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ABSTRACT

Partial Evaluation for Code Generation from
Domain-Specific Languages

Jia Zeng

Partial evaluation has been applied to compiler optimireéind generation for decades.
Most of the successful partial evaluators have been degigngeneral-purpose languages.
Our observation is that domain-specific languages are altabe targets for partial eval-
uation. The unusual computational models in many DSLs becimgllenges as well as
optimization opportunities to the compiler.

To enable aggressive optimization, partial evaluation tbalse specialized to fit the
specific paradigm of a DSL. In this dissertation, we presergd such specialized patrtial
evaluation techniques designed for specific languagesatidress a variety of compila-
tion concerns. The first algorithm provides a low-cost sotufor simulating concurrency
on a single-threaded processor. The second enables a eongpdompile modest-sized
synchronous programs in pieces that involve communicatyates. The third statically
elaborates recursive function calls that enable programeedynamically create a sys-
tem’s concurrent components in a convenient and algorghvay. Our goal is to demon-
strate the potential of partial evaluation to solve chajleg issues in code generation for
domain-specific languages.

Naturally, we do not cover all DSL compilation issues. Wedopr work will enlighten

and encourage future research on the application of paxt&liation to this area.
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Chapter 1 1

Chapter 1

Introduction

1.1 Motivation and Purpose

Partial evaluation (PE) optimizes programs by speciabpatThe idea is simple: consider
the logic function k@y) v z If yis always 1, we can simplify the functioniov z. In other
words, we customized ay“= 1” version of this function. To a partial evaluator residant
a compiler, the inputs used for specialization must becstathey can be some variables
whose values are known, or even the structure of the progeang ltompiled.

The main purpose of this dissertation is to demonstrate otengial of partial evalua-
tion to solve challenging issues in compiling domain-spetanguages (DSLs), which are
designed to be used in specific fields of programming, suclaes f6r creating parsers and
Verilog for designing hardware. To illustrate how to desayndfective partial evaluation
technique for a specific DSL, and we demonstrate three Phitpods that address various
problems during code generation from DSLs.

By comparing DSLs to general-purpose languages (GPLs), mexstrate some char-
acteristics of DSLs that enable PE to work aggressively ohdD3Ve compare dierent

DSLs in the same domain, and we illustrate their special egatpnal models and com-
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int i = 1; int i = 1;

if (A >0) { System.out.println("i = 1");
System.out.println("i = " + i);

} else {

System.err.println("Negative number!");

}
Figure 1.1: An example in Java. (a) Original code. (b) Aftertial evaluation.

pilation challenges, which explain why it is necessary teigie specific PE techniques for
a DSL instead of using existing general partial evaluators.

Partial evaluation is well known for its application to cailep optimization and com-
piler generation. It is also referred to peogram specialization A specialized program
usually runs faster than the original version since theigdavaluator may restructure the
program’s logic and carry out part of the computation at citerjgme. Figure 1.1 shows
a print program in Java that can be simplified by partial estadum. Nevertheless, the spe-
cialization process is nontrivial; it may change the semgantause an explosion in code
size, or even may not terminate. For example, if in the Jasangke the variablés value
relies on the input, the partial evaluator may explore adigilnle values ofand hence never
terminate. Therefore, most PE techniques are conservative

General PE techniques usually involve constant propagdtbop unrolling and inlin-
ing. Yet, PE is not just a collection of these techniquess itombination of compilation
techniques, language and semantics. Compared to constgaigation, which only deals
with static values of variables, PE focuses on static “prigp&’ of a program [26]. There-
fore a PE system commonly performs in-depth flow analysisragdires comprehensive
knowledge of semantics. For example, knowledge of datastgpd bounds on variable val-
ues, which are not helpful to constant propagation, may bd fag program specialization,
as Consel and Khoo show [26].

Our observation is that a domain-specific language, whichahaimple but concise
syntax, is a suitable target for applying partial evaluatidhe simplified syntax eases the

analysis workload of PE and enables PE to deeply understendamputational model
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underlying the program. Unfortunately, our survey of PEnidmo successful partial eval-
uator for DSLs, in part because most earlier work has focese@PLs. Although some
early work did apply PE to optimization or automatic compdeneration for DSLs, such
techniques were too general to achieve any significant ingonent. In contrast, PE in
a restricted setting works mor@ectively for a specific paradigm. Each PE technique we
demonstrate in this dissertation, for example, is cangfiglsigned for the specific model of
computation in the corresponding DSL. Each language’siapfeatures bring challenges
as well as optimization opportunities to the compiler. Oxpeximental results show that

PE is dfective at addressing these challenges.

1.2 A Brief History of Partial Evaluation

In 1952, Kleene [54] was the first to formulate partial evéilva(PE). Hiss—m—ntheorem
claims that, for an arbitrary functiohwith m+ n arguments, when the values of the first
arguments are given, there always exists a specializedidmgthat takes th@ arguments
and behaves the same. More important, he proved there isgaapnato construct the
specialized function. His theorem was later extended taovga program’sféciency by
specialization. Lombardi and Raphael, according to Jonék Were the first to use the
term “partial evaluation” in 1964 [45].

Most of the early work applied PE to compiling and compilengeation [43, 23, 6]. At
that time, the most significant benefit that compilers gainech PE was not giciency but
automation. Based on the fact that a partial evaluator is grano by itself, Futamura [39]
foresaw the self-application of PE, i.e., compiler generatHe did some experiments but
never proved this idea. Proof would have to wait until 198bewJones et al. [46] created
MIX, the first practical self-applicable partial evaluator a language of first-order recur-
sive equations. Later, more research was conducted on vingrefficiency of compiled
code generated by a partial evaluator, mainly by reduciagrterpretive overhead added

by the evaluator. Jagrgensen [48], for example, managednpit® a lazy functional lan-
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guage to generate code that runs faster than the commeraigenerated code does. The
boom in research on PE in 1990’s prompted the first PE condergnthe US: the ACM
SIGPLAN Symposium on Partial Evaluation and Semantics-8&segram Manipulation
(PEPM).

Because of its conceptual simplicity and great automatiartjgd evaluation has been
applied to many areas other than compilation, such as pattatching, circuit simulation,
numerical computations and computer graphics.

Traditional partial evaluators can be divided into two sk&s online andffiine. An
online partial evaluator, which typically resides in théempreter, relies on the concrete
values computed at run time and makes decisions on the flyt diitise early partial eval-
uators were online, which made them accurate but often Vewy o make specialization
decisions at run time, an online partial evaluator usuathpeds an interpreter in the gen-
erated program. Not being carefully optimized, this intetpr can cause an intolerable
speed penalty.

An offline evaluator, in contrast, generates more general code e program spe-
cialization relies on preprocessing results, not inputieal It is usually separated into at
least two stages. One is preprocessing, or binding-timgysisathe other is the special-
ization phase. The binding-time analyzer is responsiblecétiecting information, then
determining whether the evaluation of an expression carohe dt compile time or has to
be deferred to run time. Later this information will be usedtiide the specialization of the
program [24]. All the PE techniques we introduce in laterpthes are filine. Some patrtial
evaluators aggressively combine these two methods toachiest result [15], i.e., if an
expression can be determined to be static at binding tifficme PE is applied, otherwise
it is deferred to be treated by online PE at run time.

There are now many partial evaluators for general-purpasguages, such as C-Mix
for C [40], JSpec for Java [65] and SML-mix for ML [13]. One dfet most successful is
Tempo, an €line C specializer developed in the Compose project at INRIA. [Esom

a C program and an annotation of static inputs during speatan, Tempo performs a
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sequence of analyses (alias analysis, sitieceanalysis, binding time analysis, etc.) and
preprocessing steps (goto elimination, function pointieniaation, etc.), then passes ab-
stract code to specialization phases, which geneflteéemt code. Tempo has been applied
to various domains, including operating systems, netwagrkyraphics, etc., and proved ef-
fective. Also, some compilers for other languages [57]hsae Java and -6+, use Tempo
as an optimizing back-end.

Although Tempo accepts most of ANSI C, there are still some ptexnfeatures it
cannot deal with, such as bit fields and mutually recursiuectires. The alias analysis
has some constraints also. These complex features of Cthimgpecializer’s precision to
some degree.

The interest in applying partial evaluation to domain-sfietanguages has grown in
recent years. Burchett et al. [18] developed a partial etatuhat reduces the size of
the dynamically changed graph size when programming in tardative dataflow lan-
guage. Edwards [33] demonstrated a program specializtitetrdramatically speeds up
fixed-point simulation of signal processing kernels writte SystemC — another high-level
hardware design language like those we compare in ChaptdreaeTworks reinforce our

observation that partial evaluation can be vefg@&ive in optimizing DSLSs.

1.3 Outline of the Dissertation

This dissertation is organized as follows:

Part | (Chapter 1) provided an overview of the dissertatiowel as an introduction
to partial evaluation. We first reviewed the basic concegiantial evaluation, its advan-
tages and disadvantages for compilation application. $ongdjuish PE from traditional
optimization techniques, we compared it to constant prapagy as an example. The brief
survey of partial evaluation in Section 1.2 introduced thigio of PE, its early applica-
tions, classification and the state of the art. We briefly &ixggld our thesis statement that

specialized PE is ideal for DSL compilation but left the dstep following chapters.
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Part Il (Chapter 2) introduces the other important concefitisxdissertation: domain-
specific languages. The purpose of this part is to providdemsawith some background
knowledge of domain-specific languages and the compilati@ilenges they pose. We
answer three questions here: why DSLs are useful in theiagsnwhy partial evaluation
can be fective for DSLs and why we must use specialized PE technigat=ad of general
ones to solve the problems of DSL compilation.

The answer to these questions motivates our considerati@sbs in our research:
a DSL, whose syntax is usually simpler than a GPL, relievesctimpiler from complex
semantic analyses but requires the partial evaluatoreesid the compiler to understand
its specific model deeply to achieviective optimization results.

Part Il (Chapter 3—Chapter 5) is our main technical contrdng. We present three
PE techniques for code generation that are applied to twouwoent, deterministic DSLs.
These techniques remove concurrency (Chapter 3), enaldessepompilation (Chapter 4)
and unroll recursion (Chapter 5). Although the first two aneHsterel, a concurrent syn-
chronous language, they approach the languafjjerently. The specialization processes,
therefore, are also fierent.

The algorithm described in Chapter 3 enables tifieient simulation of synchronous
concurrent programs on a single-threaded processor. 8ymmins languages, such as Es-
terel, provide embedded system designers a convenienth@ioyjuarantees deterministic
concurrency. However, it is nontrivial to statically schédsuch a concurrent program
running on a single-threaded processor. The data depem@®nang threads may cause
frequent switches that bring considerable overhead. Théico we propose is to first
eliminate as many control dependences in the program a#fms<., to break the source
code into many small and concurrent pieces. The newly expposecurrency, instead of
introducing higher scheduling overhead as one would imegginfact provides the sched-
uler more choices and enables it to form larger and hence f@omic blocks. In this way,
it minimizes switching overhead and generates much mi@i@ent code.

The second algorithm we implemented for Esterel enablesratgly compiling code
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segments of a synchronous design (Chapter 4). For a larggndé@ss normal to first code
and test every module individually, then assemble them. é¥ew if some modules form a
communication cycle, the inputs that rely on other modutegputs may not be available
at run time to begin with. It would be very complex to write agram that handles all
these cases explicitly. In this case, partial evaluati@avipes us an automatic way to infer
the extra behavior. Performing an abstract three-valuadlation, the compiler generates
descriptions that respond to unknown inputs. To keep treedfithe generated code under
control, we try to identify equivalent states during the giation. The generated code,
therefore, can tolerate unknown inputs and be compiledratgiqa

In Chapter 5, we present a PE technique that statically edd®irecursive function
calls in SHIM programs. For a valid hardware design, it petunon-recursive code that
is guaranteed to use bounded resources. Like Esterel, SHiWHes deterministic concur-
rency but presents it in an asynchronous model that useszeods-style communication.
Its recursive function calls enable users to construct gopat structures dynamically. To
make such programs predictable yet flexible, we use pax#lation to eliminate recur-
sion and replace it with static concurrent structures whessibple. The algorithm applies
customized constant propagation and function inliningrtmll cycles in the function call
graph (recursive calls) as well as those in the control-floaph (loops).

These various customized PE techniques illustrate thenpatef partial evaluation to
effectively solve compilation challenges of DSLs. They alsovsithat aggressive opti-
mization of a DSL requires a PE technique to be designedubréd fit the specific model

defined by the language’s semantics.
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Chapter 2

Domain Specific Languages

In this chapter, we introduce some domain-specific langa&gdlustrate the importance
of DSLs and the challenges they present for compiler cocistmu Understanding these
issues will help the reader to better appreciate the maghmieal contributions in the
later chapters. We start with a special category, detestiinconcurrent languages (Sec-
tion 2.1), whose model has been used in hardware design ¢éadds and which has also
been gradually adapted to software design. Most of our resésbased on these kinds of
DSLs, especially on Esterel and SHIM, whose interestingetsand challenging features
inspired our work. We compare these two DSLs to Bluespechanabncurrent language
for hardware design, to illustrate theffédrent compilation challenges even for languages in
the same application domain.

In Section 2.2, we present AG, a DSL of our own design. We bhelii to emphasize
the importance and unique aspects (challenges) of DSLstoatkemonstrate how a DSL
can facilitate the design of special-purpose systems (eagdware circuit design, dataflow
analysis, etc.). AG is designed to generate dataflow analy2d/e focused on making
its syntax concise with anftardable performance penalty. At the end of Section 2.2, we
introduce some related work and conclude.

Besides the languages’ diversity, the comparison amongattevare design languages

illustrates one of our hypotheses: specialized partiduesi@n techniques rather than gen-
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eral ones are needed to achieve aggressive optimizatiddSbs. Therefore, a deep un-
derstanding of a DSL's semantics is essential for devetppifective PE techniques for
it.

A domain-specific language is designed to serve a specifttdighrogramming, such
as Verilog for RTL (Register-Transfer Level) design, Matfabmath computation, HTML
for web page description, etc. They are usually designeld satme specific syntax con-
structs and combined with some built-in facilities that mdéke design work more conve-
nient and icient.

The diversity and sophistication of the engineering induistspired the birth of DSLs.
In addition, a well-developed DSL may even boost the pragpef the related domain.
Verilog [71], for example, enabled the automation of citalesign, which heavily de-
pended on manual design before 1980s. Manual design wasresdir time-consuming
and tedious; every chip at that time could only contain haddrof transistors. During
1980s, things changed with the automation of circuit designch enabled the faster de-
sign of larger systems. Many languages and tools were daselspecifically in this area
at the same time. Verilog, which started as a simulationdagg to describe the algebra of
digital logic computation [38], soon became popular bottdwse of its flexible syntax for
describing test benches and because of its integratedpeidormance simulator. Later,
Synopsys adopted Verilog for RTL logic synthesis. It hasibesry successful since then.
Verilog helped users to better understand the behaviel-teedeling of the circuit, which
in fact sped up the automation process of hardware design.vidoare able to put millions
of transistors on a chip, which would not have happened witktte invention of Verilog.
Verilog shows how a well-designed DSL can have a major beakiicpact on a discipline
— in this case, hardware engineering.

Compared to a general-purpose language (GPL), a DSL uswha lsimpler syntax
designed to concisely fit the logic and behavioral model snapplied field. Table 2.1
summarizes the fferences between DSLs and GPLs. For example, when modeling a

control-dominated embedded system, which has to meet kath thme control and ef-
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DSLs GPLs

concise syntax very yes
general application no yes
specific model yes no
difficulty of semantic analysis low high
effective PE technique specialized general

Table 2.1: Comparing DSLs and GPLs

ficiency requirements, Esterel can provide a determingtid concurrent solution that is
more elegant andf&cient than a C solution. GPLs are not an ideal solution ingpecific
domain because the designers’ concerns are not well agdrbgsny GPL. Consider Java.
Garbage collection, which has been welcomed by generas usens out to be the reason
that embedded system designers reject the language; lommtigpl of memory makes them
worry about unpredictable behavior occurring in a system.

The characteristics of DSLs listed in Table 2.1 relieve cibanp from complex se-
mantic analysis but place higher optimization requirermaent these compilers. As we
demonstrate in the next few chapters, partial evaluatieas @ogood job of optimization.
It can dfectively improve the performance of the generated code. edew the various
models of DSLs demand that specific partial evaluation tiegtas have to be designed for
different models to achieve the best optimization result. Theapavaluation technique
we introduce in Chapter 3, for example, works well on Estdret,would not be helpful
for VHDL. By analyzing the data and the control dependenaieBsterel programs, the
compiler increases the degree of concurrency in the codéhasgrovides more flexibility
to the optimization step that manages to generfiteient code. General PE techniques
would not work well in this case since Esterel is a concurtenguage and the primary
performance penalty comes from context switching betwherats. So we customized a
graph transformation that was originally used for seqa¢miogram optimization rather

than using general PE techniques. Moreover, we specidiwedata dependency analysis
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for the synchronous communication model in Esterel. Oureergental results show a
more than four-fold speedup over existing tools, much béhien what general PE could
achieve.

By comparing and analyzing filerent models, this chapter explains why the partial

evaluation techniques described in following chaptersinede radically dierent.

2.1 Deterministic Concurrent Languages

From multithreaded programming to multi-core system dgstgncurrency has many ap-
plications. But many concurrent models do not guaranteerrdetesm, i.e., a program
may behave dierently at diferent times, even for the same input. To address this concern
certain DSLs for hardware design define strict semanticesoire both concurrency and
determinism. Esterel, for example, allows concurrentatissso communicate through sig-
nals in a single clock cycle but in a strict manner, i.e.,edlders must wait for other writers
that set the signal’s value. On the other hand, SHIM, whiabsdwot provide global vari-
ables, instead uses single-input channels for interpsocesymunication. Through these
strict semantics, these DSLs provide ideal solutions fergies that demand determinism
and high d#iciency. Embedded system design, which is naturally desdrds a combi-
nation of concurrent processes and does not expect anyemaaate behavior, is a good

example of where we need these deterministic concurrensDSL

2.1.1 Esterel

Designed by Berry in 1982, Esterel [11] is a synchronous,ezgcicurate parallel lan-
guage that uses a strict communication pattern. Dedicateebictive systems, it empha-
sizes that users can describe control concisely. An Espeoglram consists of several
modules, each of which has inputs and outputs. A module, @srsin Figure 2.1, may
contain multiple threads, separated by double bars. Theghma step to a global clock

and communicate with each other using a disciplined meshanin each clock cycle, the
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module example:

input A;
output B, C, D;

loop % Thread I
present B then
emit C
end present;
pause
end
I
loop % Thread II
present T else
present A then
emit B
else
present C else
emit D
end present;
end present;
end present;
pause
end

end module

Figure 2.1: An example in Esterel

program computes its outputs and progresses to the neatlstaed on its inputs and the
previous state.

Signals carry and deliver the major information throughtet program by broadcast-
ing. These signals can be classified into input, output acal kignals. A module’s inter-
face, for example, is composed of infuuttput signals. Normally, a pure signal in Esterel
carries either a present or an absent Boolean value; suclia faalan input signal is de-
termined by the environment. An output or local signal’aseglby contrast, can be set by a
statement. This value does not persist between cycles. &ettid values of present and ab-

sent, we will introduce the third possible value of a signahknown - in Chapter 4, which
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may occur when some input signals are intermediate outpuaiher running modules.

The syntax of Esterel is not complicated. We show a smallgfattin the example in
Figure 2.1, which implements two synchronized threads.rftleead in the example is
enclosed in an iterativieop statement that takes more than one cycle to complete because
of the pausestatement, which idles for a cycle. Esterel does not alldvainycle loops.
The other statementpresentandemit, execute within a cycle. Theresentkeyword tests
a given signal’s value angimitsets a signal to present, respectively. Comments are denoted
by %.

Despite its concise semantics, Esterel can be used to defitreecpmplicated interac-
tions between threads, which can make it hard to genefiiteeat code. To simulate con-
current threads on a single-threaded processor, threaglbana to interleave during exe-
cution. Instead of shared memory or semaphores, threadséndt communicate through
signals and follow the rule of reader-after-writer to emsdeterminism. In Figure 2.1, for
example, Thread | has to start running only after ThreadntesiThread Il may set sig-
nal B's value, which Thread | requests. However, the else brafdrhcead Il contains
a present test on signél. To acquireC’s value, the program is forced to switch from
Thread Il to I. Such sequential ordering is not always sdgttéorward and may involve
many possible choices during compilation. Therefore, mining the number of context
switches becomes the key to boosting the performance ofgieuecode.

The synchronous and imperative semantics of Esterel dymogramming but com-
plicate code generation. Esterel requires any implementab deal with three issues:
the concurrent execution of sequential threads of contitblinva cycle, scheduling con-
straints among these threads due to communication depeisdeand how (control) state
is updated between cycles. To solve these issues, mdleyaiit techniques have been
proposed. The Esterel V3 compiler translated programstn@ata. This produces quite
efficient code but the size of the generated code may be expaheri avoided the scale
problem by generating circuit-like code, but this turned toube slow at run time. Later,

Potop-Butucaru [63] created a new intermediate representdR) and optimizations that
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greatly improved the generated code. Based on this new IRhenddrk by Edwards [29],
we developed a compiler that, by analyzing data and conapéddencies in a program,

makes aggressive optimizations and generdtasent and compact code.

2.1.2 SHIM

SHIM [32], invented by Edwards & Tardieu recently, providesolution for designing
heterogeneous embedded systems: systems combined cdisoétad hardware. Software
modules are commonly event-driven, flexible and fit well wiite asynchronous model.
SHIM takes the asynchronous approach where threads onthsymze with others when
they must communicate.

In heterogeneous systems, especially when hardware atwiasefhave to commu-
nicate frequently, the SHIM model shows advantages ovethspmous languages. The
Robby Roto game, a traditional video game system, is a goodm@gaithe software typi-
cally runs at a frequency as low as 180 Hz, while the the hameles&requency is 14 MHz
- about 80,000 times faster. Obviously it would be maitecent to simulate these two at
different clock frequencies and design an asynchronous iogefte them. Flexibility is
beneficial in these kinds of circumstances.

The syntax of SHIM is similar to C, but its use of concurrencyg @s rendezvous com-
munication facility make it dferent. Figure 2.2 shows a sample program that deals with a
sequence of integers. In this program, there’s only onetimmenain() that contains three
threads where Thread Il and Il respectively receive evehaid numbers from Thread
|. These threads are running concurrently, as the keywardiefines, and synchronize on
channeloodd andn. Thesendandrecv statements indicate where a thread rendezvous on
a channel. Unlike when a thread communicates through \asah thread will block on
a channel if its peer — another thread that communicates @chtnnel — is not ready.
The nextkeyword representsecv when appears on the right side of an assignment and
sendwhen it appears on the left. In this progranext oddin Thread | meansendsince

it setsodds value in the statement. The other two threads recedds value. A channel
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void main() {
int n = 0;
bool odd = 1;

try {
{ //Thread I
for (5;){

if (n < 10){
next odd = 1 - odd;
send n;
n=n+1;

3

else
throw T;

}
par
{ //Thread II
for ;)
if (!(next odd))
recv n;
}
par
{ //Thread III
for (53)
if (next odd)
recv n;
}
} catch(T) {}

Figure 2.2: A simple example in SHIM

15
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must have exactly one sender but may have multiple receivengs scheme makes the
communication among concurrently running processes atraspbgraph, which may be
cyclic.

SHIM defines a complicated exception handling system thapexates with concur-
rency. Generally speaking, a thread that communicatesamgtother thread will “die” if
its peers are aborted. For example, Thread Il (Figure 2.Bjclwcontains an infinitéor
loop, seems to run forever. Nevertheless, when its peera@hréhrows an exceptioi
and terminates, Thread Il will terminate as well, as will &&ad I1l. This process is also
called “poisoning” because it appears that the terminatioa to the exception is being
propagated among threads through channels.

The computational model of SHIM is based on Kahn networkg. [48lthough the
scheduling-independent character of the model allowsdhgpder to make many schedul-
ing choices, it is still hard to generate fast code from a Sighgigram. One way to make
the code run fast is to know at compile time when threads wilkdezvous. In the exam-
ple in Figure 2.2, Thread Il will only retrieve the value frofinread | through channel
n when the next integer is even. The process of actually datergrwhen the threads
will rendezvous, however, can become fairly involved. Iditidn, fanout and cyclic com-
munication may further complicate the situation; becaddbese challenges, a compiler
may have a diicult time statically scheduling the code. Furthermore gption handling
presents another challenge. Consider three threads A, B, &dtc@ntains both A and B:
in other words, both A and B are child threads of C). Even ifdldré raises an exception,
thread C can potentially keep running because B may bffegtad by the exception from
A. Tardieu and Edwards provided some rules to handle exarepin their work [70].

Recursion in SHIM presents another challenge. SHIM providesrsive function calls
to enable succinct designs. However, a design with recialils may need unbounded
resources. This is unacceptable for hardware implementtso it is sometimes necessary
during the compilation process to eliminate recursion. \Wigppse an algorithm to trans-

form a program with recursion to one only requiring boundesburces when possible.
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(* descending_urgency = ‘‘proc2, procl, proc@®’’ *)

rule proc® (cond®);
X <= X + 1;

endrule

rule procl (condl);
y <= X;
endrule

rule proc2 (cond2);
X <= x -1;

endrule

Figure 2.3: An example in Bluespec

More details are included in Chapter 5.

Although both SHIM and Esterel are concurrent, determmistd modular, they ad-
dress diferent concerns in embedded system designs. Esterel usgsittieonous model
to provide precise control over system timing while SHIM sisiee asynchronous model

for flexibility.

2.1.3 Bluespec

Bluespec is another concurrent and deterministic tool fodware design. It is based
on Hoe and Arvind’s 1999 proposal [44] of a synthesizablenTRewriting Systems (TRS)
model for microprocessor designs. The tool provides a Ifdfities, including optimiza-
tions, long-bit-vector support and verification. Theselitaes are attractive for high-level
designs.

The language is called Bluespec Verilog (BSV) since its syrstakmnilar to Verilog but
without thealwayskeyword. Like other hardware design languages, it is styetyped
and side-#ect free. A BSV design is composed of modules. Each modulades| a de-
scription of the system state elements, such as registdratamic behavioral components

(rules). The segment of BSV code in Figure 2.3 contains thulss iand registers andy.
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Each rule’s body describes the allowable sequence of statsitions and its head speci-
fies the condition under which the rule is enabled. The pube0, for example, increases
X’s value when the Boolean conditi@ondOQis satisfied. Although rules can involve com-
plicated transitions, such as ones containing method, @lksry rule is atomic, i.e., the
specified state transition cannot be interrupted.

The main challenge for the BSV compiler is to build a run-tirdeexlule that assures the
atomicity constraints of the rules. Unlike Esterel and SHilllere a designer defines the
control logic of the system, Bluespec has the compiler irfierdptimal control structure
from the rules. In other words, the TRS model implies what saeqas of state transition
are possible. Rules that do not modify the same state elemayntom scheduled to run
concurrently. For example, the rulpsocO and procl have no conflict, so they can run
in parallel if their conditions are true simultaneously. eTitulesprocO and proc2, on the
other hand, both write to registgr When they are both enabled, the compiler has to check
the priority specification, such as the first line in the exbar(Figure 2.3), or raise an
error. Since a rule can invoke method calls, the state itseadvrites may be distributed
across several modules. This makes the automatic genmeddtamntrol logic even harder.
Furthermore, any change in a module or its related modulest beuverified to guarantee
atomicity.

A smart schedule may lead the compiler to generate codéiaget as hand-coded
Verilog [4], but heavy reliance on the compiler may raisea@ns of losing control over

the behavior of the system, especially for large designs.

2.2 A Little Language for Generating Dataflow Analyzers

To illustrate in detail how a domain-specific language cdp teesimplify the development
process, we present a little language called Analyzer G¢orein this section. The concise
syntax of the language can greatly reduce code size. Werdleauce some potential PE

optimization opportunities provided by the language atethe of this section.
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Dataflow analysis is a well-understood and very powerfuhtégue for analyzing pro-
grams as part of the compilation process. Virtually all cderp use some sort of dataflow
analysis as part of their optimization phase. However, itegeing well-understood theo-
retically, such analyses are ofterftiult to code, making it diicult to quickly experiment
with variants.

Our domain-specific language, Analyzer Generator (AG)ttmsizes dataflow analy-
sis phases for Microsoft’'s Phoenix compiler framework. A@els the fussy details needed
to make analyses modular, yet generates code that i§ieie®t as the hand-coded equiv-
alent. One key construct we introduce allows IR object éags be extended without
recompiling.

Through AG, we demonstrate how necessary and helpful a DSthen we design
programs applied to a specific domain. Experimental resultdree analyses show that
AG code can be one-tenth the size of the equivalent handwi@t+ code with no loss of

performance. It shows that AG can make developing new dataitalyses much easier.

2.2.1 Coding Dataflow Analysis Algorithms

Modern optimizing compilers are sprawling beasts. GCC 4féraxample, tips the scales
at over a million lines of code. Much of its heft is due simptyits many features: com-
plete support for a real-world language, a hundred or motenggation algorithms, and
countless back-ends. But the intrinsic complexity of iteinal structures’ APIs and the
verbosity of its implementation language are also signiticantributors.

We address the latter problem by providing a domain-spédeifiguage, AG for “An-
alyzer Generator,” for writing dataflow analysis phases icrbsoft's Phoenix compiler
framework. Experimentally, we show functionally equiv@l@nalyses coded in AG can
be less than one-tenth the number of lines of their handec@de- counterparts and have
comparable performance.

Reducing the number of lines of code needed to describe aplartianalysis can re-

duce both coding and debugging time. We expect our langudgenake it possible to
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quickly conduct experiments that compare tlkeeiveness of various analyses. Finally,
by providing a concise language that allows analyses to decdtin a pseudo-code-like
notation mimicking standard texts [1], compiler studenii$lve able to more quickly code
and experiment with such algorithms.

One contribution of our work is a mechanism for dynamicakieading existing classes.
In writing a dataflow analysis, it is typical to want to add nigsids and methods to existing
classes in the intermediate representationif the analysis. Such fields, however, are un-
needed after the analysis is completed, so we would likesitadd them. While inheritance
makes it easy to create new classes, most object-oriergddges do not allow existing
classes to be changed. The maiffietience is that we want existing code to generate objects
from the new class, which it would not otherwise do.

The challenge of extending classes is an active area ofrodsgathe aspect-oriented
programming community [52], but their solutiongtér from ours. For example, the very
successful Aspectd [51] language provides the intertypdacions that can add fields
and methods to existing classes. Like ours, this technitjoergnew class fields and
methods to be defined outside the main file for the class, itisnapile-time mechanism
that actually changes the underlying class representagguiring the original class and
everything that depends on it to be recompiled. In AG, onéydbde that extends the class
must be recompiled when new fields are added.

MultiJava [22] provides a mechanism that is able to extendtieg classes without
recompiling them, much like our own, but their mechanisnmyailows adding methods,
not fields, to existing classes.

In AG, we provide a seamless mechanism for adding annotatmexistingr classes.
In AG code, the user may access such added fields with the sauple syntax as for fields
in the original class. Adding such fields does not requir@mgaling any code that uses
the original classes.

We implemented our AG compiler on top of Microsoft's Phograxframework for

building compilers and tools for program analysis, optiatiizn, and testing. Like the SUIF
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system [76], Phoenix was specifically designed to be exténsind provides the ability,
for example, to attach new fields to core data types withouinigeto recompile the core.
Unfortunately, implementing such a facility i+G (in which Phoenix is coded) has a cost
both in the complexity of code that makes use of such a fgdliid in its execution speed.
Experimentally, we find the execution speed penalty is less factor of four and could be
improved; unfortunately, the verbosity penalty of usingtsa facility in G-+ appears to

be about a factor of six. Reducing this is one of the main adwpad of AG.

2.2.2 The Design of AG

AG is a high-level language that provides abstractions szidee iterative dataflow analy-
ses. The AG compiler translates an AG program inte+Gource and header files, which
are then compiled to produce a Dynamically Linked Librasm ) file. (Figure 2.4) This
pLL can then be plugged in to the Phoenix compiler and invokedgfier a program is
translated into Phoenix’s Middle Intermediate Represantdinr).

Our generated plug-in extendsobjects to collect information and invokes a traversal
that is part of the Phoenix framework to perform iterativalgsis. This traversal function
invokes computations defined in the AG program.

We follow the classical dataflow analysis approach. An AGgpam implicitly tra-
verses the control-flow graph of the program and consideese Iblock at a time. Inside
each block, the analysis manipulates its constituentuostns and operands. We thus
chose to make blocks, instructions, and operands basictsbjeAG. Phoenix, naturally,
already has such data types, but AG makes them easier toinsessir language has a
deeper understanding of them.

One of the main contributions of AG is the ability to add &itites and computations to
these fundamental data types. This facility relies on meisinas already built into Phoenix,
but because of the limitations of+G, making use of such mechanisms is awkward and
tedious to code. AG makes it much easier.

To simplify the description of computation functions, weluded new statements in
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DataflowAlgorithm.ag

l

AG Translator

l

DataflowAlgorithm.Phx.cpp/.h

l

AG Library Files —#{ Phx C++ Compilere= Phx Library Files

l

DataflowAlgorithm.dll

Figure 2.4: The operation of the AG framework

AG such adoreachand data-flow equations like those found in any compiler. t&Jd also
introduced asetdata type since data collected during dataflow analysisliysia&es the
form of sets.

AG relies on the Phoenix Traverser class. This is an itexdtiaverser that does not
guarantee boundedness. See Nielson and Nielson [60] fascassion of the issues in

guaranteeing boundedness.

2.2.3 Program Structure and Syntax

The AG language is designed for dataflow analysis. It pravatestractions for the common
features of iterative intraprocedural analysis. For usgwenience and adaptability, we
chose a syntax similar to that oG and added a variety of new statements and constructs.
Figure 2.5 shows the structure of a typical AG program to diescan analyzer. It
defines a new, named phase, extends a number of built-in Rhdasses with new fields
and methods to define what information to collect, and find#¥ines a transfer function

for the dataflow analysis.
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Phasenamef
extend classame|
field declarations...
method declarations...

void Init() { ...}

typeTransFunafirection) {
Compose(N] ...}
Meet(P){ ...}
Result(N){ ...}

Figure 2.5: The structure of an AG program

An extend classlefines a newr class that uses the Phoenix dynamically extensible
class system. New fields and methods declared in an extessl ala added as new class
members. The user may directly refer to them as if they weralmees of the original class
(our compiler identifies such fields and generates the apjtepPhoenix code to access
and call members of such extended classes). Notice the detterlared in an extend
class are “private,” i.e., they can only be applied to theesponding extend object, or in
other methods declared under the same extend class. Cyrreatbnly support extending
Block, Instr, and Opnd classes.

In each extend class, the Init method behaves (and is exkas}@n initializer just after
the constructor for the extended class.

Each phase has a single TransFunc that defines the returangpigeration direction
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(backward or forward) of the analyzer and, more importanty equations applied during
the analysis. The body of a TransFunc may define functionseagaly three reserved

functions: Compose, Meet, and Result. Compose and Meet fuiscli@ applied when the

traverser visits every blocks. The Compose function defilesdmputation inside a block
using global data. The Meet function defines the computgieformed between blocks,

i.e., to merge data from the exit of the predecessor to thg efthe successor. The Result
function defines operations to be performed just after #@iion. It usually propagates
information to the objects that make up the blocks, such sisuations. Other functions

may be declared in the TransFunc; they can be called by tke tl@served functions or
each other.

The user may embed arbitrary+&€ code in the body of these methods. Such code
segments are transparent to AG compiler, which simply ohesuthem verbatim in the
generated code.

We derived the syntax of AG from-&-. We present its complete syntax in the ap-
pendix; Table 2.2 provides a summary. Below, we provide soetaild about its design.

Setis a data type similar tgetin the C++ standard library. It can only apply to the
reserved classes and actually refers to a set of IDs. Form@rartSeklinstr>" will be
translated into a bit-vector mapped on IDs of instructiamsmplementation. Thélap
type is similar.

During the analysis, the most relevant data are those widinnmation for the entry and
exit points of each block, so we introduced theandOut data set as built-in variables.

Except for the two logical operators, the operators in TébRcan be applied both
to integers andetvalued variables. Using the, —, and * operators generate code that
perform Or, Minus, and And operations on bit vectors.

In dataflow analysis, one often needs to iterate over a salbsdjects, so we added a
foreachstatement to do thigsoreachis a predicated iterator, meaning that it steps through
the members of a set and performs actions on only selectedarsrof the set. The user

does not have to declare an iterator specifically, just alséiof the type over which the
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data types Set Map int bool void
special variables In Out
operators +—k=4=—=+=&& ||
built-in classes  Opnd Instr Block Alias Expr Func Region
special methods Init Compose Meet Result
built-in functions DstAliasTable SrcAliasTable Print
built-in constants Forward Backward
declarations Phaseadentifier ( parameter lisf) { ... }
extend classypef ... }
typeTransFunc @irection) { ... }
statements Ivalue = expression
if ( expression { ... } elsef{ ... }
/% arbitrary C++ code%/
foreach (type varin rangewherecond. direction) { ... }

phoenix-iterator( ... ) { ... }

Table 2.2: AG Syntax Summary

iteration is occurring and the set on which to iterate. Ther usay also specify a condition
that acts as a filter and a direction (Forwardrease or Backwardecrease). The condition
is described with thevherekeyword. The syntax is shown in Table 2.2.

The type range and condition allowed are listed in the attached syntax table. The
“where conditiori and “direction’” parameters are optional.

Suchforeachstatements are translated to conditional for loops in the @nd use the
iterator macros in the Phoenix framework. Note thatfthreachstatement, especially the
predication, is not strictly necessary (an additiahas suficient), but the same can be said
of C’s for statement.

If the rangeis a Set, theypemust match its content. Otherwise, if trengeis a class,

thetypemust match one of its members. For example, each instructiatains a list of
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operands, so we can specifitygpe of Opnd and aangeof an instruction. Also, the user
may specify aconditionof “dataflow && dst” to iterate over dataflow-related destioa
operands in the list.

Phoenix provides a number of iterator macros, which can bd iusAG almost verba-
tim (see Figure 2.6 Line 9). The onlyftkrence is that in €+, a matching “next” macro
must follow the use of each iterator macro (see Figure 2.@ IL#); this is not necessary in
AG.

DstAliasTablds a reserved function that takes an aliasxag parameter and returns a
set of destination operands whose alias-tag Similarly, SrcAliasTableeturns all source

operands with the same alias-tag.

2.2.4 An Example

To illustrate AG, we present a complete example: the clak%ieaching definitions” anal-
ysis. The complete AG source is in Figure 2.6.

This algorithm computes the sets of definitions that reaetetiitry and exit points of
each basic block in a program. Following the Dragon book dldefinition of a variable
is the operand in an instruction that may assign to the Viarialm the Phoenixr, each
instruction has source operands and destination oper&odseaching definitions, we are
concerned mostly with the destinations.

The whole analysis is defined as a phase caRedchingDefg¢line 1 of Figure 2.6).
The rest of the analysis consists of extend classes thatedd &nd computations to the
built-in data types for operands, instructions, and bakicks, and description of transfer
functions.

Extend classeaugment existing data types with additional fields in whiclcollect
information and procedures for collecting it. This is s@nito extending a base class in
an object-oriented language, buffdrs because the new attributes are actually attached to
objects of the “base class” itself at the language leveljusitin objects of derived classes

(the G++ code we generate from AG actually uses class inheritance)a Bser can refer
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1 Phase ReachingDefs {
2 extend class Opnd {

3 Set<Opnd> Gen;

4 Set<Opnd> Kill;

5 void Init() {

6 Opnd opnd = this;

7 if (opnd->IsDef) {

8 opnd->Gen += opnd;

9 foreach_must_total_alias_of_tag(alias_tag, opnd->AliasTag, AliasInfo)
10 opnd->Kill += DstAliasTable(alias_tag);
11 opnd->Kill -= opnd; }

12 }

13}

14

15 extend class Instr {

16 Set<Opnd> Gen;

17 Set<Opnd> Kill;

18 void Init() {

19 Instr instr = this;

20 foreach (Opnd dstOpnd in instr where (dataflow && dst)) {
21 instr->Gen += dstOpnd->Gen;

22 instr->Kill += dstOpnd->Kill; }

23 }

24}

25

26 extend class Block {

27 Set<Opnd> Gen;

28 Set<Opnd> Kill;

29 void Init() {

30 Block block = this;

31 foreach (Instr instr in block) {

32 block->Gen = instr->Gen + (block->Gen - instr->Kill);
33 block->Kill = block->Kill + instr->Kill - instr->Gen; }
34 }

35}

36
37 Set<Opnd> TransFunc(Forward) {

38 Compose(N) { Out = In - N->Kill + N->Gen; }
39 Meet(P) { In += P->Out; }

40 }

41}

Figure 2.6: A Complete AG analysis: Reaching Definitions
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1 class OpndExtensionObject : public Phx::RbagGenTest: :AG: :OpndExtensionObject {
2 PHX_DECLARE_PROPERTY (Phx::BitVector::Sparse *, Gen);

3 __PHX_DEFINED_VIRTUAL_GET_PROPERTY(Phx::BitVector::Sparse *, Gen) __const;

4 __PHX_DEFINED_VIRTUAL_SET_PROPERTY(Phx::BitVector::Sparse *, Gen);

5 Phx::BitVector::Sparse * _local_Gen;

6}
7 void OpndExtensionObject::Init( Phx::FuncUnit *func_unit,
8 Phx::BitVector: :Sparse *PHX_ARRAY(dst_alias_table)) {

9 Phx::IR::0pnd *opnd = _this;
10 if(opnd->IsDef) {

11 this->Gen->SetBit(this->uid);

12 foreach_must_total_alias_of_tag(alias_tag, opnd->AliasTag, func_unit->AliasInfo)
13 this->Kill->Or(dst_alias_table(alias_tag));

14 next_must_total_alias_of_tag;

15 this->Kill->ClearBit(this->uid);

16}

17 }

18 void IterateData::Merge(Phx::DataFlow::Data *dependent_block_data,

19 Phx::DataFlow::Data *effected_block_data, Phx::DataFlow::MergeFlags flags) {

20 IterateData * dep_block_data = PTR_CAST(IterateData *, dependent_block_data);

21 Phx::BitVector::Sparse * Out = dep_block_data->Out;

22 if(flags & Phx::DataFlow::MergeFlags::First) In = Out->Copy(); else In->Or(Out);
23 dep_block_data->0Out = Out;

24 }

25 void Traverser::InitData(Phx::BitVector::Sparse *PHX_ARRAY(dst_alias_table)) {

26 foreach_block_in_func(block, funcUnit) {

27 foreach_instr_in_block(instr, block) {

28 foreach_dataflow_dst_opnd(dstopnd, instr) {

29 OpndExtensionObject *ext_dstopnd = OpndExtensionObject::GetExtensionObject(dstopnd);
30 ext_dstopnd->Init(funcUnit, dst_alias_table);

31 } next_dataflow_dst_opnd;

32 InstrExtensionObject *ext_instr = InstrExtensionObject::GetExtensionObject(instr);

33 ext_instr->Init(funcUnit->Lifetime);

34 } next_instr_in_block;

35 BlockExtensionObject *ext_block = BlockExtensionObject::GetExtensionObject(block);

36 ext_block->Init(funcUnit->Lifetime);

37 } next_block_in_func;

38 }

Figure 2.7: Part of the Phoenix {G) code generated by the AG compiler for the reaching

definitions example
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to new attributes as if they were already in the original £laSonsider the Opnd extend
class (lines 2-13). This adds two attributes to each opeapetand sets namégenand
Kill. As usual, th&senset contains operands that are defined within the block aaithale
immediately after it in the source code.

Thelnit function initializes the values of th@enandKill fields. The two sets are imple-
mented as bit vectors—see Lines 2-5 in Figure 2.7 for theadsiobn ofGen Lines 7-17
show the translation of thiait function. The body ofnit adds destination operands to the
Genset. Similarly, all other destination operands in the biniltestination-opnd-map-to-
alias-tag table (DstAliasTable) that have the same al@asahe operand (i.e., when both
modify the same memory location) are added toKiieset (Lines 7—11).

The Instr and Block extend classes addenandKill sets to each of their classes and
populate these sets with data frddpnd and Instr objects respectively. Lines 26-37 in
Figure 2.7 call the threlit functions (the translation of the other two are not showrgteN
that this function is synthesized completely from how thasads used in the analyzer, not
from explicit code in the AG source.

After collectingGenandKill sets for blocks, the algorithm specifies some details of the
main analysis iteration. At the beginning of the transferction TransFung the iteration
is declared to proceed in the forward direction and returet @8Opndobjects.

The extend classes are based on originalasses. The example in Figure 2.6 shows
that, to refer to fields from the extend class (e.g., Figuée Rine 8, “opnd>Gen”), the
user may use the same notation as for those in the base clgssHigure 2.6, Line 9:
“opnd->AliasTag”). These two references generate veffedent G-+ code (c.f. Fig-
ure 2.7, Lines 11 and 12).

As usual, we assume there are unique entry and exit poirftg ioantrol flow graph for
each block. “In” and “Out” are two built-in data sets relatedhe entry and the exit points
respectively. The definition for TransFunc head declaresytbe of “In” and “Out” sets as
holding operands. These two sets are usually used in theféranction to pass data.

Compose and Meet are the two main functions for defining thestea function. In
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this program, they specify the two groups of dataflow equiatia the standard way [1, Eq.
10.9]:
nBl=  [J  ouB]

B; a predecessor &
oufB] = ger[B] U (in[Bi] — kill[Bi]).

The first equation is exactly and simply included in the Meeiction (Line 39), which
computes theféect of the exit-point data from predecessors to the entmtmata of the
current block in the iterationin is related to the current block being visited, whieit
is related to the blocl that is passed to theetfunction. By default, the argument for
the Meetfunction is a basic block that represents an arbitrary preskor of the current
block. As shown in Figure 2.7 lines 18-24, the data equasdranslated into bit-vector
manipulations.

The second dataflow equation is included in @@mposdunction (Line 38), which
computes the data transformation globally from the entigtdo the exit point for a single
block. Declared as an argument to themposdunction, variableN is an extended object
of the block by default. Sinc&enandKill are fields that have been added to the Block
class (lines 27 and 28), they can be referred to as memb@éts of

A complete AG program is translated into a€ program that is compiled as a plug-
in phase that can be invoked as part of the Phoenix compilgtiocesses. It initializes
all extended objects first, then executes the forward tsavewhich applies the dataflow
equations to iteratively compute on the blocks following #tructure of the control-flow
graph until theln sets converge for every block. The generated code uses tti@magy

built into the Phoenix framework to do this; an AG user doesarite code for this.

2.2.5 Experimental Results

We tested AG on three analyses: reaching definitions, liviabtes, and uninitialized vari-
ables. We chose these three examples because a hand-weitséon of each, done by

experienced programmers, already existed in Phoenix. \Wipared the size and speed of
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Reaching Live Uninitialized
Definitions Variables Variables
C++ LOC (manual) 791 303 108f
AG LOC (manual) 41 55 94
C++ LOC (generated) 626 519 682
C++ runtime 7.3s 0.8s T
AG runtime 7.4s 3.1s 13.6s

Table 2.3: Experimental results: size and speed of AG-ge@eércode vs. handwritten.
*The manually coded live variable analysis uses hard-coeésfiwhich makes it simpler
at the expense of being far less modular.

TThe manually coded uninitialized variables analysis satie the Phoenix SSA library not

included in this count. This is a veryftirent architecture than the code generated by AG.

the generated code with the manually written version forfifse two examples because,
like our generated code, they use the Traverser class innBho&he manually written
version of uninitialized variables used Phoenix’s staitige-assignment code, which AG
does not take advantage of, so we did not experiment with it.

Table 2.3 shows our results. “LOC” indicates the number addinf code excluding
comments; times are in seconds. We computed the averagenes df these plug-ins by
running compiler with the plug-in, running the compiler mout the plug-in, and subtract-
ing these two running times. The times are thus a little sctdpecause they also include
the time to load and initialize the plug-in itself.

In each test case, thet@ code generated by the AG compiler is more than six times
the size of the AG source. Even better for AG, the manuallytemi code for reaching
definitions is even larger than the generated code. Thatdause the AG library files
include commonly used code and default methods, for exantipée constructor of the
phase.

The manually written live-variables code is smaller tham generated €+ code for
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that analysis, but this is because the manually written cmis not use the (verbose)
Phoenix extend objects.

We ran the generated Phoenix€code on a laptop with a 2.0 GHz Pentium-M proces-
sor running Windows XP. The benchmark is the Phoenix Midtdatermediate Language
reader, which can generate high-level intermediate reptasons for a variety of targets.
It is about five hundred thousand lines of code.

The AG-generated code for the reaching definitions analysis just as fast as the
manually written code on thesi. reader. Unfortunately, the live variable analysis coderun
about one-fourth as quickly, but there is a good reason fer the manually written €+
version does not use the Phoenix object-extension faditistead, it simply recomputes the
desired data every time it traverses a block. Thus, the sgiedence here more illustrates
the cost of using extension objects instead a more brutefapproach. Evidently in this
example, the computation is cheap enough so that repeatindeiss costly than saving
and recovering it later. We include the runtime for the AGeat uninitialized variables,
but do not give a time for the manually written code becausses a completely flerent

algorithm.

2.2.6 Related Work

The theory of dataflow analysis is well-studied. Kildall [38as one of the first to propose
a unified lattice-based framework for global program analyisater, Kam and Ullman [50]
addressed the iterative approach and made the theory muoceste.

Wilhelm [75] notes that there are many generic theories &aftow analysis, but few
tools are built on these theories and even fewer are widalgmed. One big reason is
the lack of a standard mid-level program representationeXgect the Phoenix compiler
framework to address this problem, at least for objectrbei@ imperative languages. An-
other reason for the lack of tools is their complexity. Thiae focus of our work is to
provide a simple language and tool for writing dataflow asasy

Tjiang’s Sharlit [72] is a tool for building iterative datefll analyzers and optimizers.
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It is built on thesuir [76] generic compiler construction framework. Howevera@ih did

not introduce a new language. It uses+«and provides some APIs, much like the Phoenix
environment, and its focus was mostly on ifBa@ency, not its simplicity. While it makes
an implementation of an analysis much more modular, it ramdificult to use.

A few tools require an explicit definition of the lattice usadiataflow analysis. Exam-
ples include Alt and Martin'sac [2], Venkatesh and Fischerssare [74], and the flexible
architecture presented by Dwyer and Clarke [28]c B well-known and has been used
in industry. There are many similarities between AG akxd both use basic blocks and
unchanged-pre-condition checking to improve the speetefienerated analyzer. Both
provide a “set” data type. Unlike AGac requires the user to specify the lattice used dur-
ing analysis, which provides more optimization choicds Widening and narrowing, and
makes it easier to verify the algorithm’s correctness, histinakesac descriptions larger
and more complex.

Some tools specifically address interprocedural analgsish as Yi and Harrison’s
auto-generation work [77]. We focus only on intraprocetaralysis, although many of

our ideas should carry over to inter-procedural problems.

2.2.7 Conclusions

To illustrate the advantage of DSLs for programming in sfi@diomains, we presented a
DSL, AG, for writing dataflow analysis phases in Microsoffkoenix framework, whose
succinct syntax greatly decreases the implementationie se as well as the workload
of dataflow algorithm designers. Experimental results sti@vmanually written AG code
can be less than one-tenth the size of the equivalent mgnuatten C++ with similar
performance. A key enabler for the simplicity of AG code ssntechanism for extending
existing IR classes, which makes it possible to extendiegisiasses without recompiling
them and allows user-level code to access these fields &g @&asypical ones.

As a small, domain-specific language, AG has some weaknddgamizing verbosity

was our focus, and we did so at the loss of some flexibility. Mbet obvious is that the user
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is forced to use the iterative analysis framework, evendghd@hoenix has other options,
such as lattice and static single-assignment frameworkBodgh AG has some high-level
types such as sets and maps, its type system is limited aschdbsupport strings, arrays,
arbitrary iterators, and so forth.

AG is also currently limited to analyses running on the mediavel intermediate rep-
resentation (MIR), although it could be extended to handierst Furthermore, AG pro-
grams currently only handle user-defined variables; theynmaplicit temporary variables
in the MIR are currently ignored. For example, the C statdroarihe left is dismantled as

shown on the right. AG code currently ignores the tempotary

tl =y + 3;
X=y + 3; —>
x = tl;

As with many domain-specific languages, debugging AG is sdmé problematic.
While we provide a print statement, AG does not have a dedlacd¢bugger, IDE, or any
of the other now-standard features in a development envieoih. All these could be added,
but not without a fair amount of work.

Partial evaluation may be added to improve the®ncy of the generated AG program.
Since AG takes an iterative framework, the dataflow analydigerminate sooner if the
relaxation process is quick. An online partial evaluatioattanalyzes the relaxation condi-
tion in the AG program may help. Instead of iterating on e\dock in an arbitrary order,
the evaluator can arrange the blocks in a descending ordemofast the output converges.
This should speedup the iterative analysis.

AG is constructed as a translator, so in theory most weaksessuld be fixed by ex-
tending AG, provided the new features were supported by fhoé could be extended,
say, to describe region-based dataflow analyses, or toidesptimizations. But it is dif-
ficult to say at what point AG would cease to be a domain-spelifiguage and balloon
into C++. This is also a general issue for DSLs.

Nevertheless, we believe that a factor of six in code-sigeigion justifies the extra

challenges in using a small language.
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2.3 Summary

We reviewed some domain specific languages in this chagigecally deterministic, con-
current and modular languages. In order to address a varietgncerns, DSLs, even if
designed for the same problem domain, may be built on fund&aite different models.
Their radically diterent features present particular challenges to their gerapThe com-
parison of Esterel, SHIM and Bluespec illustrates thtedences.

Compared to a general-purpose language, a DSL usually hptesisyntax that is less
flexible but more succinct and reliable for coding. Optindifer its specific model, a DSL
compiler may generate veryieient code.

This chapter prepares readers with background knowled@sak. The comparison
between DSLs and GPLs explains that, because of the sinypitnsbut special computa-
tional models of DSLs, partial evaluation may wolikegtively on DSLs as well. In addi-
tion, the comparison of fierent concurrent, deterministic DSLs illustrates thatspzed

PE techniques are required to solve various challengegbtduy specific models.
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Chapter 3

Partial Evaluation for Removing

Concurrency

Generally, concurrency in embedded systems is facilitayegbal-time operating systems.
Such concurrency can be unpredictable arfiladilt to debug since the operating system
does the scheduling. Synchronous concurrency on the odrat, in which a system
marches in lockstep to a global clock, is conceptually easid potentially morefécient
because it can be statically scheduled. The synchronogsdge Est