-(3))/(l);
12: TS = ((Int32)T2-(2))<0?0:l+(T2-(2))/(l);
13: T6 = ((T5»T4));
14: { Uint32 sz, szO, szl;
15: szO = T5;
16: szl = T4 / 4;
17: if (T4 fc 0x3)
18: szl*+;
19: sz = szO • szl;
20: T7 = src.alloc;
21: src.alloc ♦= sz; >
22: dounload.configurations (0);
23: write.arg (0, (Uint32)Tl);
24: write.arg (1. (Uint32)T2);
25: write.arg (2. (Uint32)T3);
26: write.arg (3, (Uint32)T7);
27: write.arg (4, (Uint32)T5);
28: write.arg (5, (Uint32)T4);
29: write.arg (6, (Uint32)T6);
30: execute.dfg (use.viewer, 0);
31: { Uint32 adr = T7;
32: Uint32 sz - 1;
33: ArrayUint8 Tmp;
34: Uint32 szO, szl, tfrsz;
35: szO = T5;
36: sz •= T5;
37: szl = T4;
38: sz •= T4;
39: szl = (szl k 0x3) ? 1 ♦ szl/4 : szl/4;
40: Tmp.multsCO] = szl • 4;
41: Tmp.multsCl] = 1;
42: tfrsz * szO * szl;
43: SC.DMA.malloc (42, Uint8, 4»tfrsz, Tmp.mem)
44: Tmp.base -  Tmp.mem;
45: Tmp.size - sz;
46: Tmp.rank = 2;
47: Tmp.extents[0] * T5;
48: Tmp.extentsCl] * T4;
49: mem_read_results (adr, (void*)(Tmp.oem), tfrsz, 1);
50: copy.array2 (T9, Tmp, Uint8, SC.malloc)
51: SC.DMA.free (Tmp.mem) >

Figure 6.2: C code generated for RCS call of loop itescribecl in text.
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Chapter 7

Performance measurements

This chapter discusses the performance implications of the SA-C compiler's optimizations. These 

optimizations fall into two broad categories: graph simplifying and loop restructuring. Graph sim­

plifying optimizations are geared toward lowering the count and/or complexity of the nodes in a 

graph, therefore saving both space (in FPGA logic) and compute time bv reducing the length of 

the graph's critical path. Loop restructuring optimizations are oriented toward changing host/RC’S 

code partitioning (to move more of the computation onto the RCS) and altering data  communication 

patterns, both between the host and RCS. and between the RCS local memories and the FPGAs. 

It should be noted that the simplifying optimizations sometimes set the stage for the restructuring 

optimizations: a simplified graph often is more amenable to structuring transformations. Also, the 

simplifying optimizations often are needed to enable a graph’s transformation to a DFG. Thus in 

many cases it is not possible to test RCS performance without doing at least some of the simplifying 

optimizations.

First the hardware test platform and the DFG-to-RCS compilers are described. Then the ef­

fects of graph simplifying optimizations are presented, followed by the effects of the restructuring 

transformations.

7.1 Test platform and its lim itations

There are two m ajor system components that are external to those developed in the compiler de­

scribed in this dissertation. First, there is hardware consisting of a conventional Pentium-based PC 

supplemented with a  peripheral card containing multiple FPGAs. Second, there is a software com-
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piler that takes the DFGs generated by the SA-C compiler and translates them into VHDL codes, 

which are then compiled and mapped onto the FPGAs using commercial software packages.

7.1.1 Hardware description

All tests described in this chapter have been run on a dual processor Pentium II machine, clocked 

at 2G6 MHz. The operating system is the Red Hat 6.0 version of Linux [38]. The PCI bus is 32 bits 

wide and runs at 33 MHz.

The RCS hardware is a Wildforce Board [2] from Annapolis Micro Systems. A simplified block 

diagram of the board is shown in figure 7.1. Its five user-programmable FPGAs are Xilinx XC403G 

chips, each of which has a 3Gx3G matrix of Configurable Logic Blocks (CLBs). Four of the FPGAs. 

called "PE I " through "PET" an* nearly identical in their board interconnections. Tin* fifth, called 

“CPEO” . is seen as a control device, though it can In* used simply ju s  a coprocessor alongside the 

other four. CPEl) has a local meinorv of 25GK 32-bit words: each of the other four FPGAs has a 

local memory of 128l\ 32-bit words. These memories are also directly accessible by the host via 

the PCI bus. though ejich is switched between host and FPGA access so that in generjil it is not 

practical for an FPGA to compute while the host is accessing its memory. Not shown itt the diagram 

are three 312-word FIFO buffers connected to CPEO. PEI and PE4. They allow concurrent across 

by the host and FPGA. but experiments using them showed miserable performance and they have 

since been ignored [39].

The board has a user-programmable clock that can be set in a range from 2 to 50 MHz. Each 

FPGA can access its local memory once per clock cycle. The board frequency is typically determined 

by the results of the place-and-route software that creates the FPG A  configuration files, and must 

be the minimum frequency of the configurations.

Each C’LB contains a sm all cluster of resources that are used an d  referred to by the VHDL-to- 

netlist translation software. A CLB consists of two 4-input lookup tables (FMAPs). one 3-input 

lookup table (HMAPs). and two flip-flops. Experience has shown th a t FMAP usage is usually the 

limiting factor when DFGs are mapped to the Wildforce FPGAs, though some register-intensive 

situations (e.g. very large loop windows) may find the number o f flip-flops to be the  relevant
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Figure 7.1: Blork diagram of Wildforce board.

constraint. HMAP usage has been found in all situations to be negligible, hi the tables presented 

later, the FMAP numbers are those that come from the* VHDL-to-netlist compilation, and they 

provide an easy way of making approximate space comparisons.

The execution times for some parts of this system an* consistent from run to run: both the 

configuration download time as well as the DMA transfers are predictable (assuming an otherwise* 

epiiet machine*.) The* FPGAs on the Wildfenre* boarel must be* configured by stre*aming the* elata in 

a bit-serial way. le*ading to disappointingly large configuration times. It is not possible* to partialiy- 

e emfigure* any of these FPGAs. so the* time* to configure? the boarel is a consistent LOG msec. Since* 

tin* configuration initially comes from a separate* file, there is also an unpredictable file access time 

the first time a file is refcrcnceel. The SA-C run-time system caches configurations in heist memory 

sei subsequent elownloads do not re-read the file.

DMA transfer rates have also been found to be very consistent, though they occasionally rise due 

to other bus activity on the host. A simple approximation of a  DMA transfer assumes a fixed start­

up time followed by a continuous transfer at a fixed rate. Measurements on the host machine used in 

these performance experiments have determined download start-up  time and transfer rate parameters 

of approximately 50 psec and 120 Mbytes per second, and corresponding upload parameters of 

40 psec and 66 Mbytes per second. In most of the performance data  that follow, the configuration
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Figure- 7.2: CuinpiU- paths of the SA-C compiler.

download times and the DMA transfers are not shown since they have been found to lit- consistent 

and to conform closely to the values implied by these parameters.

7.1.2 The SA-C compiler

The upper-level portion of the Cameron Project's software system is the SA-C compiler that is the 

focus of this dissertation [I9j. A SA-C program compiles to a host machine executable that has calls 

to the Wildforce board. The system can also compile the entire program to a host executable for 

efficient program debugging. The host code includes interface code that automatically downloads 

FPGA configurations and source data, and uploads the results for further com putation on the host. 

Figure 7.2 shows the compile paths of the system, including the dashed boxes that represent the 

low-level translation of DFGs to netlist (*.x8G) files. A SA-C program may produce zero or more 

DFGs. Coordination of the various compiler components is clone via a Perl script called .see. It 

handles a variety of options, as well as allowing the compile process to s ta rt and stop at various 

points in the diagram.
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7.1.3 Abstract architecture and DFG-to-RCS compilation

When a SA-C program is compiled for execution on host and RCS, bottom-level fo r loops that 

meet certain criteria are compiled to DFGs for translation to FPGA configurations (see section 5.4). 

The current system follows a  simple protocol for executing a  loop on the RCS: First the FPGA 

configuration is downloaded into the chip. (The run-time system keeps track of the currently loaded 

configuration, so this download does not occur if it is unnecessary.) Next, any required source 

arrays are written to RCS memory, using DMA transfer routines supplied by Annapolis. Then 

various loop param eters are written to designated locations in RCS memory, using individual non- 

DMA word transfers. After these transfers, the host releases the RCS to compute, and waits for an 

interrupt indicating completion of the loop. Once interrupted, the host uploads the results using 

DMA transfers. The host then continues with SA-C program execution. While there are numerous 

opportunities for optimizing this process, no such optimization has yet been undertaken.

The SA-C compiler is able to produce DFGs for many bottom-level loops in a DDCF graph. 

Each of these1 DFGs is individually compiled in the following process:

FPGA
DFG V H D L lilts* X N F tiles h„ „ u p ,

V I f
 1  D FG -to-V H D L  i- - - - - - - - - VHDL-lo-XNF XNF-to-Config

1

A piece1 of Cameron-developed software transforms a DFG into multiple VHDL files [SJ. These1 

are then compiled by Syiiplicity [41]. a e-ornmercial piece of software that produce's a "netlist" file 

containing a low-level logic description of the FPGA circuit. There is one netlist for each FPGA 

target. Part of the feedback from Syiiplicity is a count of FMAPs. the small lookup tables that are 

paired in each Configuration Logic Block (CLB). An FMAP count is a  useful way to quantify the 

FPGA logic space requirement of a netlist. Finally, each netlist goes through a “place-and-route" 

process, using software provided by Xilinx (the manufacturer of the FPGAs), producing the actual 

bitmap files th a t are loaded onto the FPGAs when a  program is run.

The place-and-route step also returns a  maximum clock frequency for the configuration, which is a 

function of the critical path through the FPGA logic. Since the place-and-route process is heuristic.
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clock frequencies sometimes vary in unexpected ways. Experience has shown th a t as the FPGA 

internal logic resources approach 70% FMAP utilization, the clock frequency drops significantly, 

probably due to the place-and-route software’s inability to find a  good routing. The time spent in 

place-and-route also seems to grow significantly as logic utilization grows, increasing from a typical 

twenty minutes per FPGA to many hours. Of course, it is possible for the place-and-route process 

to fail: there may be no possible routing, or the software may not be able to find one. Some DFG- 

to-RCS translations map to one FPGA. whereas others target multiple FPGAs. Since the Wildforce 

board has one clock, a system that targets multiple FPGAs must clock the board at the minimum 

of the individual frequencies returned by the place-and-route calls.

The Cameron project hits two separately developed DFG-to-RCS compilers, designated in this 

document ;is "One-PE" anti “Two-PE” systems. In the One-PE system the entire DFG is compiled 

onto the Wildforce board’s C’PEll device, and all local memory references are to its memory. In the 

Two-PE system the C’PEl) device is used to implement the DFG’s generator nodes, which read array 

values from its local memory, and PEI is used to implement the DFG loop body and loop-return 

nodes that write the results to P E l's  local memory. CPEO sends the generator outputs to PEI via 

the crossbar. One job of the host/RC'S interface code (see section -5.3) is the allocation of source 

and target memory in the RCS local memories, so the SA-C compiler must be told whether it is 

compiling for the One-PE or the Two-PE system. For the One-PE system it allocates space for both 

the source and target arrays in C’PEll’s memory, whereas in the Two-PE system it allocates source 

arrays in CPEO’s memory and target arrays in P E l's  memory. While compilation targeting all five 

Wildforce FPGAs should not be particularly difficult to implement, the Cameron project has not 

yet progressed to that point.

The DFG-to-RCS translation currently does no pipelining and does not handle look-up tables, 

so the entire body of a loop is translated into a purely combinational, asynchronous circuit: tliis 

means that a loop body always executes in one RCS machine cycle. Local memory accesses on the 

Wildforce board occur using a clock derived from the same clock that executes loop bodies, so a loop
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th a t gives rise to a slow clock (derived from the place-and-route step) forces all memory accesses to 

be slowed down as well. Reads and writes to each memory can be issued one-per-cycle.

The one-cycle-per-memory-access behavior of the system makes it easy to establish lower bounds 

on the number of cycles a given loop execution must take on the RCS. For example, since any 

loop must read the data  it needs and write the data  it produces from /to local memory, a simple 

lower bound can be derived. For the One-PE system it is the sum of the words read and the words 

written (because one memory is used for both source and target data). For the Two-PE system, the 

lower bound is the max of the read and write counts. This lower bound is independent of any loop 

transformations that may be applied, ami will be referred to as the "I/O LB".

A second kind of lower bound can be inferred based on the behavior of a loop's window gener- 

ator(s). Overlapping windows read some rows of source arrays more than once, anil this behavior 

is a function of the window size and step rallies, making the memory read pattern completely pri*- 

dictable. Thus, for a given set of window generators another lower hound can be derived since* the 

exact number of words read and written can be predicted. Also, the one-i ycU*-per-itt*ration behavior 

of the system means that the number of loop iterations gives rise* to a lower bound as well. Combin­

ing these, the lower bound for a given execution is the max of tin* bounds derived from the memory 

accesses and from the iterations. This will be referred to as the “Generator-based LB".

7.2 Dataflow simulation

The DFG form that is produced when a SA-C loop is compiled for RCS execution has been designed 

to allow not only translation to VHDL but also token-driven simulation. A DFG simulator/viewer 

has been developed as part of the SA-C compilation system. One of the original motivations was 

to achieve the capability of deriving useful performance data  without having to go through the long 

DFG-to-RCS compilation step. For example, it was hoped that statistics gathered during a  DFG 

simulation might allow inference of performance behavior on the RCS.

However, the token-driven aspect of a  DFG simulation does not relate well to  the RCS execu­

tion. Token flow implies synchronization between DFG nodes, but when translated to FPGAs the
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DFG loop body becomes an asynchronous circuit, with no synchronization between the low-level 

operations in the loop body. Thus token timing behavior, token queues and parallelism profiles that 

have been used in other dataflow projects to approxim ate the behavior of program execution are not 

relevant here. Nevertheless, the DFG simulator and viewer have been useful for debugging. DFG 

validation and demonstration of SA-C language semantics.

7.3 Graph simplifying optim izations

Many of the optimizations described in chapter 4 are designed to simplify a DFG. thus improving 

both space and time performance. These optimizations are:

1. invariant code motion (hoists code out of the DFG)

2. ronstant-expression switch elimination 

array value propagation

4. constant folding

algebraic identity simplification and strength reduction 

G. dead code elimination

7. common subexpression elimination

8. array reference chain elimination

9. bit width narrowing

Two SA-C codes will be used to demonstrate the effects of these optimizations: a square root 

computation and a  Prewitt edge detector.

7.3.1 Square root

Section 4.1.7 discussed the Bit-width Narrowing optimization, using as an example a  nextifiecl loop 

that computes a square root. When the bit-width narrowing optimization is enabled, the com­

piler reports the before-and-after total bit widths of various categories of dataflow nodes, such as
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arithm etic and conditional operators. This optimization has been applied to SA-C codes written 

by members of the Cameron Project, and nearly all showed little or no narrowing of operators, a 

result that is explained by the fact that SA-C programmers tend to do such narrowing themselves 

by selecting variable types that are just wide enough to hold their data  values. The only SA-C 

codes that have shown significant narrowing of operator bit-wirlths are those containing square root 

operations: these opportunities arise due to the unrolling, by the compiler, of the square root loop.

The loop that computes the square root of a u in t3 2  is used here to measure the effects of bit- 

width narrowing. In order for this optimization to take place, the loop is unrolled and enclosed in 

an outer loop so that the compiler will create* a  DFG. The SA-C code is shown in the appendix, 

section A.I. The following table shows the effects of bit-width narrowing for this cotie:

with
narrowing

without
narrowing

logic ops o42 bits Gl) bits
compare ops o!2 bits 272 bits

arithmetic ops 1SU bits 2-10 bits
selector ops 73G bits 373 bits
FPGA space 101U FMAPs 1002 FMAPs

In spite of significant bit-width reductions in this cotie. the improvement in FPGA space use is 

very slight. This surprisingly small difference indicates that the VHDL compiler and/or the plact*- 

and-ronte software is eliminating most of the unnecessary bits and connections, making bit-width 

narrowing by the.* SA-C compiler largely irrelevant.

7.3.2 Prewitt edge detector

A common image processing task is the detection of edges in an image, and the Prewitt algorithm [37] 

is one of a number of standard edge detection methods. A SA-C implementation is shown in the 

appendix, section A.2.

If functions are allowed to be inlined and this code is compiled for RCS execution without other 

optimizations, the inner loop

for h in H dot w in W dot v in V
return (sum ((in tll)w *h), sum ((in tll)w *v));

is the only part of the code that compiles to a  DFG (since only bottom-level loops can be transformed
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Figure 7.3: DFG protittct^I by unoptitnized Prewitt edge detector.

to DF'Gs.) Figure 7.3 shows this DFG. Tin* C’HAXGE-WIDTH nodes (abbreviated CHWD in DFG 

Kauri's) convert t in- output of tin* middle generator from an unsigned value (u in t8 ) to a  signed value 

(in t9) by concatenating a zero on the left. The c;tst to an i n t l l  that appears in the source code 

has been removed in the DFG translation process, as described in section 3.4.2.2. Each IMUL nude 

has inputs of nine and two bits, and an output of eleven bits. Each of the three generator nodes has 

three inputs with external sources, one for the address of its source array and two for the extents 

of that array. Each of the two loop-return ISUM-VALS nodes has two inputs from external sources. 

One is the iteration count: the other is the target address to which it will write its final result. Since 

this loop performs only nine iterations, its execution on the RCS produces no benefit.

If all optimizations are allowed to take place, the DFG of figure 7.4 is produced. The multipli­

cation nodes are removed, and the middle value from the window generator is now unused. The 

width-changing nodes have been reduced by common subexpression elimination.
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Figure 7.4: DFG produced by fully optimized Prewitt edge detector.
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7.4 Loop restructuring optim izations

Loop restructuring optimizations consist of the following:

1. stripmining

2. full loop unrolling

3. loop fusion

•1. loop nextification

0. window narrowing 

G. array unification

In the discussion that follows, they are studied both individually and. when appropriate, in combi­

nations. Because the Wildforce board's FPGAs are quite small, it is difficult to study the effects of 

some of these optimizations on real IP codes. For example, stripmining is designed to reduct * FPGA- 

locai memory traffic by running larger windows that feed multiple instances of the loop hotly. This 

increases the logic space requirements of both the generators and loop bodies, and since just one 

instance of an IP routine often barely fits or fails to fit. it is impossible to measure the effects of 

stripmining on interesting IP routines. Therefore, for most of these tests a tiny loop body is used, 

which allows the optimizations to be applied while still keeping the configurations within a feasible 

amount of space:.

7.4.1 Stripmining

Section -1.1.3 describes Stripmining. which in combination with inner loop unrolling produces the 

effect of partial loop unrolling in multiple dimensions. The transform ation has three goals:

1. increase parallelism by executing multiple loop bodies concurrently

2. reduce the number of loop iterations, thereby reducing loop overhead

3. reduce the amount of d ata  read by a generator on the FPG A  from the local memory.
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This conies at the expense of FPGA logic space, due to  multiple loop bodies and larger window 

generators. The first two goals should be achieved for loops of any rank, whereas the third goal 

applies only to loops with a rank greater than one. since those loops have vertical window overlap 

and therefore read some rows of data from local memory more than once.

As discussed earlier, lower bounds on the number of cycles required to execute a given loop on 

the RCS can be inferred for a given loop and input data . This leads to inherent limits on the amount 

of useful parallelism that can be exploited, since the local memory-FPGA communication quickly 

becomes a bottleneck. For example, consider a  loop reading a u in tS  array with a 4xM window 

generator. Each loop iteration requires four new array values (ignoring beginning and end of row 

effects). This means that, on average, every iteration will require a memory access, and stripmining 

for parallelism (i.e. reducing the number of iterations by replicating loop bodies) should not be 

useful: the 4x.\l window generator is already large enough to be memory-bound. But in spite of the 

memory limits, stripmining can still he useful hv reducing loop overhead and reducing the* number 

of rows that are read multiple times.

Horizontal .stripmining does not change' the number of words read by the FPGA from its local 

memory, because the low-level implementation of a window generator uses shift registers to imple­

ment tin* sliding behavior of the window. Making a window wider adds registers but does not change 

the number of words read from memory. Thus, if horizontal stripmining is to be effective at all. it 

must happen only by the reduction of loop overhead due to fewer iterations. Vertical stripmining. 

on tin* other hand, will reduce the number of times that rows are read from local memory. For 

example, a 3x3 window generator such as that used in the Prewitt edge detector will read each row 

of the source array three times (neglecting the special cases of the boundaries.) Stripmining to a 3x4 

will not change this, but a 4x3 stripmine (which will have a  step of two) will read each row twice 

rather than three times, a 33% reduction in traffic from the local memory. Carrying this further, a 

3x3 stripmine (with a step size of three) will produce a regular pattern of two rows read twice and 

a third row read once, a 44% reduction in traffic.
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Figure 7.3: Tlu* number of times rows are read varies with different .stripmining parameters. Tlie 
dots show the number of times a row is read.

There is an invariant in vertical stripminiug: the overlap of tlu* windows of two successive hor­

izontal traversals is constant, regardless of the degree of stripmining. because the window and step 

sizes both increment. Repeating the variable definitions as described in section 1.1.3.

•  v is the original window's extent

•  .s is the original window’s step

•  a is the stripm ine window's extent

•  t is the stripmine window's step

the overlap is always L’ — s. In the 3x3 case and its vertically stripmined variants, this overlap is two. 

Figure 7.5 shows the effects in this example as the vertical stripmining parameter grows. In general, 

as the stripmine window extent grows to the region where t >  a /2 , there are clusters of rows that 

are read twice, interspersed with clusters that are read once. The number of rows in the read-twice 

clusters are the overlap size, c — .s.

132

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .



Two simple codes, called "Strip-1x3" and “Strip-2x3” are used to test the performance effects of

stripmining:

/ /  Strip-lx3: 
u in t< m >  R[:,:] =

for window W [l,3] in A
return (array (array.max (W)));

/ /  Strip-2x3: 
u in t< m >  R[:,:] =

for window W[2,3] in A
return (array (array.max (W )));

Strip -1x3 uses a SA-C' loop that runs a 1x3 winilow over a m atrix  and returns an array of the max 

of each window. Because the vertical window dimension is one. there is no vertical window overlap 

and vertical stripmining will not affect the number of words read from memory. In Strip-2x3 the 

windows overlap, allowing vertical stripmining to reduce the number of memory accesses. Because 

loop stripmining does not affect configuration download or the memory traffic between host and 

RCS. the reported measurements are only of the loop executions on the RCS.

7.4.1.1 Vertically stripm iniug a 1x3 window

Since a 1x3 window does not read any memory location more than once, any gains in performance 

will be due to increased parallelism and reduced iteration overhead. Three vertical stripmining tests 

have been performed with the S trip -1x3 code, using .arrays of 2-bit. S-bit and 32-bit data.

Table 7.1 shows the results of the 2-bit .stripmining tests run on the One-PE system. Tlu* first 

three columns art* FMAPs (FPCIA internal logic space), clock frequency resulting from place-and- 

route. and execution time (not including configuration download time or the data transfers between 

host and RCS.) The remaining columns are inferred values: the number of cycles is computed by 

multiplying the clock frequency by the execution time, and the number of iterations and memory 

accesses are calculated knowing the stripmine dimensions anil the array size. Xote that the 2-bit 

data  elements are packed in the RCS’s 32-bit words, so one 300-element row of the source array takes 

19 words of memory, with the entire image consuming 3,762 words. Because rows are word-aligned, 

the 198x298 result array also takes 3.762 words. The last column of the table represents both reading 

and writing accesses. Also note that, since stripmining can leave a "fringe” that is not touched by 

the larger window, the number of memory accesses varies somewhat for different stripm ine depths.
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stripm ine
dimensions FMAPs

clock
freq

(MHz)

exec
time

(msec)
cycles

(XIOOO)
iterations 
(X 1000)

mem word 
accesses 
(X 1000)

1x3 726 9.18 8.12 74.54 59.004 7.524
2x3 802 8.93 4.42 39.47 29.502 7.524
3x3 877 8.05 3.41 27.45 19.668 7.524
4x3 903 S.65 2.47 21.37 14.602 7.448
5x3 986 8.18 2.17 17.75 11.622 7.410
6x3 1113 8.41 1.87 15.73 9.834 7.524
7x3 1093 7.14 1.86 13.84 8.344 7.44S
8x3 1096 9.41 1.32 12.42 7.152 7.296
9x3 1194 5.47 2.14 11.71 6.556 7.524
10x3 1240 8.06 1.31 10.56 5.662 7.220
11x3 1318 7.08 1.46 10.34 5.364 7.524
12x3 1373 4.93 1.92 9.47 4.7GS 7.29G
13x3 1153 7.42 1.24 9.20 4.470 7.410
14x3 1509 4.35 2.03 8.83 4.172 7.448

Table 7.1: Vertical stripmining performance im 198x31)0 2-bit elements using S trip -1x3 rode. The 
lower bound on number of rvdes is the max of the iterations and word accesses: tin* dominant value 
is underlined in each row.

so r
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3 4 7 8 10 II  12 13 146
vertical stripmine dimension

Figure 7.G: Comparing cycles used (left bar) and minimum cycles required (right bar) for the data  
of table 7.1.
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The FMAPs show a growing consumption of FPG A  logic space as vertical stripmining deepens. 

The 14x3 code uses 1509 C’LBs, about 59% of the chip. The clock frequency goes generally downward 

as the FMAPs increase, although the heuristic place-and-route process causes significant random 

variation in frequency. The execution time drops significantly as stripmining deepens, though it is 

not monotonic due to the variation in clock frequency.

Performance measured in number-of-cvcles perhaps is more interesting than the actual execution 

time. The clock cycles drop monotonically as stripmining deepens. The number of iterations goes 

down with deeper stripmining because the window step size grows. There is a Generator-based LB 

on the number of cycles required for each window size, found by taking the max of the iteration count 

and the number of memory accesses. For the shallower window sizes the iteration count determines 

this lower bound, but starting  with an 8x3 window the memory accesses set tin* bound. At 14x3. 

the S.83 Kcycles are approximately 18% over the lower bound of 7.45 Kcycles. In other words, there 

are relatively few cycles in which memory is not being .accessed. Figure 7.0 shows a bar graph that 

compares the measured number of cycles with the G’enerator-b;ise<l LB. It is useful to note that, 

since a 1x3 window does not read data  more than once, the last column of the table (the number of 

memory accesses) is also the f/O  LB for this com putation, since all source elements must be read 

and all result elements must be written. Thus, at a 14x3 stripmining dimension, the number of 

cycles used is not far from the ideal, assuming that only one local memory is used.

The same experiment w:is performed on the Two-PE system, and yielded the results shown in 

table 7.2. In this system the loop generator is in one FPGA and the remainder of the loop is 

in another, so there are two FMAP entries for each code. Since this system reads and writes to 

two separate memories, the Generator-based LB is the max of the number of iterations, reads and 

writes. In all cases the iteration count dominates, so that stripmining is effective here by reducing 

the number of iterations. In all cases the number of cycles is only a few percent above the lower 

bound. (For the last two it is slightly below the lower bound, which must be attributed to various 

sources of measurement error in the system.)
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stripmine
dimensions FMAPs

clock
freq

(MHz)

exec
time

(msec)
cycles 

(X 1000)
iterations 
(X 1000)

mem read 
accesses 
(X 1000)

mem write 
accesses 
(X 1000)

1x3 500
769

8.03 7.52 00.39 59.004 3.762 3.762

2x3 037
799

7.89 3.84 30.30 29.502 3.762 3.702

3x3 705
882

7.91 2.50 20.25 19.668 3.762 3.702

4x3 772
951

8.30 1.81 15.02 14.602 3.724 3.724

5x3 773
1012

8.01 1.50 12.02 11.022 3.705 3.705

fi.x3 S73
1033

7.40 1.38 10.21 9.S34 3.762 3.7G2

7x3 933
1099

7.78 l . l l 8.04 8.344 3.724 3.724

8x3 980
1211

7.80 0.95 7.17 7.152 3.648 3.018

9x3 988
1200

7.95 0.93 7.39 0.550 3.762 3.702

10x3 1070
1322

7.07 0.77 5.91 5.062 3.610 3.610

11x3 1142 
1409

8.00 0.74 5.92 5.364 3.762 3.702

12x3 1232
1547

5.86 0.83 4.80 4.76S 3.048 3.648

13x3 127S
1557

4.59 0.92 4.22 4.470 3.705 3.705

11x3 1358
1525

4.45 0.93 4.14 4.172 3.724 3.724

Table 7.2: Vertical stripmining performance on 198x300 2-bit elements using S trip -1x3 code and the 
Two-PE system. The lower bound on number of cycles is the max of the iterations, read accesses, 
and write accesses. The dominant value is underlined in each row.
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stripmine
dimensions FMAPs

clock
freq

(MHz)

exec
time

(msec)
cycles 

(X 1000)
iterations 
(X 1000)

mem word 
accesses 
(X 1000)

1x3 680 9.17 12.95 118.75 59.004 29.700
2x3 744 9.31 7.19 66.94 29.502 29.700
3x3 860 8.41 5.90 49.62 19.668 29.700
4x3 864 8.54 4 . (0 40.57 14.602 29.400
5x3 978 9.01 3.91 35.23 11.622 29.250
6x3 1023 7.02 4.60 32.29 9.834 29.700
7x3 1101 7.61 4.16 31.66 6.344 29.400
8x3 1131 8.57 3.59 30.77 7.152 28.800
9x3 1233 7.58 4.16 31.53 6.556 29.700
10x3 1276 7.30 4.12 30.08 5.662 28.500
11x3 1361 4.90 6.36 31.16 5.364 29.700
12x3 1445 5.33 5.65 30.11 4.768 28.800
13x3 lol l 4.27 7.14 30.49 4.470 29.250
1 1x3 1579 2.96 10.31 30.52 4.172 29.400

Table 7.3: Vortical stripmining performance on 108x301) S-bit elements using S trip-1x3 code. The 
lower bound on number of cycles is the max of the iterations and word accesses: the dominant, value 
is underlined in each row.
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Figure 7.7: Comparing cycles used (left bar) and minimum cycles required (right bar) for data  of 
table 7.3.
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A similar experiment, performed on a 198x300 array of 8-bit elements and using the  One-PE 

system, yields table 7.3. This time the iterations determine a lower bound for only the 1x3 case; all 

others are memory constrained. The iterations are identical to the 2-bit table, but the number of 

memory accesses is nearly four times larger because of the 8-bit array elements. (Because of word 

alignment, the memory access ratio compared to the 2-bit tests is slightly less than four.) At an 

Sx3 stripmine. the number of cycles has reached a plateau. For 1-1x3. the actual number of cycles is 

about -1% greater than the lower bound. Figure 7.7 shows the bar graphs for these data.

Finally, the same experim ent performed on a 198x301) array of 32-bit elements yields table 7.-1. 

The memory accesses establish the lower bound of required cycles in all cases. At 11x3 the cycles 

used are about above the lower bound. Note that the 10x3 case could not he routed during the 

placcwind-route phase. Also note the unusual cast* of 3x3. where the number of cycles used is only 

U.-l'Z above the required minimum. There is currently no known reason for this anomalous data 

point. Figure 7.8 shows the bar graphs for these data.

7.4.1.2 Vertically stripm ining a 2x3 window

The 2x3 window in Strip-2x3 has vertical overlap, so vertical stripmining of such a window affects 

tin* amount of data read from tin* R.CS local memory. This means that the Generator-based LB and 

the I/O  LB will not be the same. As stripmining deepens, fewer rows are redundantly read and the 

Generator-based LB moves closer to the I/O  LB.

Table 7.5 shows the da ta  for this experiment. The number of memory accesses is computed 

using three values: the num ber of rows read per horizontal sweep, the number of rows w ritten per 

sweep, and the number of sweeps performed (i.e. the vertical loop extent). The number of rows 

read is the vertical window size, and the number of rows written is one less than the vertical window 

size. The number of sweeps is derived directly from the com putation described in section 4.1.3.1 

that computes the start index of the fringe array. For example, consider the 7x3 case. T he number 

of rows read in a sweep is seven, and the number of rows written is six. There are 7a words in a 

row, so there are 13 x  75. or 975 words accessed per sweep. The fringe index equation says that 

the fringe starts at vertical index 192, and since the step size is six, there are 192/6. or 32 sweeps.
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stripmine
dimensions FMAPs

clock
ffeq

(MHz)

exec
time

(msec)
cycles 

(X 1000)
iterations 
(X 1000)

mem word 
accesses 
(X 1000)

1x3 632 10.04 23.67 237.65 59.004 118.404
2x3 734 9.66 15.39 148.67 29.502 118.404
3x3 860 8.56 13.89 118.90 19.668 118.404
4x3 887 8.84 14.93 131.98 14.602 117.208
5x3 1023 9.33 13.77 128.47 11.622 116.610
6x3 1085 8.36 15.38 128.58 9.834 118.404
7x3 1194 8.S3 14.23 125.65 8.344 117.208
8x3 1274 7.45 16.40 122.18 7.152 114.816
9x3 1348 4.32 28.93 124.98 6.556 118.404
10x3
11x3 1543 3.25 38.11 123.86 5.364 118.404

Table 7.4: Vortical stripminiug performance on 198x300 32-bit elements using S trip -1x3 code. The 
lower hound on number of cycles is the max of the iterations and word accesses: tin* dominant value 
is underlined in each row.
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Figure 7.8: Comparing cycles used (left bar) and minimum cycles required (right bar) for data of 
table 7.4.
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Thus there are 975 x 32. or 31,200 memory accesses performed. The Generator-based LB in the 

2x3 case is determined by the iteration count, while the others are determined by the number of 

memory accesses. The last column of the table represents the I/O  LB and varies slightly because 

the amounts of data  read and written change due to varying fringe effects. As stripmining deepens, 

the Generator-based LB gets close to the I/O  LB (29.325 versus 28,125 for the deepest case).

The number of cycles executed decreases monotonically in this experiment. At the deepest 

stripmine. 12x3. the number of cycles is about 5% larger than its Generator-based LB. and 9% 

larger than the I/O  LB. Figure 7.9 shows a bar graph of the cycle times.

7.4.1.3 Conclusions about stripm ining

Vortical .stripmining is a highly effective optimization, reducing the number of local memory reads 

;is well as reducing total loop overhead. Stripmining can bring the number of cycles impressively 

close to the lower bound for a given set of loop parameters. On the Wildforce board, stripntining's 

effectiveness has been limited by FPGA space constraints. With larger FPGAs. stripminiug should 

be effective on actual IP loops.

7.4.2 Array blocking

Array blocking is closely related to stripmining and was described in section 1.1.3. To test the 

effectiveness of array blocking, the 2x3 window code of section 7.1.1.2 and its stripmined variants 

were used, but with an added block (500.500) pragma to move data  to the RC’S in 250.000-byte 

chunks. A 3000x4000-byte image was used for the test, so the image is broken into -18 blocks. The 

FPGA configurations were the same as those in section 4.1.3: only the host code changed.

As expected, the data  transfer times did not vary for the different levels of stripmining. The 

download times were 2.0 msec per block, for a total of 100 msec and a transfer rate 120 MBytes per 

second. The upload times were 3.7 msec per block, for a total of 178 msec and a transfer rate of 

67.5 MBytes per second. The 500x500 block is 4.21 times the size of the 198x300 image used in the 

stripmining experiments. The execution times for each block varied within a narrow range of 4.21 

to 4.40 times the corresponding time in the stripmining test. These results demonstrate that array 

blocking on this system is an effective way to deal with the limited memory sizes on the RCS.
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strip
dimen­
sions

FMAPs
clock
freq

(MHz)

exec
time

(msec)
cycles 

(X 1000)

vert
loop

extent
iterations 
(X 1000)

mem word 
accesses 
(X 1000)

I/O LB 
(X 1000)

2x3 724 9.18 14.48 132.93 197 58.706 44.325 29.625
3x3 827 8.20 8.97 73.55 98 29.204 36.750 29.475
4x3 948 9.20 5.84 53.73 65 19.370 34.125 29.325
5x3 1023 8.97 4.94 44.31 49 14.602 33.075 29.475
6x3 1121 7.50 5.08 38.10 39 11.622 32.175 29.325
7x3 1195 7.92 4.26 33.74 32 9.536 31.200 28.S75
8x3 1300 7.94 4.25 33.75 28 8.344 31.500 29.475
9x3 1444 6.70 4.86 32.56 24 7.152 30.600 28.875
10x3 1461 6.19 5.11 31.63 21 6.258 29.925 28.425
11x3 1582 4.84 6.49 31.41 19 5.662 29.925 28.575
12x3 1664 4.36 7.05 30.74 17 5.066 29.325 28.125

Table 7.5: Vertical stripmining performance 0 1 1  198x301) 8-bit elements using Strip-2x3 cock*. Tlu* 
lower bouml on number of cycle's is tlu* max of the iterations and word accesses: the dominant value 
is underlined in each row.
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Figure 7.9: Comparing cycles used (left bar) and minimum cycles required (right bar) for data of 
table 7.5.
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7.4.3 Loop fusion and nextification

The loop fusion approach described in section 4.1.4 fuses a producer/consum er loop pair. It creates 

a new loop with a window large enough to read from the source array all values that are needed to 

compute one value of the result array. After fusion, the loop body produces the required interm ediate 

array ralucs that are needed to compute one element of the result, and often these values are 

computed redundantly in multiple iterations. Thus, by itself this transformation reduces host-R.CS 

memory traffic, but at the cost of a significantly larger loop body. The memory traffic between the 

FPGA anil its local memory is reduced somewhat as well, and loop overhead may be reduced since 

fewer total loop iterations arc* run.

To measure the effects of loop fusion, the code shown in the appendix, section A.3. is used with 

an input array of 198x300. The first loop runs a 2x3 window over the image, producing a 197x298 

result. To each window it applies a function that has enough work to make the example interesting 

but still lit the space limits of the Wildfotre's FPGA after fusion. The second loop also uses a 2x3 

window, producing a !90x29G result. Without loop fusion, the present system retinites two host-ti>- 

RC’S array downloads and two RCS-to-host tirrav uploads, for a cost of 2.SG msec. It also requires 

a configuration download for the second loop, costing LUG msec. Fusion produces one loop with a 

3x5 window: out* array download and one array upload are required, costing 1.43 msec. There is no 

need for a new configuration download. Figure 7.10 shows a time-line that contrasts the unfused 

and fused timings. Here the configuration download time has been left out of the unfused time-line: 

if it had been included, the time-line would stretch across four pages.

The first two entries of table 7.6 show the performance data for the unfused and fused loops. 

Measured in number of execution cycles, the fused loop is nearly twice as fast as the unfused loop 

pair. 146.71 Kcycles versus 264.78 Kcycles.

Though the current system is not able to allow multiple loops to reside in the FPGA sim ulta­

neously. a reasonable system should be able to accommodate both loops, and the unfused time-line 

without the configuration download should be possible in the future. Also, a future compiler modi­

fication should allow the upload and download of the intermediate array  to  be eliminated, keeping
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d a ta  d o w n lo a d s  d a ta  u p lo a d s
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Figure 7.11): Timo-Iines of unfused anil fused loops. The current system requires a reconfiguration 
between tlu* loops of the unfused example. If the configuration download time had been shown, the 
first time-line would stretch across four pages.

code FMAPs
clock
freq

(MHz)

tirue per 
sweep 
(msec)

exec
time

(msec)
cycles

(xlOOO)

number
of

stripes
iters

(xlOOO)

mem word 
accesses 
(xlOOO)

unfused 847
724

9.33
9.18

14.25
14.36

14.25
14.36

132.95
131.83

58.706
58.016

44.325
43.904

fused 1778 7.06 20.78 20.78 116.71 58.016 58.604
fused/next 1146 8.61 0.102 20.00 172.20 196 58.016 58.604
strip(-lx3) 1447 7.81 0.125 12.25 95.67 98 29.008 43.904
strip(5x3) 1734 8.10 0.130 8.45 68.45 65 19.240 38.805

fused/next(alt) 1154 8.27 17.77 17.77 146.98 58.408 58.800
strip(4x3) 1463 8.37 9.66 9.66 80.88 29.204 44.100
strip(5x3) 1770 6.82 8.56 8.56 58.34 19.370 39.000

Table 7.6: Performance of loop fusion with stripmining and nextification on a 198x300 8-bit array. 
The bottom  three entries use the alternate approach to nextification.
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the da ta  on the RCS. Even after such system improvements, fusion will yield significant benefits, 

reducing compute time by more than 25% in this example.

The main disadvantage of SA-C's loop fusion transformation is its FPGA logic space consump­

tion. In this example, six identical subgraphs of function fTs code body tire in the fused loop, 

contributing to its 1778 FMAPs. (Even so. note that the unfused loops together used 1571 FMAPs. 

Fusion trades an increase in code body for a reduction in window generators. Unfused. there are two 

generators. After fusion, there is one.) Loop nextification (and window narrowing) can reduce the 

number of duplicated code bodies, in this case eliminating four of the six since they are computing 

values that were already computed in previous iterations.

The general form of nextification. described in section -1.2.1. comes at the cost of breaking the 

loop into a loop pair. The outer loop runs on the host and produces horizontal stripes of the source 

array. Each is sent to the RCS. which uses it to compute a row of rhe result. If the fused loop is 

uextified. its window can be narrowed from 3x5 to 3x3. since the left two columns are not used. The 

main code is shown in the appendix, section A. 1.

FPGA space is reduced from 1778 FMAPs to IMG FMAPs. but nextification leads to the time- 

line at rhe top of figure 7.11. There are 19G horizontal stripes of data: each is sent to the FPGA. and 

the result row is reail back. Clearly the compute/communicate ratio is very poor here. The third 

entry in figure* 7.G shows tlu* performance data. Each data download and upload takes 0.U53 msec, 

and each execution takes U.102 msec. Thus this nextified loop takes -10.77 msec to run. double the 

time of the fused loop before nextification. The number of FPGA cycles grows after nextification 

due to the increased overhead of starting and stopping each of the stripe computations.

However, the space saving from nextification can be used to stripm ine the loop. There are fewer 

and deeper stripes of data  after stripmining, and the communicate time reduces because the number 

of transfers is reduced. The fourth and fifth entries in table 7.6 show the performance d ata  for 4x3 

and 5x3, and the second time-line in figure 7.11 shows the 5x3 case. The total time to execute the 

4x3 case is 22.83 msec, while the 5x3 case runs in 15.99 msec, an improvement over the simple fused 

case in spite of the inefficient movement of data.

144

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm ission .



3x3 {S ° re

3x3 iB H B f e $ 3 S S S $ ^ ^ d : |M M I S S ^ ^  (6U > ore

I__________________ I__________________ I__________________ I__________________I__________________ I__________________ I__________________ I__________________ I__________________ !__________________ 1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
msec

Figure 7.11: Time-lines of fused and nextified loops, before and after stripmining. The timeline is 
the concatenation of outer loop iterations, each with three parts: download, execute and upload. 
The first timeline completes after -10.77 msec, compared with 15.99 msec for the second one.
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Figure 7.12: Performance of fusion and related optimizations.

Section 4.2.2 described an improved nextification approach that can he applietl to this example.

Tlu* resulting code is shown in the appendix, section A.5. The hist three entries of table 7.0 show

the performance of this loop, along with 4x3 and 5x3 stripmined versions. The number of cycles is

reduced by roughly 10% compared to the previous nextification approach. Note that the number of

iterations and memory accesses is slightly larger because of the added iterations that initialize the

nextified values.

Figure 7.12 summarizes the loop fusion performance with the various other optimizations. Fusion,

nextification and stripmining have reduced the total time from 31.5 msec to 10.0 msec. FPGA space

limitations prevented deeper stripmining, which probably would have yielded further improvements.
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FMAPs
clock
freq

(MHz)

exec
time

(msec)
cycles 

(X 1000)
LB 

(X 1000)
before 862 7.56 17.59 132.98 58.10

866 8.96 14.83 132.88 58.51(*)
after 762 9.13 16.16 147.54 59.10

643 8.65 16.98 146.88 58.51(*)
fused 892 9.27 12.76 118.29 58.51(*)

strip 6x4 1921 5.18 6.80 35.22 32.18

Table 7.7: Array combining, with a  198x300 u in t8  input array. The (*) lower bounds come from 
the number of loop iterations: the others are from the number of memory accesses.

7.4.4 Array combining

Section 1.2.4 discussed the idea of combining arrays in situations where multiple arrays are passed 

between a producer/consumer loop pair. By combining the arrays into one. tin* upper loop Ims just 

one loop return and the lower loop has just one generator. To test the effects of this transformation, 

the coties shown in the appendix, section A.G. wen* used. The arrays are unihed by bit-concatenating 

the values inside the loop and storing them in a single* array. The lower loop reads rallies from the 

array and breaks them into two values for its loop body. Table 7.7 shows tin* performance results. 

After combining the arrays, the execution time rose bv a very small amount, probably not significant 

after one considers the somewhat arbitrary nature of the clock frequencies. However, the number of 

cycles rises from 265.86 to 294.42 Kcycles after arrays have been combined. It is not clear why this 

should be.

While combining arrays did not by itself improve performance, it did enable loop fusion. (The 

present fusion implementation does not handle multiple edges between a loop pair.) After fusion, the 

performance is significantly improved. Both real execution time and number of cycles is reduced by 

more than half. Stripmining to a 6x4 window improves performance even more, reducing execution 

time from 32.42 msec originally to 6.80 msec, and the number of cycles from 265.86 to 35.22 Kcycles. 

This compares with a Generator-based LB for the 6x4 case of 32.18 Kcycles: stripmining has gotten 

to within 10% of this bound. This loop is not a  good candidate for nextification. since there is little 

work in the upper loop body, and nextification trades upper loop bodies for registers.
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7.4.5 Performance conclusions

Graph simplifying optimizations are important, both for the sake of reducing the size and complexity 

of a graph and for setting the stage for other optimizations. The Prewitt DFG, for example, was 

simplified significantly. Bit-width narrowing, however, was found to make little difference in FPGA 

space consumption for an unrolled square root, probably because the VHDL compiler is also able to 

remove connections that are not needed.

Array and loop size propagation is vitally im portant in setting the stage for full loop unrolling, 

which itself is important since it can turn a higher-level loop into a bottom-level loop. Loop restruc­

turing optimizations were highly effective, especially when applied together. Producer/consumer 

loop fusion speeds up com putations considerably, primarily bv reducing the data  traffic between 

the FPGA and its local memory. Stripmining adds further improvement by reducing still further 

the local data traffic as well as reducing the number of loop iterations. Finally, loop nextification 

reduces FPGA space consumption by eliminating redundant computations across loop iterations. 

This in turn may leave space for deeper stripmining.

Combining arrays between a producer/consumer loop pair did not improve performance, though 

it is still useful in that it sets the stage for fusing the loops. Array blocking, on the other hand, 

is effective in circumventing the size limits of the FPGA local memories. There is no significant 

penalty paid for breaking a large array into relatively few rnnrstr-grain chunks and processing them 

one by one. However, in a larger context the need for array blocking could be detrimental since 

other parts of the computation might benefit from keeping an entire array in local memory rather 

than in host memory.
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Chapter 8 

Future work

The research described ill this document ran  he continued in a variety of directions. What follows 

is a uim-comprehensive list of some possible directions for further research.

8.1 Language enhancements

The SA-C language was designed very conservatively, in order to allow quirk progress without 

complicateil side issues. As rhe system matures it is worth considering ways to broaden the language. 

A variety of items may In* considered:

• Returd data structures wen* omitted in SA-C. simply to streamline the initial system deve|o[>- 

ment. (A SA-C programmer can circumvent this somewhat by concatenating values together 

in hit vectors, as long as they don't exceed the 32-hit limit.) But records are important for 

software engineering reasons, and in some cases they can be useful since they store data in an 

order that may improve locality. They should be added to the language.

• Recursion was not allowed in SA-C. in order to simplify program analysis and because it 

makes little sense in an FPGA-based environment. (There is no function-calling mechanism 

on FPGAs.) However, recursion can be useful in cotie intended for execution on the host 

machine, and probably should be available to a SA-C programmer.

• In the image processing and computer vision worlds (the application area of primary interest 

to the Cameron Project), it is often the case that a program's inputs and outputs are streams 

of data. e.g. frames received in real-time from a video camera. A stream  data  structure in
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SA-C would accommodate programming for these and introduce a  non-strict data  structure 

into the language. (This would be similar to Sisal, where the stream  is the lone non-strict data 

structure in the language.) While non-strictness tends to complicate program analysis for the 

compiler, it can be highly useful to programmers.

•  The SA-C language, because of its intended target architecture, has emphasized regidar data 

structures and access patterns, hence the language has very poor support for expressing ir­

regular program behavior. For example, while SA-C has borrowed FortranOO’s ability to read 

sub-arrays, it does not have a corresponding array-targeting capability. For example, a pro­

grammer cannot easily express the it lea of **A[lo:hi] =  <expr>". Of course, this is a problem in 

general for pure functional languages, since updatable memory does not exist in tlu* semantics 

of these* languages. However, many functional languages have* array "updating" functions that 

taki* existing arrays and some kind of target specification, ami return a new array that looks 

like an updated version of the source array. Under some circumstances compiler analysis can 

do update-in-place in rhe generated code*, yielding execution efficiency similar to that of im­

perative programs [7]. Some* effort should be* devoted to looking at ways to allow SA-C arrays 

to be described in terms of existing arrays, ami with syntax that is as consistent as possible* 

with that of the e*xisting array-reading operators.

8.2 More complete im plem entation of SA-C capability

The development e)f the SA-C compiler was driven by the requirements of the early SA-C programs, 

particularly the VSIPL routines. Some low-priority items were bypassed when producing DFGs. 

including the handling of complex int and com plex fix values, and the handling of the cross 

operator in loop generators. Complex arithm etic probably should be handled during the DDCF- 

to-DFG translation, breaking the complex values into explicit individual edges and using low level 

integer operations that already exist in the DFGs. The cross operator of a loop generator creates 

fundamental problems in translation to DFGs: There is no way. with current DFG nodes and 

semantics, to express the generator interaction that takes place in a cross operation. Either the
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DFG form must be altered to accommodate the operator, or the SA-C compiler could break a cross 

operation into an explicit loop nest and then translate the inner loop to a DFG.

8.3 SA-C in a mixed-language environment

Since a  SA-C source file is compiled to an object file, it is possible for that file to be linked with 

object files that may have originated from other languages, e.g. C. Fortran, assembler, etc. making 

it possible to use a mix of languages at the function call level to express an application. It is possible 

both to call SA-C routines from other languages as well as to call a foreign language routine from a 

SA-C program. The former mode is safer and probably more useful. While calling a foreign language 

routine from a SA-C program is possible, the routine would have to be written carefully so that it 

did not violate SA-C".s single-assignment semantics.

To call SA-C from C'. the primary challenge for the programmer is the exposure of the SA-C 

run-time system internals. For example, a user wishing to pass a C array to a SA-C' routine must 

first put the array into the appropriate data structure, and a C’ program receiving an array returned 

from a SA-C routine must either convert it back to C (since SA-C’s use of dope vectors may leave 

the elements in the wrong order) or use array-referencing macros that already exist in the run-time 

system. A serious effort toward supporting mixed languages would include the development of an 

interface layer that would shield the user from the internal details of the SA-C run-time system. 

This would also allow SA-C compiler developers to make changes to the run-time system structures 

without breaking users' existing codes.

8.4 Host code efficiency

The emphasis of this research has been on compiling SA-C code to RCS hardware, and the host 

C code generation in the compiler has been done with little regard to efficiency. Rather, simplicity 

anil correctness were the guiding principles. There are many opportunities for improvement in the 

host code, including array update-in-place, more efficient reduction implementations, elimination of 

unnecessary value masking, and freeing of heap-allocated objects.
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8.5 Handling results of unknown sizes

In the current SA-C system implementation, the host code (generated from the interface portion of 

the RC.COM PUTE graph in the DDCF form) allocates target space for the values to be written 

by the loop executing on the RCS. During execution, the host is suspended until a "done” signal is 

received. Thus the current implementation is limited to loops where the target array sizes are known 

when the loop is about to be executed. This approach does not allow for the execution of while 

loops (since the iteration count is not known at allocation time) or loop-return operators that can 

produce varying sized results. An important of example of the latter is the co n ca t operator: the 

sub-arrays that arc* eoneatted are allowed to vary in their rightmost dimensions, and the compiler 

cannot in general predict the sizes of the suli-arrays.

To solve this problem in a general wav. the host could allocate on the RCS an accumulation 

buffer of some specified arbitrary size. The RCS can write to the buffer and signal the host when it 

is full. The host can upload the partial result, and signal tlu* RCS that it can continue writing to the 

now-empty buffer. The work involved to include this capability woidd recpiire small changes to the 

DDCF graphs and DFGs. and changes to tlu* code generator and the protocols used to communicate 

between the host and the RCS.

8.6 More loop fusion

Tlu* beginning of section 4.1.4 showed three kinds of loop fusion, the first two of which have not 

yet been implemented. If these fusion transformations were included, they could interact favorably 

with the producer/consumer fusion that already exists in the compiler, making it possible to  fuse a 

variety of loops in various configurations.

8.7 M ultiple independent loops

The current system allows only one loop to exist on the RCS at any one time, and the run-time 

system downloads a new FPGA configuration each time a loop is to be run. unless it is already 

loaded. In the case of repeated execution of the same loop this approach works fine: The loop is
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loaded once for the first execution and no reloads are necessary. But in the case of executions that 

alternate between two loops, the slow configuration speeds can kill performance. In cases such as 

this, it would be highly beneficial if both loops could exist in the FPGA and the host could select 

which loop to  activate at any given time. In the current hardware, this is usually not practical 

because the small FPGAs typically have insufficient space for multiple loops, but this will become 

increasingly im portant as FPGA logic capacities grow.

To adil this capability to the system, the protocols between the host and RCS woidd have to 

be expanded to allow the host to specify which loop to run: this should not be difficult. A more 

interesting issue is the m atter of determining in the general case which loops to pack together, 

assuming tha t a program Inis too many loops to fit simultaneously. It's likely that programmer 

control here is needed, since the compiler cannot know in general what the sentience of loop calls 

will be. User control in turn would benefit greatly by a quirk FPGA space estimation function to 

aid in selecting fejtsible loop parkings.

8.8 Loop pipelines

If multiple loops can fit on an FPGA. then a logical next step is the placement of a pro­

ducer/consum er loop pair on the FPGA. While the* SA-C compiler can fuse such loops under some 

circumstances, loops whose production and consumption orders differ will not fuse. In this case it 

would be useful to put both loops on the FPGA and have them connected by an appropriate data 

transfer mechanism. There are significant challenges here with regard to the compiler’s ability to 

infer useful information about the patterns of da ta  production and use. as well as bounds on the 

required transfer memory size anti methods of synchronizing the two loops.

8.9 N ested  loops

Since this project hits demonstrated tha t a complete loop, including generators and return collectors, 

can be placed on an FPGA. it is possible in principle to place a loop nest on an FPGA. This would 

be useful in a situation where a large loop. i.e. with enough work to be worth rtmning on RCS. 

contained a loop that is too small to be worth running independently on the RCS. It would also be

152

R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .



useful in a setting where the SA-C compilation system might be used to produce complete stand­

alone FPGA codes, i.e. in a  system that has no host machine. In th a t case, feasibility rather than 

efficiency is im portant.

8.10 R educing host-RCS traffic

There are various opportunities for making host /RCS data communication more efficient. For ex­

ample. consider th e  case of a producer/consumer loop pair that could not be fused. In the current 

system the host moves the results of the first loop from FPGA local memory to host memory, then 

sends it back to the  RCS to be read by the second loop. This useless round trip could hi* eliminated. 

More complex situations can also arisi*. For example, one of the nextification transformations breaks 

the source array into overlapping stripes, each of which is sent individually to the RCS. It should 

he possible instead to  send the complete source array down once and then, for each RCS call, send 

a pointer to the s trip e  to be read.
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Chapter 9 

Conclusions

9.1 Conclusion

Field Programmable Gate Arrays (FPGAs) have been available for approximately fifteen years and 

have experienced gains in gate count anti speed similar to those of conventional microprocessors. 

Currentlv-available FPGAs can be reprogrammed in a m atter of milliseconds, making them inter­

esting candidates for recontigurable computing, in which specialized circuits can be produced for 

specific programs to execute more efficiently titan a sequence of instructions on a CPU. Algorithms 

that exhibit parallelism and art* highly regular may benefit from the use of FPGAs.

This research has presented an alternative to tin* conventional ways of programming FPGAs. 

SA-C (derived from "Single-Assignment C” ). is a pure functional algorithmic language intended for 

the expression of image processing (IP) applications. SA-C"s functional nature makes the compiler's 

job easier, as compared with imperative languages: parallelism is easy to detect, .and analysis and 

transformations are fairly straightforward. Perhaps the most important part of the language is its 

loop window gttntmtors. They were designed to make many IP algorithms easy to express, but this 

research has shown them to be useful in expressing various graph restructuring transformations. 

A Data Dependence and Control Flow (DDCF) hierarchical graph form has been presented, as an 

intermediate form in which the SA-C compiler performs all of its optimizations.

Many conventional optimizations have been implemented in the SA-C compiler, primarily to 

set the stage for other analysis and optimizations th a t are particularly relevant when compiling to 

FPGAs. Array and loop size propagation have been found to  be tremendously important in the
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compiler, for they infer loop extents tha t can often allow a  loop to be fully unrolled. This in turn 

may allow a higher level loop to be put on the RCS. Lookup tables may be an im portant optimization 

when mapping codes to FPGAs. but the capabilities of the system did not allow their effects to be 

measured for this dissertation.

Three graph structuring optimizations have been shown to be highly effective, especially when 

combined, and all three are performed using SA-C's window generators. Stripmining. especially 

in the vertical dimension, is a method of reducing loop iterations as well as reducing the number 

of source array rows that are read redundantly. Loop fusion reduces host/RCS memory traffic ;us 

well as reducing loop iterations and local memory/FPGA traffic. Xextihcation reduces redundant 

computations that are often caused by fusion, reducing FPGA space use and thereby allowing deeper 

stripmining to be applied.
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Appendix A

Test codes

A .l Square root code

The following .shows a square root function embedded in a loop so that it can he converted to a 

DFCI. This loop is described in section 7.3.1.

u in tl6 [:J  m ain  (u in t32  A[:]) { 
u in t l6  R[:] =  

for a in A
return (array ( s q .r o o t  (a ) ) ) ;

} retu rn  (R);

u in t ! 6  s q .r o o t  (u in t32  vsqn) { 
b its3 2  vsq  =  vsqn; 
b its3 2  a sq  =  0: 
b i t s l 6  a =  0: 
b its 3 2  tv sq  =  0;

u in t l6  v  =
fo r  u in t4  i in [16} {

b its32  nasq =  ( ( b i t s 3 2 ) ( ( u in t 3 2 ) a s q + ( u in t l6 ) a ) < < 2 )  | O bi; 
b it s l6  sa =  a < < l ;
next tvsq =  ( t v s q < < 2 )  | ( ( b i t s 2 ) ( v s q > > 3 0 ) ) ;  
n ex t vsq =  v s q < < 2 ;  
next a, next asq  =

if (nasq < =  tv sq )  return ( s a |0 b l ,  n a sq )  
e lse  return ( sa , a s q < < 2 ) ;

} return (final (a ) ) ;
} return (v);
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A .2 Prew itt edge detector code

This is the edge detector code described in section 7.3.2:

uint8[:,:] prewitt (uint8 lmage[:,:]) {
int2 H[3,3] =  {{-1,-1.-1},{ 0.0.0}.{ 1.1.1}}; 
int2 V[3.3] =  {{-1. 0. 1}.{-1.0.1}.{-1.0.1}}; 
uint8 res[:,:] =

for window W[3,3] in Image { 
i n t l l  sh, in t l l  sv =

for h in H dot w in W dot v in V
return (sum ((in tll)w * h ), sum ((in tll)w *v)); 

uintlO shp. uintlO svp =  absval (sh), absval (sv);
} return (array ((u in t8)(((b itsll)m agnitude (shp. sv p ))> >3)));

} return (res):

uintlO absval ( in t l l  v) return (v<0?(-v):v);

u in tll  magnitude (uintlO a. uintlO b)
return ( (u in tll)sq rt ((uint22)a*a (uint22)b*b));

A 3x3 window traverses the Image array. Each 3x3 window is multiplied point-wise by a horizontal 

mask (H) and a vertical mask (V). and the values are accumulated into two sums. Tin* magnitude of 

those two sums is the return value for that window. Various type casts are used to cause arithmetic 

to he* clone with sufficient hit widths. Since the* magnitude values arc* eleven hits wide*, a right-shift 

of threc> bits normalizes the result hack to eight, bits so that it is viewable by tools such ;is .re. (Tilt* 

right shift could be replaced by a divide-by-eight: the compiler strength reduction pass will convert 

such a divide to a right-shift.)
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A .3 Example of loop fusion opportunity

The following code is used to dem onstrate loop fusion in section 7.4.3:

uint8[:.:] main (uint8 A[:,:J) { 
uint8 R0[:,:j =

for window W[2.3] in A 
return (array (f (W ))); 

uint8 Rl[:,:] =
for window W[2.3] in RO

return (array (array.max (W )));
} return (R l):

uint8 f (uint8 W[2,3|) {
uint8 vO =  W[0.0] +  W [l.lJ: 
uint8 v l =  W[0.1] +  W [l,oj; 
uintl6  v2 =  (uintl6)v0 * v l: 
uint8 v3 = W [l,2] +  W[0.2]; 
u in tl6  v4 = (uintl6)v3 * 5; 
u in tl6  v5 = v2 - v4; 
uint8 v7 =  if (v5 > 3562) return (v5-l) 

else return (v 5 + l);
} return (v7);
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A.4 Exam ple of loop fusion followed by nextification

The following code shows the effects of nextification after the loops of section A.3 have been fused:

uint8[:,:] main (uint8 A[:.:]) {
-  uint32 d =  extents (A); 
uint8 R[:,:] =

for window Stripe[3,d] in A {
uint8 S00 =  f (Stripe[0:l,0:2]); 
uint8 SOI =  f (Stripe[0:l,l:3]); 
uint8 S10 =  f  (Stripe[l:2,0:2]); 
uint8 S l l  =  f (Stripe[l:2,l:3)); 
uint8 X[:,:] =

for window W[3,3] in Stripe[:,2:] { 
uint8 S02 =  f (W[0:1.0:2]): 
uint8 S12 =  f (W [l:2,0:2]);

uint8 T[2,3J =  {{S00. SOI. S02}.
(S10. S l l .  S12}}:

next S00 =  SOI; 
next SOI = S02; 
next S10 =  S ll;  
next S l l  =  S12:

uint8 V = array .max (T); 
uint8 R T [l,lJ =  {{V}};
} return (tile (RT));

} return (tile (X));
) return (R);
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A.5 Exam ple of loop fusion followed by alternate form of 
nextification

The following code shows the effects of the alternate form of nextification after the loops of section A.3 

have been fused:

uint8[:,:] main (uint8 A[:,:]) { 
uint8 S00 =  0: 
uint8 SOI = 0: 
uint8 SlO =  0: 
uint8 S l l  =  0;

uint8 R[:.:] =
for window W[3,3] in A {

uint8 S02 = f (W[0:1.0:2]); 
uint8 S12 = f (W [l:2.0:2]);

uint8 T[2.3] =  {{S00. SOI. S02}, 
{S10. S l l .  S12}};

next S00 =  SOI; 
next SOI =  S02; 
next SlO =  S l l ;  
next S l l  = S12;

uint8 V = array .max (T); 
uint8 R T [l.ll =  {{V}};
} return (tile (RT));

} return (R[;,2;j);
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A .6 Example of array combining

The following codes show an array-combining example, used in section 7.4.4, before and after:

ufix8.2[:,:] main (uint8 A[:,:]) { 
uint8 R0[:,:], uint8 Rl[:.:] =  

for window W[2,3] in A
return (array (array.max (W)), array (array.min (W))); 

ufix8.2 Res[:,:| =
for window W 0[l,2] in RO dot window W l[l,2 ] in R l

return (array (((ufix8.2)W 0[0,0]+W 0[0,l]+W l[0,0j+W l[0,lj)/4)); 
} return (Res);

ufix8.2[:,:] main (uint8 A[:.:]) { 
bitsl6 R0[:,;] =

for window W[2.3] in A {
uint8 mx =  array.max (W); 
uint8 mn =  array.min (W); 
b itsl6  v = ((b itsl6 )m x<< 8) | (bits8)mn;
} return (array (v)); 

ufix8.2 Res[;,:| =
for window W [l,2] in RO { 

uint8 mxO =  W [0.0]>>8; 
uint8 mnO =  W[0.0]; 
uint8 m xl = W [0.1]>>8; 
uint8 m nl = W[0.1j;
} return (array (((ufix8.2)m x0+m n0+m xl+m nl)/4)); 

} return (Res);
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