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Abstract

This paper introduces a new technique for source-to-source code generation based on pattern matching and dynamic pro-
gramming. This technique can be applied to all source and target |anguages which satisfy some requirements. The main dif-
ferencesto conventional approaches are the complexity of the target language, the handling of side effects caused by function
calls and the introduction of temporaries. Code optimization is achieved by introducing a new cost-model. The technique
allows an incremental development based on improvements of the target-library. These require only a modification of the

rewriting rules since those are separated from the pattern matching algorithm. Experience of an successful application of our
techniqueisgiven.
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1. Introduction
In this paper anew techniquefor generating optimized code
for object-oriented programming languages based on
pattern matching and dynamic programming is presented.
It can be applied to translation on a source to source basis.
Pattern matching and dynamic programming have been
applied before in compilers based on the back-end
approach, i.e. where the target code of the compiler consists
of hardware-oriented instructions. However, when
applying this technique to target languages which are high
level programming languages, several essential differences
need to be overcome:

[I# the target language is far more complex than
machine code,

[I# the evaluation order can not be guaranteed by a
simple traversal strategy for the syntax tree, since
function calls may cause side effects,

¥ temporal variables must be introduced, and

¥ anew cost—model for code optimizing is needed.

Our techniqueis based on aset of rewriting rules, which
allow usto handlefunctionswith avariable number of argu-
ments as well as temporal variables. A proof is given, that
the evaluation order in the generated code is consistent with
that of the source code.

The code generation starts from the syntax tree and is
donein thefollowing way. All templatesin the tree—rewrit-
ing rules are matched against the subtrees of the syntax tree
during a depth—first traversal of the tree. At each node, the
costs are used to determine the best match and, the selected
subtreeisreplaced by the associated replacement node. The
dynamic programming algorithm allows the rules to be

written in any order and obviates the need to deal with pat-
tern matching conflicts. It produces code that is optimal
with respect to the cost provided.

Compilers based on the front-end approach are used to
save the big effort to generate machine code instead the
translation isinto another programming language for which
a compiler exists [4, 15]. This approach is very useful for
compilers of new languages, because it alows a flexible
and extensible implementation. Furthermore, it is platform
independent.

The general situation is depicted in figure 1. The front-
end compiler performs syntax and semantic analysis. Then
the phase of code generation starts. The output of this phase
isasemantically equivalent program in the target language
which contains calls to function, which are provided by a
target library. The target compiler utilizes this library to
generate executable code.

The introduced technique can be applied to al source
and target languages which satisfy some requirements. The
problems which arise when this techniques are applied in
the front-end approach are dicussed and are of independent
interest.

The remainder of this paper is organized as follows.
Section 2 states the background for the source- and target-
languages and details the trandation rules. Section 3 out-
linesthe general principle of our technique and presentsthe
new features. Section 4 discusses the control facility in the
pattern matching. Section 5 reports the experience gained
in applying the new technique. Section 6 surveys related
work and section 7 concludes the paper with adiscussion of
our results.

source
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Fig. 1. The module structure of the front-end compiler



2. Background

In this section the requirements of the source- and target-
languages and of thetrandlation rules are discussed. Thefo-
cus of our work is on the basic concept of object-oriented
programming languages: the class-concept. A class defines
properties! and method.

Souce language

w The language is strongly typed. It can be assumed
that the properties of the classes are globally identi-
fied during the phase of semantic analysis, where re-
name techniques are required. E.g. a property-refer-
ence can bewritten asp@expr, wherethe expression
expr isaninstance of aclasswhile p isaproperty of
that class. In the phase of semantic analysis, the type
of expr can be statically determined so that it is pos-
sible to globally identify all properties of all classes.
Let & bethe set of all globally identified properties.

w The methods of aclass may cause side effects chang-
ing the values of properties in . Most object-ori-
ented languages support dynamic dispatchingAs a
consequence, in general it is not possibleto statically
bind ageneric method invocation to aconcrete meth-
od at compilation-time. For a strongly typed lan-
guage, however, it must be possible to determine the
set of methods (in the corresponding classes) which
may be invoked for the given (generic) method in-
vocation. At compile-time, we can globally identify
the methods of all classes, and define the set of these
methods as M. For every m Qb let P(m) a &P be
the set of those properties which maybe effected by

the method m. Let AMp(M) a M be the dispatching-

setof those methods which maybe dispatched for a
given method invocation m Q b. We denote
Mo" ={{m} hm QM} | {AMoo(m) hm Q A}

The set M C 2 can be constructed at compila-
tion-time. Thus, for each (generic) method invoca
tion m QL, we can aways find the unique corre-
sponding element m" Q" a compilation-time,
depending on the context that method m is stated as
dynamic dispatched or not. Therefore, for each (ge-
neric) method invocation m QAb, let P*(m) be the
set of those properties which may be effected by an
invocation of m:

1. Different languages have different concepts, e.g. in C++
it is called member attributein Smalltalk it is called instance
variable.

Pmy= U Pm)
m'em
where m"Qui " corresponds to m.
In the following discussion, a method invocation is
written asm(arg, ... , arg,)?, wherem Quit is glob-
aly identified and 9*(m) is already constructed at
compilation-time.

w The body of each method m Qi may define local

variables, which are available in the method body
only. Let °(m) denote the set of these local variables
defined in method m. In contexts that do not lead to
ambiguity, we denote this set as 7.

Target language

w

w

w

w

Thelanguage supports the mechanism of function in-
vocation.
Functions are alowed to have a variable number of
arguments.
The language supports function polymorphism.
Therefore, for a source expression we can ignore the
types of the operands when applying pattern match-
ing to code generation. E.g. the polymorphic func-
tion
VOIDwr i t eProp( STRING, OB
JECTS TYPE),
where TYPE can be any target type, representswrit-
ing the v, to p@v by

witeProp(”p”, v, Vo),
regardless of what type of v; is.
The language supports type casting.

Translation rules

w

All source data types of the same kind are mapped
into the same target datatype. Hence, only afixed set
of target data typesis defined in the target language.
For example, all source class-typesare mapped into a
single target type: OBJECTSAII source array-types
are mapped into a single target type: ARRAYEach
primitive source type is mapped into an individual
target type, e.g. INTEGER is mapped into INT .
The body of each method is translated into a corre-
sponding function.

There exists a set of functions of the target language
which represent the basic statementexpessionsof
the source language. These are provided in the inter-
face of the target-library shownin Fig. 1.

2.

Some languages, eg. C++, write a method call as

o.m(arg,, ... , arg,). By syntax transformation, it is possible
to write that as m(o, arg,, ... , arg,).



w All property accesses are translated ifuinction v prop
callsin which theproperties are passed as identifier
referenceaguments. The above functiomr i t e- P v
Pr op is an example. Another example is fhec Targetcode
tion vu (TYPE)readProp(”p”,V.))

VA D readProp( STRI NG OBJECTS) whereTYPE denotes the value pfop=ttp.
whichrepresents reading the source expregs@n In this example, suppose that the variablen the taget
by codehasbeen declared corresponding to the source vari

(TYPE)r eadPr op(”p”, V) . ablev,, in an appropriate mapping.
wherethe wordT YPE is the namef the taget type of Consideranother example. Suppose thelymorphic
theexpressiomp@v, and is needed for type casting.  fynction

w The unit of the translation is a statement. Each-state TYPE sum(TYPE,...),
mentis translated into one or moredat statements. whereTYPE is an appropriate tget type,
It is not the intention of this paperdover all object-oFi representghe source expressiontv,+ ... + v, by
entedparadigms. Rather the focus is on source-to-source Sum(Vi, Vo, ..., Vo)
translationat the statement/expression level. for anyn > 1. This code can be matched by fhowing
In the following, the source/tget code is represented patterns:
by Helvetian/cour i er font respectivelyl ettersp, v, and Ry v U plus vu sun( 1, )
m to denote the elements of ,  respectively
1 2
R u Pplus u o1
3. Principle of pattern matching /\
1 2

In the conventional approaches for code generation which

arebased on pattern matching, the machine description is R« u v uv

separatedfrom the code generation algorithm. They In the above rules, denotes a nonterminal symbol while
employaformal machine description and use a code-gener thecode of consist of aguments for a function call.
atorgeneratorto automatically code generators. In this E.g. given an expressiont+v,+v;, the syntax tree is
schemepattern matching is used to replacterpretation plus

with case analysis. Rewriting rules may be tree-structured \

[3] or linear [7]. Correspondinglypattern matching is per plus s

formedby heuristic search or parsing. vVioove -

The matching procedure can be

3.1. Rewritingrules R,
. . - . vU plus
A pattern matching systeR is a finite set ofrewriting
rules each of the forhu r, wherel andr are terms built plus Re uR“ Vs
from the set of labelled symbols and a sepatterns R /\
We use treestructures to represent the pattermsilllis- vi' f V2
tratethis idea, consider an example. so that the tayet code is
Souce expession pP@V, VU sum( vy, vz, Vi) . )
Syntax tee prop Note that the matching strategy it unique. Another
/\ matchingprocedure can be
P w Ry
Rewriting rule vu /pl<s
Ry v U prop v u ( prop=ttp) r eadPr op(” p”, Vi) plus Re VRz uR4 v
P v (whereprop=ttp denoteshe taget Ry /\ Re
1 type (tp) at nodeprop) Vi u” v

Patternmatching so that the taet code is



v u sum(sum(v i,V ,),V 3). (2) plementation, oby counting up the average execution time
As a preliminary estimation, code (1) is better than code (2), correspondingo the individual function calls.
sincein (1) only one function invocation is required. In some situations, the cost of a general function call de
As anotherexample consider an array with multiple di ~ Pendsnot only onthe function implementation itself, but
mensionsSuppose a tget function alsoon what the actual guments are. For example, sup
VO Darr( ARRAY, | NT,...) posefunctionunion(SET ,,SET ) is the taget code for a
represents reading a source expresgjpal[V,]...[v.] by sourceexpressions that builds the union of two sets. Thus,
(TYPE)Ir(v. . oV 1,V ) thecost of the functiomnion will dynamically depend on
whereTYPE is the taget type of the source expression. The thespace-complexityf the aguments. Unfortunatelana

correspondingewriting rules are defined as follows: lyzing this space complexity at the compilation-timeais
difficult task and in someases impossible. This fact leads

Rs: vu ar vu (arr=ttp)arr( v 1)
to an approach where each function call gets assigned an es
A timatedaverage cost regardless of the dynamic space com
Re: u ar u v plexity of the aguments.
/ \ Thereare two kinds of taret functionsfunctions with a
1V fixed arity, and functionswith a variable arityln the first
R u v u v casethe cost of a function call is a fixed nonnegative value;

E.g.given an expression[v,][v,], the syntax tree is in the second case, the cost of afunctlop call depends-'lmear
arr ly on the number of the guments. For instance, consider
/\ thefunctionsum where a variable number ofgamments is

arr v, (3) allowed.The cost of this function call can be calculated by
/\ thefollowing formula:
Vo Vi

The matching procedure can be

arr v

A

arr A

A
Vo v,

andthe corresponding code is

cost(sum(arg , arg z, ...,arg ,)) =C+ny c,
wherec, is the cost in the case nogaments are present,
andc, is the incremental cost for each new appendgd ar
ment.

This linear model is motivateldy the following fact: in
thebody of a function, a loop is always used in order to ac
cessiteratively the aguments appearing in the function

vu (TYPEarr(v oV 1,V ). call. Normally, the number this loop &xecuted linearly de

Again there are several @ifent matching procedures, e.g. Pendson the number of theguments. Meanwhile, the cost
anothematching will generate the code of the function call will linearly depend on the number of

vu (TYPE)arr((  ARRAY)arr(v oV 1),V »). theseruns.

For the expression,+v,+v; two different taget codes
3.2. Costsof rules were generated. By the above model, the costs of akerna
In the conventional approach, each rewriting rule has-a destives (1) and (2) ares, + 3c, and 2, + 3c, respectively
ignatedcost, so that the optimization degree for thgegar  Therefore,as we have stated, alternative (1) is better than
codecan be measured by the total cost of rules matched. In(2). According to this model, the costs of ruRsR;, andR,
the conventional approach, the dat codeof each rewrit mustbe designated &g, 0, andc,, respectively
ing rule consists dfiardware-oriented instructions. It is-rel The discussion above shows that ay&rfunction call
atively easy to designata cost to a rule, because the may be generated by matchingsaquence of rewriting
instructionsare relatively simple. Howevein our front- rules. Therefore, the cost of a function callegual to the
endapproach where the tpat code is composed of a series sumof the costs of the corresponding rules.
of function calls, theost of a rule relies on how thedat In orderto simplify the cost model, the set of rewriting
functionsare implementedsenerally speaking, the cost of rulesis restricted in a way that only the root can have-vari
arule can be estimated either by analyzing the fundtmn ablearity. In general, the cost of a rule is a nonnegative val



ue, which may depend on the arity of the root of the tree-
pattern, if the root has variable arity.

3.3. Evaluation order

In asyntax tree, the evaluation order among its nodesis a-
ways fixed, e.g. left-right or right-left. On the other hand,
the evaluation order in thetarget codeisalsofixed. It isnec-
essary to ensure that both evaluation orders are conform-
able.

We denote the set of rewriting rulesby . Let operand,
and operand, be two arbitrary different operands of the
syntax tree. Let ar g, and ar g, be the corresponding oper-
ands of the target code. Now two kinds of ordersare consid-
ered. One is the evaluation order between operand, and
operand, in the syntax tree. The other oneisthe evaluation
order between ar g, and ar g, in the target code. We say,
isconsistent, if these orders are conformable for all pairs of
operands.

In the context of this paper, we assume that the evalua-
tion order in the syntax tree is right-left and in the target
code the arguments of a function call are also evaluated in
right-left order. A sufficient criteriato ensure that the set of
patterns is consistent is that if an operand appears on the
right-hand side of another one then the code corresponding
tothefirst operand must appear on theright-hand side of the
cade corresponding to the second one.

It is clear that a non-consistent set of rewriting rules or
illegal traversal order of the syntax tree can result in atarget
code with anillegal evaluation order. However, the correct
traversal order of the syntax tree as well a consistent set of
rewriting rules are still insufficient to ensure the correct
evaluation order in the target code by any pattern matching.

The problem is the following. A method m [—1 may
cause side effects modifying some propertiesin -~ “(m). If a
statement or expression contains m [_1 as well as some
properties of  (m), then the evaluation order between m
and the propertiesin  "(m) must be conformable between
the source- and the target-code. This will be illustrated by
an example.

On the one hand, the target code of m [ can be
matched by the following rules:

Ra: V « MmC V«—I’T’()

/\

m

v < mcdpth v _ dispatch(”nt, )

m

Rio: «— exp-list -V
*

\"

R; and R, describe the rules for method calls in the context
of static binding and dynamic dispatching. In Ry, the itera-
tion notion “*” indicates that the arity of node exp-list is
variableand 0. Correspondingly, thecodeof consistsof
the concatenation of the code son’s code. Later this will
form the arguments of afunction call.

Therefore, given an expression m(v,)[p@vV,], the syn-
tax treeis

arr

prop

JAA (4)

m exp-list P vz

|

Vi
Matched by rules R, R, R,, Re, and Ry,, the target code is
V—(TYPBarr(m v, ,readProp(”"p”",Vvz). (5

Consider the case that the following new rule

Rua: V < arr

/\

Vi prop

/\

pve
is introduced in order to translate the source expression
Vv;[p@v.] into
vV « (TYPBarr (v, "p”, V,)

Here the property p is dereferenced in the function body
arr but the value of v, is evaluated in the argument part,
i.e. p isevaluated after v,. Inthiscasethe evaluation order is
not sensitive, so that the codeis still correct.

However, if the tree (4) is matched by the rules Rg, Ry
and Ry, then the target code becomes

V « (TYPBarr(mv,.),"p., V). (6)
In the case p [C_1(m), thus the evaluation order between
the method m and the property p isillegal.

Thisexampleillustrates that the problem of illegal eval-
uation order does not result from the traversal strategy for
the syntax tree, but does result from the control in pattern
matching.

In this source-to-source background, the issue of evalu-
ation order comes from method calls which may cause side
effects. Besides this case, the evaluation order is not sensi-
tive where the code generator may evaluate expressionsin
an order that reduces the cost of evauation.

V —arr(vy,"p", V)



3.4. Temporal variables

So far we merely considered the rewriting rules which are
used to read expressions. However, for rules involving
reading and writing of variables or properties a problem
arises. Consider the source statement v,.p:=v; with the fol-

lowing syntax tree
assign

prop Va

()

p Vi

Aswe assumed in section 2, the target code must be
writeProp(°p°,v LV 2) .
However, if rule R, is chosen to match the shadowed part as
follows
assign

R

prop " v A

p Vi

the target code would be wrong, sincethe code of R, just re-
turns the value of v,.p and does not perform the actual up-
date. Consequently, the target code only changes the (hid-
den) temporary v but v,.p.

4. Control in pattern matching

Severa tree-pattern matching algorithms have been pres-
ented. For code generation applications, ascheme proposed
by Hoffman and O’ Donnell [13] appears promising, and it
is successfully applied in the system Twig for code genera-
tor-generators by Aho, Ganapathi, and Tjiang [3]. They
suggested that template matching can be done efficiently
by extending the Aho-Corasick multiple-keyword patter-
matching algorithm [1] into atop-down tree-pattern match-
ing algorithm. Afterwards, applying the bottom-up heuris-
tic search, the cheapest tree-pattern matching can be found.
This agorithm can be extended to our application. In this
paper we do not intend to discuss the details of the algo-
rithm. Instead, we state some key problems which occur in
our application, but do not occur in the conventional ap-
proaches and present our solutions.

4.1. Controalling the evaluation order

Controlling the evauation order can be divided into two
categories. Oneisthe order between methods and methads
Another one isthe order between methods and perties
Without loss of generality, in this section we can assume
that the method call is always in the context of static bind-

ing. From the view of controlling the evaluation order, a
method call in the context of static binding or dynamic dis-
patching does not make an essential difference.

In the syntax tree, weintroduce the notion n > m if node
m is an ancestor of node n, and the notion n > m if n=m or
n>m.

We have the following results.

THEOREM 1. Suppose the set of rewriting rulesis consis-
tent and that only rules R; and R, contain nodes for method
cals. Then for any pattern matching the evaluation order
between methods and methods is aways correct.

Proor: Let m;, m, Qb and mc, and mc, their correspond-
ing nodes in the subject tree c. Let the traversal of the sub-
ject tree be the bottom-up and the right to left order. Sup-
pose node mc, appears before node mc,. Now we prove
that, by any pattern matching, the code of m, isalwayseva-
luated before m..

Clearly in the case that mc, < mc, the codefor m,isem-
bedded in the argument of afunction call which isthe code
for node m,. Hence, the codefor m, isevaluated before that
for m,,

Note that the case mc,>mc, can not occur. Consider
the remaining case of mc, < mc,. Suppose node n is the
first common ancestor of nodes mc, and mc,. By any
matching, there always exists anode n; (n;<n) such that at
n; thereisafunction call f generated. According to the as-
sumption that only the rules R, and R, contain nodes for
method calls, the code of m, and m, must be embedded in
two different arguments, arg ; and arg ;. Moreover, arg ;
and arg ; arenot identifier-references (c.f. the definition of
rule Rs). Suppose the code arg ; and arg ; are generated at
nodes n, and n; respectively. Hence, the relation
n<n;<mc, and n < n,<mc, holds, while n; must be on the
right-hand side of n, since mc, is on the right-hand side of
mc..

Therefore, inthefunctioncall f , argument arg ; must beon
the right-hand side of argument arg ; so that all code in
arg ; isevaluated before codeinarg ;, hencethe code of m,
is evaluated before m.. |



Before discussing how to control the evaluatiorder

targetcode the content q@fis evaluated aften. This means

betweermethods and properties, we introduce some-nota thatthere is a function call in the form of

tions.For each noda in the syntax tree letb(n) a A be
theset of those methods which ocauthe subtree rooted at
noden. Moreover at noden, let 9, (n) be the set of those
propertiesvhich may be décted by the methods ifb(n),
ie.

P = JP(m) .

me At(n)

At noden, denote the tget code associated with label
ascoddl, n). Here we can regarcbdé€l, n) asa form of
someamguments. Let Py (I, n) a P be the set of those
propertieswhich occuras identifiefreferences guments
in coddl, n). For example itoddl, n) is

Op 1O,f(\/,Op 20),0p 30
then P, n) = {p., ps}. Note thatp, does not belong to
Poadl, N) because(v,p ;%) is an agument andobut
°p ,° is not.

f(...,code meeesCPO,.n0) ,

wherecode , acts as aagument off anddirectly orindi-
rectly includes the code aoh. Therefore, there must be a
matchlike the following:

wherethe function calf is generated at nodg andk <.
Now #*(m) a P’(nf) andp QP (!, n). This leads to a

THEOREM 2. Suppose the set of rewriting rules is consistent contradictionsincep Q P, (nf) N Peogel, M) P j

andthat only ruleg}; andR, contain nodefor method calls.
Givena syntax tre€’, supposél is matched by a séf =
{{R', n]} where the root of rewriting rul®' matchesat

noden; in 9. Assume that Iabdgis thejtth leaf (counted in
left-right order) ofR' and matches at nodrf: ing. The tar

getcode generated by has a correatvaluation order be
tweenmethods and propertied the following condition
holds:
PN N Pooelll, M) =],
for all i, j andk such thak <j.

ProoF: In the syntax tre, letp Q 9, m Q M and letmc
bethe correspondinmc-node. Assume that the coderof
andthe code op are involved im (nested) function call. It
is easyto verify, that the code gf occurs on the right hand
side ofm iff nodep appeardefore the nodmc during the
traversalof the subject tred” in the bottom-up and the
right-left order

SufficiencyAccording to the restriction that in the set of
rewriting rules only rulefk; andR, contain nodes for meth
od calls, if the code gb occurs on the left-hand side rof
thentheir evaluation order is always correct, sipas at
waysevaluated aftem. Now assume that the codembc
curson the right-hand side of andp Q®"(m), while in the

e e e e e e o e e . e e e e s  ap ap o e
3. In the case that the code is a function call, we can regard
the whole function call as an gument

NecessityAssume that there is a match as above such
that P, (Nf) N Peeae(l, M) p j , i.e. there exists pin the
subtreerooted at noden (so thatp QP .l n))) and a

node mc in the subtree rooted at nodef (such that
p Q®¥'(m)a ¥ (nk)). By this match, therés a function
call of the form

f(...,code meeesOPOy.nn)
generatedSimilar to the first part of the proof, the code
code , acts asan agument off anddirectly or indirectly
includesthe code ofn. Consequentlyin the function calf ,
m is evaluated beforp. This leads to a illegal evaluation
orderbetweemm andp which is a contradiction. |

In an algorithm@,,(n) can be calculated recursively in
abottom-up order for each noden the syntax tre€. It is
independenbf any pattern matching. Gthe other hand,
the value of P .(l, n) must be kept at node associated
with the label duringpattern matching. In the conventional
approachesthe bottom-up heuristic search &pplied,
whereat each noda associated with the relevant lalbel
only the cheapest match of all rewriting rules r is stored
[3, 13]. In our algorithm, howeverat each noden
associateavith the relevant labd| different matches that
can generate dferent P (l, n) must be stored (due to
theorem2). As a consequence, our algorithm for pattern
matchingwill use more space than the conventional one.



4.2. Handling of temporal variables
Oneway of handling updatefor temporal variables is to
apply the patterratching only to certain subtrees of the
syntaxtree.

Given a source statement which modifieohject,the

5. Experience

We implementedthis front-end approach successfully to
translatehe scheméganguagé/ML into C++ [5]. The gen
eralissues of th& ML compiler are described in [16]ML

is the modelling language dfie object-oriented database

pathfrom the node corresponding to the modified object to systemVODAK developed at GMD-IPSIThe taget lar

the node corresponding to the modifying operatios
calledwriting-path

If a syntax tredncludes a writing-path, then pattern
matchingis only applied to those subtrees which doinot
cludenodes of the writing-path. In other woréls, the sub
treewhich includes nodes of theriting-path, code genera

guageC++ satisfies the requirements statedention 2. In
fact, from the point of view of compilation at statementlev
el, we did notrely on other object-oriented features of C++.
By this experience several notes cancbacluded as fel
lows.

First,assigning costs to rewriting rules is didiilt task

tion must be performed by traditional case analysis, sinceand may undego several revisions in order to reflect the
the current matching strategies are not suited for syntaxchangesluring the system maintenance. When introducing

treescontaining writing-paths.

Informally speaking, given a syntax tree whinhludes
a writing-path, pattern matchinig applied to the subtrees
obtainedafter deleting the nodes of the writing-patwesl
asthe edges leading to those nodes.

For example, in the trg@), the bold path is the writing

new rewriting rules, the following assumption must be ob
eyed:

AssumPTION 1. The semantics of rewriting rules does not
rely on the costs of the rules. |

Secondly we assumed thahe aguments of a tget

pathso that pattern matching is only applied to the subtreesfynction call areevaluated in right-to-left ordeHowever

p andv, (they are already nodes).
For a moreillustrative example consider the statement,
Vi[Vo+Vs] = vi[Vo]. The syntax tree is
assign

(ty)

arr

/N

Vi Vo

arr

/N

Vi plus

/\

Vo V2

()

where the bold path is the writing-path. Thus, pattern
matchingis applied to the shadowed subtresand (t,).

Afterwards,the syntax tree becomes
assign

/\

arr  Vynpr

/"

Vi Vimp2

which must be treated by traditional case analysis.

e e i e a e . A R R i i e i
4. We do not regard that the node of method call is

a modified operation, although certain method calls can cause
side effect.

if the aguments consisdf more than one identifigefer
ence(E.g. we can define a polymorphic function call
sumProp(°p .°V 4,...,°p 2V
to represent a source expressp@v,.+ ... + p,@v,, for
any n >0.), then the evaluation order among theggrar
ments will rely on the function implementation. For
instance,n the functionsumProp the values o, to p,
mustbe evaluated in right-to-left ordedMevertheless, this
requiremensomehowcan lead to an implementation in a
zigzagway. E.g. in the body of functiosumProp , thear
guments should be countedl@it-to-right order because a
variablenumber of aguments isllowed. Thus, it is neces
saryto introduce a stack in ord&r push all aguments, and
latterto pop them in the reverse order for the purpose ef der
eferencingthese identifiereference aguments. Clearly
this way more space would be required compared to the
moredirect way ofdereferencing thesegamments as soon
as they are encountered. Fortunateiiye correctnessf
theoreml and 2 does not rely on this restriction.

AssumPTION 2. Thebodies of taget functions do not rely
on the order in which their identifieeference ayuments
areevaluated. [l

Third, as mentioned above, pattern matching only
needso control the evaluation order either betwessth
odsand methods or between methods and properties. If a
rewriting rule specifies more than one method call o



ture of method calls and properties, then pattern matching
would be powerless to control the dereferencing order
among these method-calls and/or properties, since the con-
trol isaready transferred to the body of target functions. As
a consequence of assumption 2, this case would not be un-
der control. Therefore, there is a necessity to restrict the
patternsto separate method calls from other kinds of nodes.

AssuMPTION 3. The set of rewriting rules must be consis-
tent, such that only rules R; and R, contain nodes for method
cals.

6. Comparison with previouswork

Previous research in pattern-directed code generation can
be broadly classified into two categories. LR parsing and
tree-pattern matching. With the former one, the code gener-
ator is constructed as a syntax-directed translator inwhich a
linearized prefix form of the IR treeisparsed by an LR pars-
er built from a context-free grammar that describes the tar-
get machine [7, 8, 10-12]. With the later one, the approach
employed direct tree-pattern matching techniques [1-3, 6,
13]. But al of them are focusing on source-to-machine-
code trangdlation.

On the other hand, the current approach for source-to-
source code generation is still the traditional case analysis.
Thishas been very useful for many applications. In general,
the algorithm for case analysis is distributively defined at
each node in the tree, and refers to the synthesized and in-
herited attributes. In the source-to-source background, one
target instruction may cover a variable depth of the tree
while there may be different alternatives to be chosen for
the same tree. It is necessary for case analysis to consider
the different combinations from the current node to its chil -
dren and/or parent, and even to deeper levels. By far the
largest prablem of thisapproach isthat the definitions of the
target instructions are difficult to modify, since the algo-
rithm for case analysis must follow this modification also.

Benefited from the theoretical and practical work that
has been done on the conventional dynamic programming,
this paper extends the tree pattern matching into source-to-
source code generation. However, there are several differ-
ences. The main point is that the pattern matching algo-
rithm must explicitly control the evaluation order. In our
source-to-source background, instructions are function
calls in which properties are passed as identifier-reference
arguments. As aresult, the dereferencing order may violate
the semantic. In conventional approaches, however, the is-
sue of evaluation order is not resolved in the phase of pat-

tern matching. It isassumed that the evaluation order is cor-
rect provided a traversal strategy for the syntax tree
specifiesalegal order [14], since the syntax tree must bere-
written into machine-level (intermediate representation)
before applying the pattern matching. Consequently, the re-
written tree already uniquely determines the evaluation or-
der. Suppose, for example, the syntax tree (4) is translated
into machine code. Before applying pattern matching, the
tree must be rewritten into a form of function calls so that
choosing the machine code corresponding to code (5) or
(6), which specify different evaluation orders, is actually
aready determined in this phase, not in pattern matching.

7. Discussion & Conclusion

This paper extends conventional dynamic programming
into source-to-source code generation. Based upon this ap-
proach, the procedure for optimization shows good open-
ness. In the conventional background, target instructions
are predefined by hardware and arefixed. In contrast, in our
application the target instructions are a series of function
calls and can be devel oped incrementally. Generally speak-
ing, initially primitive instructions can be defined in the tar-
get-library. Latter, special composite instructions can be
added to improve the efficiency, especialy frequently oc-
curring groups of primitive instructions can be defined as
compositeinstructions. Although from the point of view of
semantic completeness, the composite instructions are re-
dundant, but they play an important role in the optimiza-
tion, since more direct representations lead to a higher per-
formance.

To facilitate an incremental development based on the
improvements of the target-library, a modular design is
needed. The dynamic programming approach aims to
achieve this goal. Improvements of the target-library re-
quire only modifications of the rewriting rules since those
are separated from the pattern matching algorithm.

Acknowledgements

We thank Wolfgang Klas and Peter Muth, for reading apre-
liminary version of this paper and suggesting improve-
ments for its presentation.

References

1. AHO,A.V., AND Corasick, M. J. Efficient string match-
ing: An aid to bibliographic search. Comm. ACM 18,6
(June 1975), pp. 333-340.



10.

11.

12.

13.

14.

10

AHO, A. V., AND GANARATHI, M.  Efficient string match
ing: An aid to code generation. FProc. of the ACM
Symp. on Principles of Rsgramming Languages.
ACM, New York, 1985, pp. 334-340.

AHO, A. V., GANAPATHI, M., AND TJANG, S W. K. Code
GenerationUsing Tree Matching and Dynamic Rro
gramming. ACM Trans. Pogram. Lang. Syst.11 4
(Oct.1989). pp. 491-516.

AGRAWAL, R, DAR, S, AND GEHANI, N.  The O++ data
base Programming Language: Implementation and
ExperienceProc. onData Engerienging 993.

CHEN, W-M., AND Turay, V. VML Code Generatin
Basedon Tree-Pattern Matchingind Dynamic Pro
gramming. Tech. Rep. 755, 1992, GMD-IPSI.
Fraser, C. W. Automatic Generation of code genera
tors. Ph.D. Dissertation, e University New Haven,
Conn.,1977.

GLANVILLE, R S A Machine Independent Algorithm
for Code Generation arts Use In Retayetable Com
pilers. Ph.D. Dissertation, University of California,
Berkeley Dec. 1977.

GLANVILLE, R S, AND GRAHAM, S L. A new method for
compiler code generation. Iffroc. ACM Symp. on
Principles of Programming LanguageACM, New
York, 1978, pp. 231-240.

GoRLEN, K., OrLOW, S, AND PLEXICO, P Data Abstrae
tion and Object-Oriented Bigramming in C++ John
Wiley & Sons, 1990.

Henry, R R Graham-Glanville Code Generators,
Ph.D Dissertation, Computer Science Divisidilec
trical Engineeringand Computer Science, Uniof
California,Berkeley 1984

Henry, R R, AND Damron, P C. Performance of
Table-Driven Code Generators Using rée-Pattern
Matching Tech. Rep. 89-02-02, Dept. @omputer
Scienceniversity of Washington, Seattle. Feb. 1989.
HenRry, R R, EncodingOptimal Pattern Selection in a
Table-DrivenBottom-Up Tee-Pattern Matchefech.
Rep.89-03-04, Dept. of Computer Science, University
of Washington, Seattle. Feb. 1989.

HorrFMmAN, C. W, AND O'DONNELL, M. J Pattern Match
ing in TreesJ. ACM29, 1(1982), pp. 68-95.
LANDWEHR, R, JANSOHN, H. S, AND Goos, G.  ExpeHd
ence with an automatic Code GeneratGeneratar
ACM SIGPLAN Notice&3, 7 (1982), pp. 56-66.

15. RicHARDSON. J E., AND CAREY. M. J. Persistence inthe E
Language:lssues and ImplementationSoftwae ++
Practice& Experiencel9, 12(Dec. 1989),115-1150.

16. Turau, V., AND CHEN, W-M. VML Compiler: Issues
andImplementation. (submitted for publication)






