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Obtaining good performance when programming heterogenemmputing platforms poses signifi-
cant challenges. We present a program transformationamwient, implemented in Haskell, where
architecture-agnostic scientific C code with semantic gatians is transformed into functionally
equivalent code better suited for a given platform. Thedfamation steps are represented as rules
that can be fired when certain syntactic and semantic conditare fulfilled. These rules are not
hard-wired into the rewriting engine: they are written in dike language and are automatically
processed and incorporated into the rewriting engine. Tiektes it possible for end-users to add
their own rules or to provide sets of rules that are adapteetiain specific domains or purposes.
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1 Introduction

There is a strong trend in high-performance computing tde/éine integration of heterogeneous com-
puting elements: vector processors, GPUs, FPGAs, etc. &dtlese components is specially suited
for some class of computations, which makes the resultiatfggm able to excel in performance by
mapping computations to the unit best suited to execute.ti®&rmh platforms are proving to be a cost-
effective alternative to more traditional supercomputarghitectures([8, 17] in terms of performance
and energy consumption. However, this specialization coate¢he price of additional hardware and,
notably, software complexity. Developers must take careeoy different features to make the most of
the underlying computing infrastructure. Thus, programmthese systems is restricted to a few experts,
which hinders its widespread adoption, increases thellliketl of bugs, and greatly limits portability.
For these reasons, defining programming models that easasthef efficiently programming heteroge-
neous systems has become a topic of great relevance andabjdutive of many ongoing efforts (for
example, the POLCA projettit t p: // pol ca- pr o] ect . eu, which focuses on scientific applications).
Scientific applications sit at the core of many researchegtsjof industrial relevance that require, for
example, simulating physical systems or numerically sigdifferential equations. One distinguishing
characteristic of many scientific applications is that thely on a large base of existing algorithms.
These algorithms often need to be ported to new architectumd exploit their computational strengths
to the limit, while avoiding pitfalls and bottlenecks. Ofwse, these new versions have to preserve
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CTTTTU O Y original code” T g 1-BR-LOOAFUSION 7 "2 AUGADDITIONASSIGN
‘float c[N], V[NI, a, b; :for(int i=0;i<N;i++) { ifor(int i=0;i<Ni++) {
cfor(int i=0;i<N;i++) : c[i] = a*xv[i]; : c[i] = a*v[il];

boc[i] = axv[i]; i c[i] += bxv[i]; boc[i] = c[i] +

: B i brv[il;

Pfor(int i=0;i <N i++) i H}

booc[i] += bxv[i]; : :

""""" 3~ JOINASSIGNMENTS 14 - UNDODISTRIBUTE ¥ 5 -LOGPINVCODEMOTION
Pfor(int i=0;i<N;i++) Pfor(int i=0;i<N;i++) ifloat k = a + b;

Loc[i] = axv[i]#b*v[i]; | e[i] = (a*b) * V[i]y  for(int i=0;i<Ni++)

c[i] =k = v[i];

Figure 1: A sequence of transformations of a piece of C codenaputec = av + bv.

the functional properties of the original code. Portingfigo carried out by transforming or replacing
certain fragments of code to improve their performance inivargarchitecture while preserving their
semantics. Unfortunately, (legacy) code often does natriglespell its meaning or the programmer’s
intentions, although scientific code usually follows patserooted in its mathematical origin.

Our goal is to obtain a framework for the transformation ofggtific), architecture-agnostic C code.
The framework should be able to transform existing code @nfonctionally equivalent program, only
better suited for a given platform. Despite the broad rarfgeompilation and refactoring tools avail-
able [2,[25] 211], no existing tool fits our needs by being aalalptenough to flexibly recognize specific
source patterns and generate code better adapted to wliffemhitectures (Sectidn 2), so we decided to
implement our own transformation framework. Its core is deceewriting engine, written in Haskell,
that works at theabstract syntax tre€AST) level. The engine executes transformation rulesteritn
a C-like, domain-specific languagsTML, inspired by CTT([4] and CMLL[6]). This makes understand-
ing the meaning of the rules and defining additional rulek@tspecific domains or targets easy for C
programmers.

The tool does not have hard-wired strategies to select wiiels are the most appropriate for each
case. Instead, it is modularly designed to use externalezraicat help in selecting which rules have to
be applied. In this respect, we are developing human irtesfand machine learning-based tools that
advice on the selection of the most promising transformatioain(s) ([24]. The tool also includes an
interactive mode to allow for more steering by expert uséfben code deemed adequate for the target
architecture is reached, it is handed out tcaaslatorin charge of adapting it to the programming model
of the target platform.

Fig.[d shows a sample code transformation sequence, cmgain original fragment of C code along
with the result of stepwise applying a number of transforomst Although the examples presented in
this paper are simple, the tool is able to transform much roomeplex, real-life code, including code
with arbitrarily nested loops (both for collapsing them isiagle loop and creating them from non-nested
loops), code that needs inlining, and others. Some of thaseformations are currently done by existing
optimizing compilers. However, they are usually perfornmedrnally, at thentermediate representation
(IR) level, and with few, if any, opportunities for user intention or tailoring, which falls short to cater
for many relevant situations that we want to address:

e Most compilers are designed to work with minimal (if any)ergction with the environment.
While this situation is optimal when it can be applied, in maases static analysis cannot discover
the underlying properties that a programmer knows. For @&nm Fig[1, a compiler would rely
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Figure 2: Architecture of the transformation tool.

on native knowledge of the properties of multiplication auttition. If these operations were
substituted by calls to functions implementing operatiaith the same properties (distributivity,
associativity, commutativity), such as operations on ioedr, the transformation presented would
be feasible but unlikely to be performed by a compiler rady@olely on static analysis.

e Most compilers have a set standardtransformations that are useful for usual architectures —
commonly Von Neumann-based CPU architectures. Howevesnv@@PU-generic code is to be
adapted for a specific architecture (e.g., FPGA, GPGPU)y#msformations to be made are not
trivial and fall outside those usually implemented in staadcompilers. Even more, compilers
(such as ROCCC [14]) that accept a subset of the C languaggemadlate executables or lower-
level code for a specific architecture, need the input codelltmv specific coding patterns, which
our tool can help generate.

e Transformations to generate code amenable to be compiled slosome hybrid architecture can
be sometimes complex and are better expressed at a higleérddver than inside a compiler’s
architecture. That could require users to come up with toanmeations that are better suited for
a given coding style or application domain. Therefore, rggvprogrammers the possibility of
defining transformations at a higher level as plugins for mmiter greatly enlarges the set of
scenarios where automatic program manipulation can beéeappl

Fig.[2 shows an overview of the tool, designed to work in tvagses: aransformationphase (Sec-

tion[3) and aranslationphase (Sectidn 4). The transformation phase rewrites tgmakinput code into

a form that follows coding patterns closer to what is apgetprfor the destination architecture. That
code can be given to compilers that accept C code adapted tartfeted architecture [14]. Additionally,
this transformation phase can be used to other purposds,asusophisticated code refactoring. The
translation phase converts transformed code into code#malbe compiled for the appropriate architec-
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ture by tools that do not accept (sequential) C code. For pkgnn our case MaxJ [18] code can be
generated, as well as C code with OpenMP annotations or withadlls.

Our efforts have focused so far on the transformation pt2&le Qur initial work on the translation
phase shows encouraging results and points to next steph wiipresent in more detail in Sectidn 6.

2 Related Work

Some related approaches generate code from a mathematidal tautomatic code synthesis), while
others use (mathematical) properties to transform exgjstode. The former can in many cases generate
underperforming code because of its generality. The ladeally requires that the initial code is in some
“canonical” form.

An example of code generation based on mathematical spifis is[[11], which focuses on syn-
thesizing code for matrix operations. The starting poird imathematical formula that is transformed
(not automatically) using rewriting rules to generate haoformula that can be implemented in a hope-
fully more efficient way. This kind of approaches are oftemyvéomain-dependent and restricted to
a certain kind of formulas or mathematical objects, whictkesatheir application to general domains
not straightforward, if possible at all. Given that the sitay point is a mathematical formula, applying
them to legacy code is not easy. Also, their code generagiaisually based on composing blocks that
correspond to patterns for the basic formulas, where mpémization is often not exercised.

There are some language-independent transformationttailshare some similarities with our ap-
proach. The most relevant ones are Stratego:XT [25], TXLIPNS [3] and Rascal [15]. Stratego-XT
is more oriented to strategies than to rewriting rules, amdule language is too limited for our needs
(e.g., rule firing does not depend on semantic conditionsekpress when applying a rule is sound).
This may be adequate for a functional language featuringreafial transparency, but not for a proce-
dural language. Besides, it is not designed to add analy=eptugins, it does not support pragmas or
keeps a symbol table. This means that, for some cases, it jgssible to decide whether a given rule
can be soundly applied. The last two disadvantages aredstétie TXL. DMS is a powerful, industrial
transformation tool that is not free and there is not too muoétrmation of how it works internally; its
overall open documentation is scarce. Since it transfomograms by applying rules until a fix point is
reached, the rules should be carefully defined to ensurdttagtdo not produce loops in the rewriting
stage. Finally, Rascal is still in alpha state and only aldé as binary, and the source code is not freely
and immediately accessible.

CodeBoost[[2], built on top of Stratego-XT, performs domgecific optimizations to C++ code
following an approach similar in spirit to our proposal. Udefined rules specify domain-specific opti-
mizations; code annotations are used as preconditionsiaaded as postconditions during the rewriting
process. However, it is a mostly abandoned project thaitiaddlly, mixes C++, the Stratego-XT lan-
guage, and their rule language. All together, this makeshiie a steep learning curve. Concept-based
frameworks such as Simplicissimus [21] transform C++ basediser-provided algebraic properties.
The rule application strategy can be guided by the cost ofdhelting operation. This cost is defined
at the expression level (and not at the statement level;hwimakes its applicability limited. Besides,
their cost is defined using “arbiters” that do not have a dlotmv of the transformation process, which
makes it possible to become trapped in local minima (Sed2B.4

Handel-C [6] performs program transformations to optimeallelism in its compilation into a
FPGA. It is however focused on a subset of C enriched withnsidas to express synchronicity, and
therefore some of its assumptions are not valid in more gésettings.
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Other systems lay between both approaches. They use agvigh{dleclarative) language with some
syntactical / semantic restrictions that is compiled doaratlower level formalism[]1, 10]. While
successful for their goals, they cannot directly tacklegtablem of adapting existing code.

Most compilers have an internal phase to perform code twamsition, commonly at the IR level.
Among the well-known open-source compilers, CLang / LLVMIpably has the better designed libraries
/ APlIs to perform program manipulation. However, they weesigned for compilation instead of for
source-to-source program transformation. We tried udiegnt but found that they are neither easy to
use nor effective in many situations. Moreover, the desigcudchents warn that the interface can not
be assumed to be stable. Additionally, code transformatioines had to be coded in C++, which
made these routines verbose and full of low-level detaitgl @&riting them error-prone. Compiling
rules to C++ is of course an option, but the conceptual distdretween the rules and the (unstable)
code manipulation API was quite large. That pointed to adalifficompilation stage that would need
considerable maintenance. Even in that case, the whole Chanject would have to be recompiled
after introducing new rules, which would make project depelent and testing cumbersome, and would
make adding user-defined rules complicated.

3 Source-to-Source Transformations

The code transformation tool has two main components: apénat reads the input program and the
transformation rules and builds an AST using Haskell dgtadyand translates the rules into Haskell for
faster execution, and an engine that performs sourceti@adC code transformation using these rules.

The transformation rules contain patterns that have toasyiotlly match input code and describe
the skeleton of the code to generate. They can specify, dssaey, conditions to ensure that their appli-
cation is sound. These conditions are checked using a cattitninof static analysis and user-provided
annotations [fragmas in the source code with which the programmer provides aiit information.
The annotations can capture properties at two differemtidevhigh-level properties that describe algo-
rithmic structures and low-level properties that descdbgils of the procedural code. The decision of
whether to apply a given rule depends on two main factors:

e Its application must be sound. This can be checked with th& lkSimple cases. Otherwise,
whether a rule is applicable or not can be decided based omation inferred from annotations
in the source code. These annotations may come from extwial such as static analyzers, or
be provided by a programmer.

e The transformation should (eventually) improve some efficiy metric, which is far from trivial.
An interactive mode that leaves this decision to a final isavailable. While this is useful in many
cases, including debugging, it is clearly not scalable asxidihg the best rule is often difficult.
As a solution, we are working on a machine learning-basedei{a4] that decides which rule to
apply based on estimations of the expected performancdec@pplication chains.

We present now the code annotations and the rule languagevill\édose this section with a de-
scription of the interaction between the transformatian tmd external oracles.
3.1 High-Level Annotations

Annotations describing semantic features of the code magkesiible to capture algorithmic skeletons
at a higher level of abstraction and, at the same time, toesspproperties of the underlying code.
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#pragma polca scanl FIN v w

#pragma stm reads output(IN)

#pragma stm reads v in {0}

#pragma stm reads win {0}

#pragma stm wites win {1}

#pragma stm pure F

#pragma stm iteration_space O | ength(v)

#pragma polca zipWth Fv w z

#pragma stm reads v in {0}

#pragma stm reads win {0}

#pragma stm wites z in {0}

#pragma st same_length v w

#pragma st same_length v z

#pragma stm pure F

#pragma stm iteration_space O | ength(v)
#pragma st iteration_i ndependent

#pragma polca map F v w

#pragma stm reads v in {0}

#pragma stm wites win {0}

#pragma st same_length v w

#pragma stm pure F

#pragma stm iteration_space O | ength(v)
#pragma st iteration_i ndependent

#pragma polca fold FIN v a

#pragma stm reads v in {0}

#pragma stm reads output(IN)

#pragma st wites a

#pragma stm pure F

#pragma stm iteration_space O | ength(v)

Table 1: Annotations used in the POLCA project and theirdi@ion intoSTML annotations.

Our annotations follow a functional programming style. Fmtancef or loops expressing a mapping
between an input and an output array are annotated wittpgoragma such aépr agma pol ca map
F v w. This annotation would indicate that the loop traversesrtpet arrayv and applies functiofk to
each element im giving as result the array. For the annotation to be correct, wesumehatF is pure,
thatv andw have the same length, and that every elementi;jicomputed only from the corresponding
element inv. As a design decision, we do not check for these propertigsyb expect them to hofd.
The top boxes of the frames in Talble 1 list some high-levebtations. For illustrative purposes,
Fig.[3 shows an annotated version of the code in[Rig. 1. Thiedishows how the algorithmic skeletons
are parametric and their functional parameters are oltdnoen blocks of C code by specifying their
formal inputs and outputs.

IHowever, if some available analysis infers informationtecadicting any of these assumptions, we warn the user.
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float ¢c[N], V[N, a, b;
#pragma polca zipWth BODY2 v ¢ ¢C

#pragna pol ca map BODY1l v ¢ for(int i=0;i<Ni++)

for(int i=0;i<Ni-++) #pragnma pol ca def BODY2

#pragnma pol ca def BODY1l #pragnma polca input v[i]

#pragnma pol ca i nput v[i] #pragnma polca input c[i]

#pragna pol ca output c[i] #pragnma pol ca output c[i]
c[i] = axv[i]; c[i] += b*v[i];

Figure 3: Annotations for the code in Fig. 1.

Listing 1: BNF grammar fosTML.

<code_prop_list> ::= "#pragnma stm " <code_prop>
"#pragma st " <code_prop> <code prop_list>
<code_prop> ::= <l oop_prop> | <exp_prop> <exp> | [<op>] <op_prop> <op>
"wite("<exp>") =" <location_list>
"same_| engt h" <exp> <exp> | "output (" <exp>")"
<nem access> <exp> ["in" <offset_list>]
<l oop_prop> ::= "iteration_independent" |
"iteration_space" <paraneter> <paraneter>
<exp_prop> = "appears" | "pure" | "is_identity"
<op_pr op> ::= "comutative" | "associative" | "distributes over"
<mem access> ::= "wites" | "reads" | "rw
<location_ list> ::="{" <c_location> {"," <c_location>} "}"
<offset _list> ::="{" <INT> {"," <INT>} "}"
<exp> .= <C EXP> | <C VAR> | <pol ca_var _id>
<op> : <C OP> | <C VAR> | <polca_var_id>

<c_l ocation> :
<par anet er >

<C VAR> | <C VAR>("["<C_EXP>"]")+
<c_location> | <polca_var_id> | <INT>

3.2 STML Properties

The transformation tool requires that some low-level, leage-dependent properties hold to ensure that
transformations are sound. While some of these propertiede inferred from a high-level annotation,
some of them can go beyond what can be expressed in the higlhflectional specifications. For
example, a purely functional semantics featuring reféabtransparency cannot capture some aspects of
imperative languages such as destructive assignmentagiragi In our framework, these properties can
be expressed in a language we have tersmdL (from Semantic Transformation Meta-Languagleat

can be used both in the code annotations and in the conddidhe transformation rules.

3.2.1 Syntax and Semantics aTML Annotations

Listing[d shows the grammar f@TML annotations. An intuitive explanation of its semanticsdiok.

e <code_pr op> refers to code properties expressed throsgkL annotations.
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e [<exp>] <exp_prop> <exp>. <exp_prop> denotes properties about code expressions of the
statement immediately below the annotation. Some exanapées

— appears <exp>: there is at least one occurrence<ekp> in the statement below.

— pure <exp>. expressiorkexp> is pure, i.e. it has neither side effects nor writes on any
memory location.

—is_identity <exp>: <exp>is an identity element. High-level annotations that defivee t
group or field in whichcexp> is the identity element must have appeared before.

e [<op>] <op_prop> <op>. <op_prop> is an operator property (maybe binary). Some exam-
ples are:

— commut ati ve <op>: <op> has the commutative property:<dbp> = f, thenvx,y. f(x,y) =
f(y,x).

— associ ati ve <op>: <op> has the associative property.<ibp> = f, thenvx,y,z
F(f(xy),2) = f(x f(y,2)).

— <op> distributes_over <op>: The first operator distributes over the second operator:
if the operators aré andg, thenvx,y,z. g(f(x,y),2) = f(9(x,2),9(y,2)).

e "wite("<exp>")="<location_list>:thelist of memory locations written on by expression
<exp>is<l ocation_list>, alist of variables (scalar or array type) in the C code. kangple,
wite(c = a + 3)= {c}andwite(c[i++] = a + 3)= {c[i], i}

e <mem access> <exp> ["in"<offset |ist>]: <mem access> states properties about the
memory accesses made by the statement(s) that immediallely the expressiorexp>. When
<exp>is anarray, i n" <of f set _| i st > can state the list of positions accessed for reading from
or writing to (depending ornem access>) the array. Some examples are:

— wites <exp>: the set of statements associated to the annotation wiitioga location
identified by<exp>.

—wites <exp> "in"<offset_|ist>: this annotation is similar to the previous one, but
for non-scalar variables within loops. It specifies thatdachi -th iteration of the loop, an
array identified by<exp> is written to in the locations whose offset with respect ®itidex
of the loop is contained irof f set _| i st >. For example,

#pragma stm wites ¢ in {0} #pragma stm wites ¢ in {-1,0}
for (i =0; i <N 1i++4) for (i =1; i <N i+H){
c[i] = i*2; cl[i-1] =1i;
c[i] =c[i-1] = 2;}

— reads <exp>. the set of statements associated with the annotation mead fbcation
<exp>.

— reads <exp> "in"<offset |ist>t:similartowites <exp> "in"<offset |ist>
but for reading instead of writing. An example follows:

#pragma stm reads ¢ in {0} #pragma stm reads c¢c in {-1,0, +1}
for (i =0; i <N 1i++4) for (i =1; i < N- 1; i++4)
a +=c[i]; a += c[i-1] +c[i+1]-2xc[i];
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— rw <exp>: the set of statements associated togh®iL annotation reads and writes from /
to location<exp>.

—rw <exp> "in"<offset |ist>:similartowites <exp> "in"<offset |ist>but
for reading or writing.

e <l oop_pr op>: this term represents annotations related with loop ptazer
— "iteration_space"<paranet er> <par anet er>: this annotation states the iteration
space limits of thé or loop associated with the annotation. An example would be:

#pragma stm iteration_space 0 N1
for (i =0; i <N 1i++4)
c[i] = i*2;

— "iteration_i ndependent": this annotation is used to state that there is no loopegarri
dependencies in the body of the loop associated to this atomt
e "sane_| engt h" <exp> <exp>: the two C arrays given as parameters have the same length.

e "out put ("<exp>")": <exp> is the output of a block of code.

3.2.2 Translation from High-Level to STML Annotations

As mentioned before, annotated code is assumed to follogetmantics given by the annotations. Using
this interpretation, lower-levedTML properties can be inferred for annotated code and used tdedec
which transformations are applicable. For example, letusicler the loop annotated wittap BODY1

v c in Fig.[3. In this context the assumption is that:

e BODY1 behaves as if it had no side effects. It may read and write/fmeglobal variable, but it
should behave as if this variable did not implement a statB@Y1. For example, it may always
write to a global variable and then read from it, and the biglanf other code should not depend
on the contents of this variable.

e v andc are arrays of the same size.

e For every element of, the element in théth position is computed by applyingCODY1 to the
element in the-th position ofv.

e The applications oBODY1 are not assumed to be done in any particular order: they cédmio
v[ 0] upwards tov[ | engt h(v) - 1] orin the opposite direction. Therefore, all applicatiofis o
BODY1 should be independent from each other.

The sTML properties inferred from some high-level annotations A in Tabld ll. Focusing on
the translation ofrap, thesTML annotations mean that:

e Iterationi-th reads fronv in the positioni-th (it actually reads from the set of positiofist+ 0-th},
since the set of offsets it reads from{i8}).

e lterationi-th writes onwin the positioni-th.

v andw have the same length.

F behaves as if it did not have side effects.

F is applied tov andwin the indexes ranging from 0 tength(v).

Table[1 shows theTmL properties inferred from other high-level annotationsp{aied more in
depth in [20]). Fig[b shows the translation of the code in. Bgnto sTML. All rules used in the
transformation in Fid.l1 are shown in Table 2, and the comattithey need are described in Tdlble 3.
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j

oi n_assi gnnents {

pattern: {
cstnmts(sl);
cexpr(v) = cexpr(el);
cstnts(s2);
cexpr(v) = cexpr(e2);
cstnmts(s3);

}

condition: {
no wite(cstnts(s2), {cexpr(v),cexpr(el)});
no_read(cstnts(s2), {cexpr(v)});
pure(cexpr(el));
pure(cexpr(v));

}
generate: {
cstnts(sl);
cstnts(s2);
cexpr(v) = subs(cexpr(e2),cexpr(v), cexpr(el));
cstnts(s3);
}
}
Figure 4: ThesTMmL rule DINASSIGNMENTSIN C-like syntax.
float c[N, V[N, a, b; #pragm polca zipWth BODY2 v ¢ ¢
#pragma stm reads v in {0}
#pragm pol ca map BODY1l v ¢ #pragma st reads ¢ in {0}
#pragma st reads v in {0} #pragma stm wites ¢ in {0}
#pragma stm wites ¢ in {0} #pragma stm same_length v ¢
#pragma stm same_length v ¢ #pragma stm pure BODY2
#pragma stm pure BODY1 #pragma st iteration_space O
#pragma st iteration_space O | engt h(v)
| engt h(v) #pragma st iteration_i ndependent
#pragma st iteration_independent | for(int i = 0; i <N, i++)
for(int i =0; i <N i++4) #pragma pol ca def BODY2
#pragma pol ca def BODY1l #pragma pol ca input v[i]
#pragma pol ca input v[i] #pragma pol ca input cfi]
#pragma pol ca output c[i] #pragma pol ca output c[i]
cli] = axv[i]; cli] += bxv[i];

Figure 5: Translation of high-level annotations in Fiy. ®iaTML.
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for (1=eni; rel(l,eend); modl)) {si}

for (1=eni; rel(l,eend); modl)) {s} <

whenrel pure,(si; sp) 4 {1, €ni, €end}, Write§mod(l)) C {I}, 81 A S, A 51,924 5
—all] —all] all]

(FOR-LOOPFUSION)

= for(l=en; rel(l,eenq); modl)) {si; s}

| += ¢ =1 =1 + ¢

whenl pure (AUGADDITIONASSIGN)
s, | =e; s | =6 s = % | = e/l s

whenl, e pures; 4 {l,e1}, ¢4 |, € (JOINASSIGNMENTY
f(g(er, e3),0(e2,€3)) = 9(f(er, ) €3)

wheney, e, e3 pure g distributesover f (UNDODISTRIBUTE)

for (e ex;es){s} =1 = en; for (en e;es){sll/en)}
whenl fresh e, occurs ins,, &ny pure {S, €3,€2} 4 Eny (LooPINVCODEMOTION)

Table 2: Source code transformations used in the examplgdilF

3.2.3 External Tools

Besides the properties provided by the user, external tmsisautomatically infer additional properties,
thereby relieving users from writing many annotations foteee low-level details. These properties can
be made available to the transformation tool by writing th@ssTML annotations. We are currently
using Cetus/[9] to automatically produegML annotations. Cetus is a compiler framework, written in
Java, to implement source-to-source transformations. &Ve modified it to add some new analyses
and to output the properties it infers asML pragmas annotating the input code. If the annotations
automatically inferred by external tools contradict thpsavided by the user, the properties provided by
the user are preferred to those deduced from external tmatig, warning is issued nonetheless.

3.3 Rulesin STML

Let us see one example: Hig. 4 showssheL version of rule ®INASSIGNMENTS Rules can be applied
when the code being transformed matchesghet er n section and fulfills theondi ti on section.
When the rule is activated, code is generated accordingttethplate in thgener at e section, where
expressions matched in that t er n are replaced in thgener at ed code. In this case one assignment
is removed by propagating the expression imigdt hand sidgRHS).

STML uses tagged meta-variables to match components of tha imitile and specify which kind of
component is matched. For example, a meta-variatan be tagged aexpr ( v) to denote that it can
only match an expressionst nt ( v) for a statement, acst nt s(v) for a sequence of statements. In
Fig.[4,s1, s2 ands 3 should be (sequences of) statements,@hde2 andv are expressions.

Additional conditions and primitives (Tables 4 ddd 5) hehtevdescriptive rules that can at the same
time be sound. In these tabl&srepresents an expressi@tepresents a statement gnf] represents a
sequence of statements. The functmm_oper ( E.;,, E;, E;) matches or generates a binary operation
(E. E;p E;) andcan be used inthe sectignast t er n andgener at e. The sectiorgener at e can
also state, usingpr agmas, new properties that hold in the resulting code.
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s | statements do not write into location: | ¢ writes(s)

S<A | statements do not read the value in locatidn

S A S statements; do not write into any location read sy

S A S statements; do not read from any location written tsy

S A same predicate as the previous one but not taking into atdocations re-
~all] ferred through arrays

S1 »7<é> S statements; do not write into any previous location corresponding toratei
all array read by,

epure expressior is pure i.e. does not have side effects nor writes any memory

locations

writes(s) set of locations written by statemersts

gdistributesover f Vx,y,z g(f(x,y),2) =~ f(9(x,2),9(Y,2))

| fresh | is the location of dreshidentifier, i.e. does not clash with existing identifiers

if introduced in a given program state

Table 3: Predicates used to express conditions for thecgpioln transformation rules in Talle 2.

3.4 Rule Selection

In most cases, several (often many) rules can be safelyeabatimultiple code points in every step of
the rewriting process. Deciding which rule has to be fireduthbe ultimately decided based on whether
that rule contributes to an eventual increase in perfor@aAs mentioned before, we currently provide
two ways to perform rule selection: a human-driven one animht@nface to communicate with external

tools.

3.4.1 Interactive Rule Selection

An interface to make interactive transformations possiblavailable: the user is presented with the
rules that can be applied at some point together with theepiécode before and after applying some
selected rule (using auxiliary programs, such as [26], ¢éarty show the differences). This is useful to
refine/debug rules or to perform general-purpose refampwhich may or not be related to improving
performance or adapting code to a given platform.

3.4.2 Oracle-Based Rule Selection

In our experience, manual rule selection is very fine-gihizued in general not scalable, and using it is
not realistic even for medium-sized programs. Therefore;hmnizing as much as possible this process
is a must, keeping in mind that our goal is that the final code tbaimprove the original code. A
straightforward possibility is to select at each step the tliat improves more some metric. However,
this may make the search to be trapped in local minima. In xperence, it is often necessary to apply
transformations that temporarily reduce the quality of ¢bhde because they enable the application of
further transformations.

A possibility to work around this problem is to explore a bdad neighborhood. The size of the
bounded region needs to be decided, since taking too fews stepld not make it possible to leave a
local minimum. Given that in our experience the number oésuthat can be applied in most states is
high (typically in the order of the tens), increasing thentider of the boundary to be explored can cause
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Function Description
nowite((S|[SI|E1w (S|[SI|E)2) Trueif(S|[S] | E):does notwrite in any location
read by( S| [ S] | E) .

no_write_except_arrays As the previous condition, but not taking arrays ac-
((SI[SIIBE) 1+ (S|[S]|E)a2 E) cessed using into account.

nowiteprev_arrays True if no array writes indexed usinde in
((SI[SIIBE)1(S|I[S]|E)2 E) (S| [S]| E): access previous locations to array

reads indexed usingin (S| [ S] | E) 5.
noread((S|[S]|E)1, (SI[S]|E)2) True if (S| [ §] | E) 1 does not read in any locatio
written by ( S| [ S] | E) ».

>

pure((S|[S]| E)) Trueif (S| [ S] | E) does not write in any location|.
wites((S|[S]|E)) Locations written by( S| [ S] | E) .

di stributes.over(Ey, Ey) True if operatiorE; distributes over operatioB,.
occurs_in(E (S|[S]]|E)) True if expressiore occurs in( S| [ S] | E) .
fresh.var (E) Indicates thak should be a new variable.
isidentity(E) True if E is the identity.

i s_,assi gnnment (E) True if E is an assignment.

i s.subset eq( E;, Ey) TrueifE; CE,

Table 4: Rule language functions for thendi t i on section of a rule.

Function/Construction Description
subs((S|[S]| E), Es, E) Replace each occurrence®fin (S| [ S] | E) for E..
i f_then: {Econa; (S|[S]|E); } If Econg IS true, then generateS| [ S] | E) .
i f _then_el se: {Econg; If Econg is true, then generateS| [ S] | E) +
(SI[SIIB)« (SI[SIIB)e } else generateS| [ S] | E) ..
genlist: {[(S|[S]I|B)];} Each elementin (S| [ S] | E)] produces a different rule
consequent.

Table 5: Rule language constructions and functiong@mer at e rule section.

an exponential explosion in the number of states to be ewadud his would happen even considering
some improvements such as partial order reduction for pdicemmutative rules.

Therefore, we need a mechanism that can make local decisiking into account global strategies
— i.e., a procedure able to select a rule under the knowldugdttis part of a sequence of rule applica-
tions that improves code performance for a given platforra.afé exploring the use of machine learning
techniques based arinforcement learning24]. From the point of view of the transformation engine,
the selection tool works as amaclethat, given a code configuration and a set of applicable rea¢isrns
which rule should be applied. We will describe now an abstirsterface to an external rule selector,
which can be applied not only to the current oracle, but telogimilar external oracles.

The interface of the transformation tool (FId. 6) is compubsy functionsAppRulesand Trans
FunctionAppRulegdetermines the possible transformations applicable tvengtode and returns, for
a given inputCode a set of tuples containing each a rule nafeeand the code positioRoswhere it
can be applied (e.g., the identifier of a node in the AST). Eandransapplies ruleRuleto codeCode
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AppRulesCode — {(Rulg Pog} SelectRulg{(Code, {Rulg})}) — (Code,Rule))
TrangCode, Rule Pos) — Codeg IsFinal(Codg — Boolean

Figure 6: Functions provided by the transforma- Figure 7: Functions provided by the oracle.
tion tool.

Header Complete derivation
NewCodéCodeg, {Rulg}) — (Code, Rule)) NewCodécy, AllRuleg —* (cn, rp)
Definition whenlsFinal(c,) andVi,0 <i < n.

NewCodéc, rls) = SelectRulg{ (¢, {r’ | (r',_) € AppRuleéc)}) (Gi,ri) = NewCodec; 1, {ri-1})
| ¢ e {Trangc,r,p) | (r,p) € AppRulesc),r e rls} }) when-IsFinal(c;)

Figure 8: Interaction between the transformation and thelerinterface.

at positionPosand returns the resulting co@nde, after applying the transformation.

The API from the external tool (Fi¢l 7) includes operatioosiécide which rule has to be applied
and whether the search should stop. FuncBelectRuleeceives a set of safe possibilities, each of them
composed of a code fragment and a set of rules that can bedpplit, and returns one of the input code
fragments and the rule that should be applied to it. Fundséinal is used to know whether a given
codeCodeis considered ready for translation or not.

The function that defines the interaction between the toansdtion engine and the external oracle is
NewCod€gFig.[8), which receives an initidCode and a set of rules and returns @)de which results
from applying one of the rules frofRulg} to Code, and (b)Rulg, that should be applied in the next
transformation step, i.e., the next timewCodeas invoked withCode,. The rationale is that the first
time NewCodes called, it receives all the applicable rules as cand&datebe applied, but after this
first application{Rulg} is always a singletonNewCodes called repeatedly until the transformation
generates a code for whidbFinal returns true.

This approach makes it unnecessary for the external oracensider code positions where a trans-
formation can be applied, since that choice is implicit ia #election of a candidate code between all
possible code versions obtained using a single input rulethEBrmore, by selecting the next rule to be
applied, it takes the control of the next step of the trams&dron. The key here is the functi@electRule
given inputsCode andRulg, SelectRuleselects a resulting code between all the codes that can be gen
erated fromCode usingRulg. The size of the set received by functi®electRulecorresponds to the
total number of positions wheiRulg can be applied. In this wagelectRulas implicitly selecting a
position.

4 Producing Code for Heterogeneous Systems

In the second phase of the tool (Fig. 2), code for a given qiatfis produced starting from the result
of the transformation process. The destination platforna fifagment of code can be specified using
annotations that make this explicit. This information Isefpe tool decide what transformations should
be applied and when the code is ready for translation.

The translation to code for a given architecture is in mosesastraightforward as it needs only
to introduce the “idioms” necessary for the architecturdéocoperform a syntactical translation. As a
consequence, there is no search or decision process: foirgat code given to the translation, there is
only one output code that is obtained via predefined tramsftions or glue code injection.
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Some translations need specific information: for instaknewing if a statement is performing 1/0O
is necessary when translating to MPI, because executia@pi@ration might need to be done in a single
thread. It is often the case that this can be deduced by sigathinspection, but in other cases (e.g., if
the operation is part of a library function) it may need exiplannotations.

5 Implementation Notes

The transformation phase, which obtains C code that couihbily translated into the source language
for the destination platform, is a key part of the tool. As méapart of the system was experimental
(including the definition of the language, the propertibs, generation of the final code, and the search /
rule selection procedures), we needed a flexible and expedegplementation platform. We decided to
use a declarative language and implement the tool in HasRalising the input code is done by means
of theLanguage. C[12] library which returns the AST as a data structure thaasy to manipulate.

In particular, we used the Haskell facilities to deal witmgec data structures through tBerap Your
Boilerplate (SYB) library [16]. This allows us to easily extract infortian from the AST or modify it
with a generic traversal of the whole structure.

The rules themselves are written in a subset of C and arecpasigglLanguage. C. After reading
these rules in, they are automatically compiled into Hdslale (contained in the filBul es. hs —see
Fig.[2) that performs the traversal and (when applicable)rthnsformation of the AST. This module is
loaded with the rest of the tool, therefore avoiding theartrerhead of interpreting the rules.

When it comes to rule compilatios;TML rules can be divided into two classes: those that operate at
the expression level and those that can manipulate botlessipns and sequences of statements. In the
latter case, sequences of statemeots fit s) of an unknown size have to be considered: for example,
in Fig.[4,s1, s2, ands 3 can be sequences of any number of statements (includingrtpty sequence),
and the rule has to try all the possibilities to determinédre is a match that meets the rule conditions.
For this, Haskell code that explicitly performs an AST tnaat needs to be generated. Expressions, on
the other hand, are syntactically bound and the translafidime rule is much easier.

When generating Haskell code, the rule sectigpet ¢ er n, condi ti on, gener at e, assert)
generate the corresponding LHS’s, guards, and RHS’s of &dlldanction. If the conditions to apply
a rule are met, the result is returned in a trigletil e_nane, ol d_code, new _code) where the two
last components are, respectively, the matched and tramstbsections of the AST. Note thadw_code
may contain new properties if thggener at e section of the rule defines them.

The tool is divided into four main modules:

e Mai n. hs implements the main workflow of the tool: it calls the parsertibe input C code to
build the AST, links the pragmas to the AST, executes thestommation sequence (interactively
or automatically) and outputs the transformed code.

e PragnmalLi b. hs reads pragmas and links them to their corresponding nodeeiiET. It also
restores or injects pragmas in the transformed code.

e Rul 2Has. hs translatesTMmL rules (stored in an external file) into Haskell functiong eaually
perform the AST manipulation. It also reads and loausiL rules as an AST and generates the
corresponding Haskell code in tRell es. hs file.

e Rul esLi b. hs contains supporting code used Byl es. hs to identify whether somsTMmL
rule is or not applicable (e.g., there is matching code, teegnditions hold, etc.) and to execute
the implementation of the rule (including AST traversasformation, .. .).
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6 Conclusion

We have presented a transformation toolchain that usesnsieniaformation, in the form of user- or
machine-provided annotations, to produce code for diffeptatforms. It has two clearly separated
phases: a source-to-source transformation that genedeswith the style appropriate for the destina-
tion architecture and a translation from that code to theus®el in the specific platform.

We have focused until now in the initial phase, which incllitlee specification of a DSLsfML) to
define rules and code properties, a translator from thisuiagg into Haskell, a complete engine to work
with these rules, and an interface to interact with exteonatles (such as a reinforcement learning tool
that we are developing) to guide the transformation.

The translation phase is still in a preliminary stage. Havesnd while it is able to translate some
input code, it needs to be improved in order to support a wiglege of programs. We have compared,
using several metrics, the code obtained using our toolf@ddrresponding initial code and the results
are encouraging.

As said before, we have started the development of exteamsbrhated) oracles to guide the trans-
formation process. Initial results using an oracle basedegorforcement (machine) learning [24] are
very encouraging. The possibility of using other techngsech as partial order reduction to prune the
search space is still open to investigation.

We plan to improve the usability of th&rmL language and continue modifying Cetus to automati-
cally obtain more advanced / specific properties, and wengegrating profiling techniques in the process
to make evaluating the whole transformation system anchgifeéedback on it easier. Simultaneously,
we are investigating other analysis tools that can be useeriee more precise properties. Many of these
properties are related to data dependencies and pointavibehWe are considering, on one hand, tools
like PLuTo [5] and PET[[23] (two polytope model-based analysols) or the dependency analyzers for
the Clang/LLVM compiler. However, since they fall short terive dependencies (e.g., alias analysis)
in code with pointers, we are also considering tools baseskparation logid [19] such as VeriFast|[13]
that can reason on dynamically-allocated mutable strastur
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