Restructuring programs by tucking statements into functions

Arun Lakhotia and Jean-Christoph®eprez

The Centerfor AdvancedComputerStudies
University of Southwesterriouisiana
Lafayette, LA 70504
(318) 482-6766,-5791 (Fax)

arun@cacs.usl.edu

Abstract

Changingthe internal structureof a programwithout changingits behavioris called restructuring.
This papemresentatransformatiorcalledtuckfor restructuringorogramsoy decomposingarge functions
into small functions. Tuck consistsof three steps: Wedge, Split, and Fold. A wedge—asubsetof
statementsn a slice—containscomputationghat are relatedand that may createa meaningfulfunction.
The statements$n a wedgeare split from the restof the codeandfolded into a new function. A call to
the new functionis placedin the now restructuredunction. Thattuck doesnot alter the behaviorof the
original function follows from the semanticpreservingpropertiesof a slice.

Keywords: ProgramRestructuring;ProgramsSlicing

1 Introduction

Softwarerestructuringis the transformationof softwarefrom one representatiorio anotherat the
samerelative abstractiorievel, without changingthe externalbehaviorof the subjectsystem[CC90]. A
softwaresystemmay be restructuredo makeit easierto understanéndchange andthereforelesscostly
to maintain [Arn89]. Restructuringmay also be the enabling step for reengineeringa system[SJ87,
Wat88], andfor reverseengineeringa systemto extractits abstraction§BL91, HPLH90, War93].

Restructuringin the early daysof structuredprogrammingimplied removingthe goto statements
[AM71, Bak77,Kas74]. This notion of restructuringis quite matureand hasled to severalautomated
tools[Arn89]. Eventhoughautomaticremovalof goto statementsloesnot alwaysproduceprogramshat
aredesirable[Cal88], suchrestructuringis a necessargtepfor creatinghigher,logic-basedabstractions
from code [BL91, HPLH90, War93, Wat88].

This paperinvestigateghe problemof restructuringprogramsby breakingits large codefragments
andtuckingtheminto new functions. The technicalchallengein creatingnewfunctionslies in capturing
computationghat are meaningfullyrelated If thatwasnot necessarypne could simply createfunctions
by breakingoff contiguouspiecesof codeof somepre-setsize, suchasdoneby Sneedand Jandrasics
[SJ87]. Sucha straightforwardapproachmay not yield good functionsbecauseof the interleaving of
unrelatedcomputationsin real-world code [RSW96].

We presentarestructuringransformatiortuckto decomposéarge, non-cohesiveodefragmentsnto
small, cohesivefunctions[Dep97]. To tuck accordingto the AmericanHeritageDictionary, is to “gather
and fold.” This is preciselywhat our transformationdoes. Tuck is a compositionof three primitive



1 Procedure Sale_Pay_Profit (days: integer;
cost: float; var sale: int_array;
var pay: float; var profit: float;
process: boolean);

2 vari: integer;total_sale, total_pay: float;

3 begin

4 i:=0;

5 while i < days do begin

6 =i+

7 readin(sale[i])

8 end;

9  if process = True then begin

10 total_sale:=0;

11  total_pay:=0;

12 fori:=1to days do begin

13 total_sale := total_sale + salefi];

14 total_pay := total_pay + 0.1 * sale][i];
15 if sale[i] > 1000 then

16 total_pay := total_pay + 50;

17 end;

18 pay := total_pay / days + 100;
19 profit := 0.9 * total_sale - cost;
20 end;

21 end;

Figure 1 Sample non-cohesivefunction. This function usesthe sameinput to computedifferent outputs. Its
computationalso depend=on a flag passedas a parameter.This function is a representativef
codewith interleavedcomputationdRSW96]. In Section6, using the tuck transformationthis
programis restructurednto a collection of functionswith an object-basedhrchitecture.

1 Procedure Sale_Pay_Profit (days: integer;
cost: float; var sale: int_array;
var pay: float; var profit: float;
process: boolean);

2 vari: integer;total_sale, total_pay: float;

3 be%g Procedure ComputeTotalPay (days: integer;
4 =0 _ sale: int_array;

5 wh|.le i < days do begin var total_pay: float;);

6 =il var i: integer;

7 readin(sale[i]) begin

8 gnd; ) 11  total_pay:=0;

9 if process = True then begin

12 fori:=1to days do begin
10 total_sale:=0;

14 | = | + 0.1 * sale[i];
12 fori:=1to days do begin 15 ?;2@%?; 1(;géiﬁ2§y 0-1* salefl;
13 total_sale := total_sale + sale[i]; 16 total_pay := total_pay + 50;
17 end; 17 end; - -
ComputeTotalPay(days, sale, total_pay); end:

18 pay :=total_pay / days + 100;
19 profit := 0.9 * total_sale - cost;
20 end;

21 end;

Figure 2 Result of tucking computation in Figure 1. This programis createdby tucking
all statementsassigninga value to the variabletotal_pay



transformations:Wedge, Split, and Fold. To tuck a code fragment,a programmeffirst gatheregelated
code by driving a wedgein the function, then splits the code isolatedby the wedge, and then folds
[BD77] the split codeinto a function. Suchrestructuringmay be performedin order to improve the
architectureof a software system[Sta82].

Figuresl and2 enumeratdy examplethe type of restructuringperformedby tucking. The program
in Figurel is not cohesivel]SMC74] in thatit performsseveralactivities at the sametime. It inputsthe
sale datafor agivennumberof days . Dependingon the value of the flag process , it alsocomputes
pay , the commissionto be paid asa percentag®f sale , andthe resultingprofit . Figure2 contains
a programresultingfrom tucking all the statementsnodifying the variabletotal_pay  into a function
ComputeTotalPay . Besidegheassignmentso total_pay , the newfunctionalsocontainsthe for
andtheif statementsothatthecomputatiorof total_pay is preservedA copyof thefor statement
hasbeenretainedin the restructuredunction to ensurethat total_sale is correctly computed.

The tuck transformationimproves upon the extract-function transformationcontainedin
Griswold and Notkin's catalogueof restructuringtransformationgGri91, GN93]. Griswold andNotkin’s
extract-function createsa new function from contiguouscode fragments. Their transformation
is limited to structured programs.In contrast,the tuck transformatioreven createsunctionsfrom non-
contiguouscode, as enumeratedy the examplein Figuresl and2. Our transformationis definedfor
unstructued programsas well.

This paperpresentsa summaryof the tuck transformationsand its application. The rest of this
paperis organizedas follows. Section2 definesthe problemand highlights the technicalchallengein
decomposindunctionsto createsmallerfunctions. Section3 presentsomebackgroundlefinitionsused
later. Section4 presentour tranformationfor folding a contiguouspieceof codeinto a function. Section
5 containsour transformationfor tucking non-contiguouscode. Section6 gives an exampleof using
this transformatiorfor restructuringa program. Section7 presentsa comparisorof our work with other
relatedwork. Section8 containsour concludingremarksand plansfor future research.

2 Problem definition

We definethe problemof tucking statementsas follows:

Definition: Tuck To tuck a setof statementsS of a function fgq is to createtwo functionsfney and
fs suchthat (a) foiq is equivalentto fhew, (D) frew Calls fs, and(c) fs containsthe statementsn S (and
may be other statements).

For this discussiorwe only considerproceduraprogramghatdo not containglobalvariablesand|l/O
statementsA programis madeup of functionsconsistingof statementsyoth structuredandunstructured.
Datais passedackandforth betweenfunctionsthroughvalue and referenceparametersWe consider
two functionsto be equivalentif they producethe sameoutputsfor the sameinputs,wherethe input and
output of a function are definedin termsof its parameterand return values.

When restructuringprogramsfunction fhew will replacefunction fog. Hencethe two functions,
besidesbeing equivalentin input/outputmapping,will also havethe samename. We usethe subscript
new and old to differentiatethesetwo functions. It may not alwaysbe possibleto tuck a given set of
statementsnd ensurethat ey is equivalentto fqq. In suchcase,we assumehat tuck terminateswith
error, i.e., without making any changeso the program.



The definition of tuck doesnot statewhetherstatementsn S should be includedin fpey Or not.
Generally, thesestatementavould not be includedin fhey. However, requiring that statementsn S
not be includedin fhew may be too stronga constraint. Sometimest may be necessaryo retain some
statement®f Sin f,ew in orderto ensurethatthe threeconditionsare satisfied.In suchcase therelevant
statementsre duplicatedin both f,e, andfs.

The functionfs may alsocontainstatementstherthanthosein S. For instancewhenthe statements
in S are dispersedhroughoutthe code,interspersedvith other statement®n which they have control
and datadependenceln suchcase,fs may containother statementshat affect the computationsat the
statementsn S. Thesestatementsnay further be containedin fey aswell.

Clearly, frew andfs may also containstatementshat arenot in foig. One suchstatemenis the call
to fs from fhew, Nneededby condition (b) in the definition of tuck. The definition doesnot precludethe
possibility of including in fs or fhey Statementghat are not containedin fgg. Since statementdrom
folg may be copiedin both frey and fs, somenew statementsnay be necessaryo ensurethat fpey is
equivalentto fyg in spite of the duplication of statements.One use of theseadditional statementsnay
be to saveandrestorevaluesof certainvariablesbeforeor after the call to fs.

While the definition of tuck doesnot requirethatall the statementsf fy g appearat leastoncein frew
or fg, if we assumehatfyy containsonly the statementshat contributeto its computationj.e. doesnot
containredundantstatementsthenit is pragmaticto requirethis condition. Thus, we expectthat after
tucking, every (useful) statemenbf fy,q appearsat leastoncein fpey OF fs.

Definition: Original and copystatementsLet statement’, a statemenbf eitherf,ey Or fsun, be a copy
of a statemens in fgq. Statemens is calledthe original of s’ ands’ is calleda copyof s.

Structural constraint: While not requiredfrom the definition, our tucking algorithmensureghat every
statemenf frew OF foig haszero or one original statemeniand every statemenof foq hasone or two
copy statements.

To formalize the behavior preservedby tuck we use Horwitz et al.’s operationalsemanticsof
programsgalledHPR semanticsto characterizehe behaviorof a statemenfHPR89]. Givenanexecution
of afunction—f, 4 or frew—with someinitial states, thebehaviorof a statemenis definedasthe sequence
of valuesgeneratedat that statement.For an assignmenstatemenitt is the sequencef valuesassigned
to the variableon the left-handside. For a predicatestatement-suchas, if-then-else while-do—it is the
sequencedf booleanvaluesto which its predicateevaluates.For a function call, it is the sequenceof
tuplesconsistingof the returnvalue andthe valuesof its parameterst completionof the function.

Let s be a statemenibf foq and s’ be one of its copy in frew Or fs. Let Z(foid)(S)(¢) denotethe
sequenceof valuesgeneratedoy s for an executionof fqg with the initial states. Let Z(fhew)(S')(0)
denotethe sequenceof valuesgeneratedoy s’ for an executionof f,ey with the initial statec. (Note
that the initial stateis for f.ew evenif s’ is in fs.)

Definition: Statemenequivalence A statemens of fqq is equivalentto its copy s’ in fney Or fs iff for
every initial statec for which fyg andfew terminate,s and s’ generatethe samesequenceof values,

i.e. Z(foa)(8)(@) = Z(frew)(s)(0)-

It follows that the functionsfyq andf,ew are equivalentif all the statementf foq are equivalent
to their copiesin fney Or fs.



3 Preliminaries

Our discussionsand algorithmsare restrictedto programsin a procedurallanguagewithout global
variables. The languagecontainsassignmenstatementpranchstatementsgoto statementand function
call statement.For simplicity of presentatiorwe considera function call to be a statementj.e., it does
not appearin any expressionA function hasa fixed numberof parameterseacheither passedy value
or by reference.

We considera functionto be representedsa control flow graph(CFG) anda programasa collection
of CFGs. The input and output of our transformationsare CFGs, its componentsand somerelations
over thesecomponents.

Definition: Directedgraph. A directedgraphG = (N, E) consistsof a setof nodesN and a set of
edgeskF C N x N.

Definition: Contmol flow graph. A CFGis G =(N, FE) is a directedgraph with a unique start node
e € N suchthatthereis a pathfrom 5 to everynodein N, anda uniqueendnodeys € N such
thatthereis a pathto xs from everynodein N. The edgesof a CFG are annotatedr, F, or Always,
as describedbelow.

The nodesof a CFG G, exceptnodesey and y v, represenstatement®f the function. Conversely,
the statementof a function, exceptgoto statementsare representedis nodesin its CFG. The goto
statementare representecs CFG edges.Henceforth,the term statementefersto a noderepresenting
a statemenin a CFG. A branchstatementhastwo outgoingedges,one annotatedvith T andthe other
with F. An assignmenstatementand a function call statementasonly one outgoing edge,which for
the sakeof uniformity, is labelledAlways. A CFG edgewith tag T or F is calleda conditionalbranch
As is the conventionwhen control dependenceare computed,we treatthe startnodeas a branchnode
with an F edgeto theendnodeys anda T edgeto the first statemenbdf the function. A startnodehas
no incoming edgeand an end node as no outgoing edge.

Dueto the label on its edges,a CFG is not truly a directedgraph. Whenthe labelson an edgedo
not play any significantrole in an operationwe omit the label and treatthe CFG as a directedgraph.
This leadsto conciseexpressiorof relationswithout losing the generalitybecausehe label on an edgeis
obviousfrom the context. Whenthe labelis important,we treatan edgeas 2—tuple,asdescribedbelow.

Notation: The pair (n1, c¢), wheren; is a statementandc € {T, F, Always}, representa CFG edge
taggede startingfrom the noden;. The tuple representa unique CFG edgebecausehereis only one
CFG edgewith a particulartag startingfrom a node.

Notation: We usethe function Tamget((z,, ¢)) to give the end statemenof the edge(ny, ¢).
The value andreferenceparameterst a call statementind a function are modelledas follows.

Definition: Let G be a flowgraph of a function. Ref(G') and Value(G) give the set of refeenceand
value parametersrespectively,of GG; Local(G) givesthe setof local variablesof G; and Vars(G) =
Ref(G) U Value(G) U Local(G) givesall the variablesof G.

Definition: Let ¢ be a function call statemenin the CFG G. Calls((, ¢) givesthe CFG of the function
called by statement.. Ref(G,¢) and Valug((, ¢) give the set of referenceand value parameterdor
the call site c.

For simplicity and without loss of generality,we assumethat only variablesare passedas actual
parametersn a function call and that at any call statementa variable may occur at most once as an



actualparametér. We alsoassumethat thereis a 1-1 mappingbetweenthe reference(similarly, value)
parameterof a call site and the reference(value) parametersf the function it calls. As a resultthe
ordering of the parameterds not relevant.

Definition: Postdominator. A CFG nodew postdominatesnotherCFG nodewv, v # w, in the CFG
G iff every path from nodewv to nodet containsnode w. Node w is the immediatepostdominator
of nodevw iff every other postdominatoiof v also postdominatesv. Let ipdom() give the immediate
postdominatorof a node v.

Definition: Control dependence. [FOW87] A noder; is control dependent on an edge(n;, c) iff

1. n; postdominateSarget((;, c)) and
2. if n; # n; thenn; doesnot postdominaten;.

Notation: (n1, ¢) € CD(G, ne) iff in the CFG G the noden; is control dependenbn the conditional

branch(ny, ¢) and ny # ng.

Definition: Data dependence. A statement:; is data dependent on a statement:; in function & iff (a)

thereexistsa variablev thatis usedby n; andis definedby »; and(b) in the CFG of & thereexistsa

pathfrom »; to n; in which the variablev is not definedby any intermediatenode.

Notation: A statementy € DD((G, ny) iff in CFG G statement, is datadependenbdn the statement .
For this discussionve assumehat a function call usesall its value parameteranddefinesanduses

all its referenceparametersThis assumptioris conservativeand ensureghat our analysisproducessafe

result. More preciseinformation from interprocedurabnalysismay be usedto improve the quality of

the results.

Definition: Dependence. A statement:; is dependent in statement:; iff it is eitherdatadependenbn

n; Or control dependenbn someedge(n;, ¢), for somec.

Notation: A statement; € D(G, n2) iff in CFG G statement:, is dependenbn statementy;.
Definition: Sice. A statement:; is in the slice of statementy; iff n; is transitively dependenbn »;
or n; = nj.

n; €Slice(G,n;) iff n; = n; orn; € D(G, n;) or dn, € D(G, n;) andn; € SliceG, ni).
Definition: Slice for a statement set. Let S be a setof statementsSlice(&, 5) = [J,c5 Slice(“, s).

4 Folding contiguous code

In this sectionwe presenta transformatiorio fold contiguouscodesegmentsnto new functions. The
fold transformationalso sometimesalledlambda lifting, wasfirst developedy Burstalland Darlington
in the contextof functional programming[BD77] and subsequenthstudiedfor logic programs[TS84].
Griswold and Notkin developecdthis transformationgcalling it ext ract - f uncti on, for a structured,
imperativelanguage[Gri91, GN93]. We now extendthe transformationto an unstructuredjmperative
language.

In the functional domainthe fold transformationmay be appliedto any expression.In the logic
domainthis transformationmay be appliedto any primitive predicateor any conjunctionof primitive
predicates Similarly, in structuredjmperativeprogramsany sequencef statementsnay be folded into

Sincewe treata function call as an atomic, undecomposablenit, the issueof aliasing—asa resultof using the samevariable multiple
timesin a function call—is not important.



Fold(G,G") = <G1,G2>
where

G = (N, FE) is a flowgraph

G’ = (N',L') is a foldable subgraphof G’

N” = N' - {xa'}

€2 is a new startnodeand r2 is a new end node

N2 = N7 U {e2,r2}

E2=(EnN"x N")U{(e2,eq)}U{(n',r2) | (n',xc) € E'}
G2 = (N2, E2)is aflowgraphwith eg; = €2 and xg2 = 72
f1 is a new call statemenin 1 suchthat Calls(G'1, f1) = G2.
N1 = (N - N")uU{f1}
El1=(EnN1xNLOHU{(fL,xe)}UA{(n, f1)|(n,eq) € E}
G1 = (N1, El)is aflowgraphwith ey = e andxg1 = xa
Ref(G2) = Ref(G1, f1) = Outvar(G1, N”)

Value(G2) = Valug(G'1, f1) = Value(G1,N”)

Local(G2) = LocalG1,N”)

Figure 3 A transformationto fold a foldable subgraph

a function. However,in the contextof unstructuredjmperative programsone cannotextrapolatethat
the fold transformatiormay be appliedto any statemenbr any sequencef statementslin orderto be
convertedto a function, it is importantthat the sequencef statementform a single-entry, single-exit
subgraph(SESE subgraph)—sincéhe new function createdwill haveonly a single entry and a single
exit point. Not every sequenceof statementsn an unstructuredjmperative programmay satisfy this
constraint. Hence,unlike its functional and logic counterpart,not every sequenceof statementof an
unstructuedmperative programcan be folded.
Definition: Subgraph. A directedgraphG’ = (N, E’) is a subgraphof the flowgraphG = (N, F) iff
N' C NandE' = En(N'x N').
Definition: SESE subgraph. A subgraphGG’ = (N, E') is a single-entry,single-exit(SESE)subgraph
of a directedgraph(N, E) iff Jeg/,xer € N'Ng € (N — N'),¢ € N'.(¢,¢') € E = ¢ = ¢ and
(¢ 9) € E = ¢ = xa

To fold a SESEsubgraphis to createa new CFG representinga new function and to replacethe
subgraphn the original CFG by a noderepresenting call to the new function. Whenfolding a SESE
subgraphall nodesexceptthe endnode,in the subgraphare movedinto the new function. This implies
thata SESEsubgraplcontainingan edgefrom its endnodeto someintermediatenodecannotbe folded.
Hencewe define a foldable subclassof SESEsubgraphs.

Definition: Foldable (SESE) subgraph. A SESEsubgraphG’ = (N', E’) is a foldable subgraphof
G = (N, E) iff thereis no edgefrom ¢+ to anynodein N, excepte¢ or x¢r, i.e.¥n' € N'.(xq,n') €
E = n = XG/,TL, = Eqr.



A foldable subgraph?’ of a graphGG' may be uniquelyrepresentedby (a) the tuple (N', E’), or (b)
its pair of entry and exit nodes,i.e., (¢, xa), or () by the setof nodesin the subgraphj.e., N'. In
the following discussionwe usethe threerepresentationiterchangeably.

Our foldable SESE subgraphis different from the SESEregion of Johnson,Pearsonand Pingali
(JPP)[JPP94].The single-entry,single-exit condition of a JPP-SESHegion is definedin terms of a
pair of edges,not a pair of nodes. In addition a JPP-SESHegion also has a strongerconstraintthat
every cycle containingthe start edgealso containsthe end edge,and vice-versa. The JPPdefinition is
motivatedby the needto computecontrol dependenceegions.In contrastour definition is designedor
folding computationinto a function.

In orderto introducea function call we alsoneedto identify the parametershat are passedetween
the new call site andthe new procedure.The following definitionsare usedto identify theseparameters.

Definition: Region. A region is a setof statementof a function.

Definition: Variables of a region (Vars). Let Vars(7, X) give the setof all variablesthat are definedor
usedat any statementn the region X of CFG G.

Definition: Input variable of aregion (IN?). A variablev is aninput variablefor a region X iff thereis
at leastone definition of v outside X that reachesa useof the variablev inside X .

IN?(G, X, v) = 3d ¢ X.d definesv A Ju € X.d € DD(G, u)
Definition: Output variable of a region (OUT?). A variablev is anoutputvariablefor a setof statements
X iff thereis at leastone definition of v inside X thatreaches useof the variablev outsideX .
OUT?(G, X, v) = Ju € X.u definesv A 3d ¢ X.u € DD(G, d)
Definition: All output variables of a region (Outvar). The setof all variablesthat are output variables
of a setof statements.
Outvar(7, X') = {v |OUTAG, X,v)}
Definition: Value variables of a region (Value). A variablev is a value variablefor a setof statements
X iff it is its input variable but not its output variable.
Value(7, X) = {v |IN?(G, X,v)A—~ OUTAG, X, )}
Definition: Local variables of a region (Local). A variablev is alocal variablefor a setof statements
X iff it is neitherits input variable nor its output variable.
Local(G, X) = {v | =IN?(G, X, v)A-~ OUTAG, X, v)}
Lemma: Every variablein Vars(z, X) is containedin one and only one of the setsOutvar(“, X),
Value(7, X), Local(G, X).
Proof: From definitions.
Definition: Fold transformation. Let ,G1,G2 be flowgraphs, G’ be a foldable subgraphof G,
Fold(G,G") = <G'1,G2> as describedin Figure 3.
The fold transformationdoesnot alter the HPR semanticof the original flowgraph.
Lemma: Let Fold(G, G') = <G1,G2>. V¢, nZ(G)(n) = Z(G1)(n).
Proof: By construction,the fold transformationplacesa statementfrom &' in either G1 or G2, i.e.,
N CN1IUN2andN1Nn N2 = ¢. Since is afoldablesubgraptof &, thefold transformatiomeither

removesany control flow path nor introducesany new control flow path. Hence,it doesnot alter the
HPR semanticsof the program.



5 Tucking non-contiguous code

We now presentour transformatiorfor tucking a setof statementsThis transformatiorntakesthree
inputs: G4, a CFG representingunction; 5, a setof statement®f GG,;4; andGs, a foldable subgraph
of G4 containings$'. If the statementsS canbe tuckedwithout changingthe externalbehaviorof the
function G4, the transformationreturnstwo CFGs,G'1 and G2, whereG1 replaces,;; and G2 is a
new function containingthe statementss'.

The tuck transformationis composedof three transformations:Wedge, Split, and Fold. The fold
transformatiorwas introducedin the previoussection. The other two transformationsare developedn
this section.

Definition: Wedge. Let S be a setof statementsand Gs = (Ng, Eg) be a foldable subgraphof G4
suchthat Gg containsall the statementsn S.

Wedge(ro14, G's, 5) = SliceGeiq, 5) N Ns.

Wedgetakesthe samethreeinputsas Tuck and returnsthosestatementsn Slice(,;4, S) which arealso
in the foldable subgraphG's.

To definethe split transformatiorwe usethe following graphoperations.

Definition: Graph union. G; = (Nl,El), Gy = (NQ,EQ), GLUGy = (Nl UN,, Fi U EQ)

Definition: Graph difference. Gy = (Ny, F1), G3 = (N2, E3), Gi1 — Gy = (N1 — Na, By — E3).
Definition: Node deletion. Deletethe noden € N from thegraphG = (N, E). G/n = (N', E') where
N' =N —{n}andE' = (EN(N’'x N"))U {(m, ipdomn)) | (m,n) € E}. Theedge(m, ipdomn))
hasthe sametag as the edge(m, n).

Definition: Deleting a set of nodes. Deletethe setof nodesX from the graphG. G/X =,y G/=.

The node deletion operationis the sameas the CFG node elimintation operationdefinedby Ball
and Horwitz [BH93].
Definition: Node replacement. In the graphG = (N, E) replacethenoden € N by anewnodez ¢ N.
[z/n]G = (N',E') whereN' = (N — {n})U {z} and E' = {(2',y) | (z,y) € (EN(N'x N")).(z =
nAhz' =zVe#nAz' =z)and(y=nAy =zVy#nAy =y}
Definition: Subgraph replacement. In the graph(G' replacethe SESEsubgraph7,. by the SESEsubgraph
G.

[G-/G2)G = (([ee. /e, xa. [xa.1G) = Gz) U G

We usetwo operationsfor sequentiallycomposinggraphs. In the first operationtwo graphsare
composeddy introducinga new edgefrom the end of one graphto the startof the other graph. In the
secondoperationthe compositionis performedby replacingthe end nodeof the first graphby the start
node of the secondgraph.

Definition: Sequentialcompositionby edge introduction Let ¢y and G be foldable subgraphs.
G1;G2 = Gi U G2 U (8,{(XG,,¢6,)}-

Definition: Sequentialcompositionby end node substitution Let ;4 and G, be foldable subgraphs.
Gl ©® G2 = ([5G2/XG1]G1) U Gg.

Definition: Split transformation As definedin Figure 4.

The Split transformatiorsplits a foldable subgraphinto two foldable subgraphswithout alteringthe
behaviorof the original program. This transformatiortakesa CFG 7,14, a setof seedstatements', and



Split(Gold7 G57 S) = Gnew
where
God = (Notd, Eota)
Gs = (Ns, Eg) is afoldable subgraphof G4
- - Separatecomputationrelatedto S and the renamingcomputation

A = NS — XGs

X = WEdeGold,Gs,S) = S"CQGOM,S) N Ng
X =A4-X

Y = WedgéG,i, Gs, X) = Slice(Gog, X) N N
Y = A-Y

- - Determineif splitting will causeconflict
if Outval(GOgd,X) n Outval(GOgd,Y) # ¢ then

conflict
else

- - Find the variable that shouldbe renamed

V = LocaI(GO;d,Y) U Value(Go;d,Y)

- - Computetwo new subgraphs

Gx = Gg/X

Gy = Gs|V

- - Composehe two new subgraphs

Gxy = I[[V]];GX D [[V]]GY

- - Replacethe composedsubgraphin the original graph
Grew = [Gxy/Gs]Gog

fi

Figure 4 Transformationfor splitting a foldable subgraph

afoldablesubgraph's containingstatements'. It createsa new CFG thatis similarto G4, exceptthat
the subgraphs is split into two subgraphg7x andGy thataresequentiallycomposednto Gx & Gy .

While the statementén Gy and(Gy arederivedfrom the statementén (75, they are not necessarily
identicalto thosestatementsThe split transformatiormayrenamesomevariablesin the newsubgraphén
orderto preservehe behaviorof the original program.In doing so the transformatiormay alsointroduce
someadditionalassignmentso initialize the newly introducedvariables. The following operationsare
usedfor this purpose.

Definition: Introducenewvariables Let V' be a setof variables.[V] representa setof orderedpairs
(v,v") wherev € V andv’ is a new variable (not usedin the CFG being transformed).Eachvariable
v is pairedwith a different new variable v'.

Definition: IntroducenewassignmentsLet V' be a setof variables.I[V] represents graphconsisting
of a sequencef assignmenstatement®f the form v' := v, ¥(v, ") € [V]. The orderof the statements
is not significantsince a variable is only renamedonce.
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Definition: Renamevariablesin subgraph Let V' be a setof variablesand G’ a foldable subgraph.
[V]G" is the flowgraphresultingfrom consistentlyreplacingall occurrence®f a variablev by v’ in the
statementof G’, where (v,v") € [V].

The split transformationis given in Figure4. It consistsof the following steps:

1. Separatecomputationrelatedto S from the remainingcomputation This requires separatingthe
statementf G'g in two possibly overlappingsets X and Y, where X containsthe computation
relatedto S andY containsthe remainingcomputation.

2. Determineif splitting will causeconflict A conflict occurswhenboth X andY modify a variable
thatis usedoutsideof X andY’, respectively.Thatis, Outvaf.X') N OutvafY’) # ¢.

3. Find the variablesthat shouldbe renamed.If thereis no conflict then the setof variablesV of V'
that shouldbe renameds determined. Theseare variablesthat are modified or usedin Y, but that
do not belongto OutvarfY’). Thisis a conservativecomputation.It renamesa larger setof variables
than may be necessary.

4. Computetwo new subgraphs Createtwo subgraphs(zx and GGy from (Gg. The subgraphGy
(similarly, Gy) is createdby deletingfrom s all the statementghat are not in X (similarly, Y).
Both Gx and Gy contain xq..

5. Composehetwo newsubgraphs Createa new subgraph= xy by composing(1) /[V], a sequencef
new assignmenstatementghat initialize the renamedvariables,(2) G'x, and (3) [V ]Gy, the graph
Gy with variablesof V' renamed.I[V] andGx arecomposedy introducinga new edge,whereas
Gx and[V]Gy arecomposedisingnodedeletion. Sincex . is containedn bothGx andGy node
deletion ensuresthat GGxy hasonly one xg..

6. Replacethe composedubgraphin the original graph Createa graphG,..,, from G ;3 by replacing
Gxy for Gg.

In the following discussionghe symbolsare usedwith respectto Figure 4.
Lemma: [eq, /Xxcx|Gx and[V]Gy arefoldable subgraphof G.c.p.

Proof: Follows from construction.

The set A consistsof all the statement®f (s, exceptys,. ThesetsX andY arenot disjoint but
containall the statement®f A. Henceeverystatemenbf A may be mappedo at leastone statemenbf
Grew, €itherin Gx or in [V]Gy, andat mosttwo statementspnein G'x andthe secondin [V ]Gy .

Theorem: The Split transformationis behavior preserving. V(n,n') € CNVYY.Z(Guq)(n)p =
Z(Grew)(n')p, whereC is a setof orderedpair (n,n’) suchthat n belongsto G4, »’ belongsto
Grew andn’ is a copy of n.

Proof: Not included.
Definition: Tuck As defined in Figure 5.

Thattuck doespreserveshe HPR semanticof the original programfollows from the similar property
of Wedge, Split, and Fold.

6 Implementation and use

We now presenta scenarioof usingthe abovetransformationgo restructurefunctionsand discuss
our experiencewith implementingthesetransformations.
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TUCk(Goldv GSJ S) = <G17 G2>

where
Gnew = Spm(Goldv G57 S)
Gx is asdefinedin Figure 4
< Gl, G2 >= FOId(Gneun GX)

Figure 5 Transformationfor tucking codein a foldable subgraph

The tuck transformationgequiresthree parameters:the function to be restructureda set of seed
statementsand a foldable subgraphcontainingthe seedstatements. A tool implementingtuck must
addresshow theseparametersvould be identified. This in turn would dependon whetherthe tool is a
batchor interactive. We first discussour vision of aninteractiveenvironmentve aredeveloping[Lak98]
and then discussour experiencewith developinga batchsolution [Lak97].

Whethera batch or an interactivetool, the selectionof a foldable subgraphcontainingthe seed
statementss a problem that requiressome automatedsupport. Since there may be severalfoldable
subgraphscontaininga given set of seedstatementsthe problem may be split into two steps. First,
identify all the foldable subgraphsontainingthe seedstatementsSecond selectone foldable subgraph
and useit as a parameterfor tuck.

Johnsoretal.’s definition of SESEregion[JPP94]is strongerthanour definition of afoldable(SESE)
subgraphijn thateveryJPP-SESHKegionalsodefinesa foldable subgraphwhereagheremay be foldable
subgraphshatdo not definea JPP-SESEegion. The JPP-SESKegionsof a programcanbe orderedasa
tree,calledthe programstructure treg eachof whosenodedefinesa JPP-SESEegion. Sincethistreecan
be computedn linear-time,in our subsequendiscussionywe usea JPP-SESKegionasa foldableregion.
Definition: Single ddfinite control (SDC). The SDC of a set of statementsS is a JPP-SESHegion
containingthe statementsS.

The nearestommonancestoif the statements' in the programstructuretreeis an SDCof 5. This
is calledthe neaestSDC. Similarly, all the ancestorof this nearestSDC of S arealsoSDCsof S.
Lemma: The entry nodeof ¢ is an SDC of every subsetof statementgontainedin CFG G.

Proof: By ddfinition.

Figures6 through8 illustrate how we envisionthe tuck transformationwill be usedto interactively
restructureprograms.A restructuringstepin this interactivemodel consistsof the following activities:

1. The userselectsa set of seedstatements.

2. (a) The systemhighlightsthe SDCsof the seedstatements(b) User picks an SDC which the system
usesto createa wedge.

3. The systemverifies whetherthe wedgedcodecan be tuckedinto a function. If so, it tucksit.

Figures6 (a) and (b) showsthe detailsof performingthe aboveactivities once.

1.1 The user selectsthe readin statementas the seed.
1.2aThe systemhighlightstwo SDCs,the while statementind the procedureentry.
1.2b The userselectsthe procedureentry and the systemcomputesa wedgewithin this region.
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1 Procedure Sale_Pay_Profit (days: integer;
cost: float; var sale: |nt__array; 1 Procedure Sale_Pay_Profit (days: integer;
var pay: float; var profit: float; cost: float; var sale: int_array;
process: boolean); var pay: float; var profit: float;
process: boolean);
5 whilei <days do begin @
4 i:=0;
sbC . )
. 5 whilei<days do begin
7 readln(sale[i]); o Y g Wedge
6 i=i+1;
7 readin(sale[i]);
Seed
(a) (b)

Figure 6 Selectionof codeto be extracted into a function. (1.1) The userselectsthe seed.(1.2a) The systemhighlightsthe
two SDCsof the seed.EachSDC definesa SESEregionin which to boundthe slice. The userselectsone SDC.
(1.2b) The systemidentifiesthe statementénfluencingthe seedwithin the regiondefinedby the SDC. In this step,
the userselectsthe readln statementasthe seedwith the intent to separatehe userinterfacefrom the computation.

1.3 The wedgedcodeis tuckedinto a new procedure.

Theresultof thewedgetransformatioris shownin Figure6(b). The subsequemntestructurings performed
using similar steps. This examplehasbeentakenfrom Deprez[Dep97]. Detailsaboutthe intermediate
stepsand the formal definition of the transformationgnay be found in his thesis.

We have developeda batchtool that usesthe tuck transformatiorto restructurecode [Lak97]. We
identify functionsthat needto be restructuredusing a measureof cohesionproposedby Lakhotiaand
Nandigam[Lak93, Nan95]. The cohesiornof a moduleis computedasa function of the cohesiorbetween
pairs of variables. The pairwise cohesionbetweenvariablesis also usedto createthe seedfor tucking.
Thisis achievedy creatinga partitionof variablesgachpartition containingvariablestransitivelyrelated
to anothervariableby someminimum thresholdcohesion. The assignmenstatementgor the variables
in eachpartition belongto the seed.Our currentimplementatiorusesthe whole function asthe foldable
subgraphparameterof tuck.

The batch implementationwe have thus takes a threshold cohesionlevel as a parameterand
restructuresall the functionsin a systemthat have a cohesionbelow that threshold. Furthermore the
new functionscreatedare guaranteedo be at leastas cohesiveasthe given threshold.

7 Related works

One of the strongestevidenceof the needfor restructuringof the type proposedhere comesfrom
observationsmade by Rugaberet al. [RSW95]. They have investigatedthe problem of detecting

13



Procedure Read_Input(days: integer; Procedure Sale_Pay_Profit (days: integer;
var sale: int_array): int_array; cost: float; var sale: int_array;
var i integer; var pay: float; var profit: float;
begin process: boolean);
i:=0; var i: integer;
while i < days do total_sale, total_pay: float;
begin begin
=i+l Read_Input(days, sale);
readin(sale[i]) if process = true thenpegin
end; total_sale := 0;
end: total_pay := 0;
for i:= 1 to days do
begin
3. total_sale :=total_sale + sale[j];

total_pay := total_pay + 0.1 * sale[j];
if sale[j] > 1000 then

C :: D> total_pay := total_pay + 50;
New function Py Py

end;

4.1 Dpay := total_pay / days + 100;
profit := 0.9 * total_sale - cost;
end;

end;

Figure 7 Completion of function extraction, and input for subsequent steps (1.3) The codeselectedn Figure 6 is
extractedand convertedinto a function. The selectedcodeis replacedby a call to this function. Sincethe selected
codedid not interleavewith any othercodethe decisionaboutwhereto placethe call was straightforward.User
selectedseedsandthe SDC for steps2, 3, 4, and5 are shown. The next figure containsthe result of thesesteps.

Procedure Sale_Pay_Profit (days: integer; ~ Function Compute_Pay(days: integer; Function Compute_Avg_Pay
cost: float; var sale: int_array; sale: int_array): float; (days: integer; sale: int_array): float;
var pay: float; var profit: var total_pay: float; var total_pay: integer;
float; j: integer; pay: float; @
process: boolean); begin begin
begin total_pay := 0; total_pay := Compute_Pay(days, sale);
Read_Input(days, sale); for j := 1 to days do pay := total_pay / days + 100;
if process = True then begin begin return (pay);
pay := Compute_Avg_Pay(days, sale); total_pay := total_pay + 0.1 * sale[j]; end;
profit := Compute_Profit(cost, sale); if sale[j] > 1000 then
end; total_pay := total_pay + 50; Function Compute_Profit
end; end; (cost: float; sale: int_array): float;
return (total_pay); var total_sale, profit: roat;@
Procedure Read_Input(days:integer; end; begin
var sale: int_array); total_sale := Compute_Sale(days, sale);
var i: integer; @ Function Compute_Sale(days: integer; profit := 0.9 * total_sale - cost;
begin sale: int_array): float; return (profit);
i==0; var total_sale: float; end;
while i < days do begin j: integer; @
i=i+1; begin
readIn(saleli]); total_sale := 0;
end; for j := 1 to days do
end: begin .
total_sale := total_sale + sale[j];
end;
return (total_sale);

Figure 8 Final result of restructuring program in Figure 1. The annotationsl to 5 indicatethe restructuringsteps,with
respectto previousfigures,in which the function was created.To createfunctionsin steps2 and 3 required
separatingnterleavedcomputations.This was achievedby duplicatingsomecode segment.

“interleaved” computation whereinterleavingis definedas “the meging of two or more distinct plans
within somecontiguougextualareaof a program.”A planis a “computationalstructureto achievesome
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purposeor goal.” Rugaberet al. observethatif a subroutine(function) hasmultiple outputsthereis a
high likelihood that it hasinterleavedcomputation. They report that 25% of subprogramsn a library
of 600 Fortran programshad multiple outputsnot all of which were usedby the calling routines. The
transformatiorwe proposeheremay be usedto restructuresuchlibraries, say by specializingfunctions
with multiple outputto computeonly a certainset of outputs.

The problemof restructuringfunctionsinto “separateffunctions] which canbe compiledandtested
separatelyand which can be connectedto other [functions] through a parameterinterface” was first
studiedby Sneedand Jandrasic§SJ87]. Griswold and Notkin’s identified the extractionof code into
a separatefunction as one of severaltransformationsuseful in programrestructuring[Gri91, GN93].
They developedan automatedestructuringtool that was subsequentlyisedby Bowdidgefor extracting
functions belongingto an abstractdata type [Bow95]. Sneed,Griswold and Notkin, and Bowdidge
efforts differsfrom oursin thattheylimited their focusto moving contiguouspiecesof codeinto separate
functions.

The restructuringtechniquesof Kim et al. [KCK94] and Kang and Bieman[KB96] is closestto
our work. They both usethe cohesion(thoughKim et al. call it coupling) betweenoutputvariablesof
a function to identify computationghat may be extractedinto separatdunctionsandthenuseprogram
slicing to extractthe neededstatements.Their focus hasbeenin the applicationof cohesionmeasures
for identifying relatedcomputations.They havenot developedhe formal foundationfor usingprogram
slicing for this purpose. Hence, they have overlookedseveralissues,as for instance,restructuring
unstructuredprograms creatingslicesthat spanonly a part of a function, andresolvingconflict between
the slice to be extractedand the remainingstatements.

The formal transformationto tuck computationinto a function providedin this papercomplements
(andcompletesKim et al. [KCK94] and Kang andBieman’s[KB96] effort. The measure®f cohesion
theyuse,or the oneproposedy LakhotiaandNandigamLak93, Nan95],or BiemanandOtt [BO94] may
be usedby anautomatedool to identify non-cohesivenodulesandto createtheinitial seedto restructure
thesemodules. The computationrelatedto the seedmay then be tuckedusing our transformation.

Fromthe very beginningprogramslicing hasbeenproposedasa methodfor decomposingrograms
to aid various softwaremaintenancectivities. Weiser[Wei79] envisagedts usefor systemgeneration,
whichin today’sterminologymaybe calledthe extractionof a specializedsystemfrom anexistingsystem
or the extractionof reusablecomponentsThe extractionof suchspecializedcomponentsising program
slicing hasrecentlybeenstudiedby Lanubile and Visaggio[LV97] and by Repsand Turnridge[RT96].

GallagherandLyle [GL91, Gal92,Gal96]useprogramslicing to decompos@rogramsut not for the
purposeof restructuring. They computesliceson the outputvariablesof a function at its last statement
and organizethe resultingslicesinto a lattice basedon a partial order relation definedbetweenslices.
Theyhavedevelopedn editor that, usingthis lattice, identifiesthe programfragmentshat shouldnot be
affectedwhen computationfor a variableis changedandthenhides(or write protects)suchfragments.
This helpsin identifying and controlling ripple effect during code modifications.

Jainintroducesa novel notion of a projection of a logic program[Jai95]. Jain’s projectionsremove
piecesof codeto obtain the core control structureof a logic program. His approachworks well for
incrementalprogram constructionmethods. Jain’s decompositionof logic programsusing projections
is not for restructuringlike we discusshere; instead,he usesprojectionsto orthogonally decompose
interleaving computationsso that the interleaving computationscan be independentlydevelopedand
understood.
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Horwitz et al. [HPR89] haveusedprogramslicing to decomposerogramsbut for the purposeof
separatingnodificationsperformedn two differentversionsof the sameprogram.Oncethe modifications
areidentified they createa compositeprogramthat integrateshe changedrom both the versions.

8 Conclusions and future research

The needfor reengineeringandrestructuringsoftwareis motivatedby Lehman’ssecondaw of soft-
wareevolution: “As a large programis continuouslychangedijts complexitywhich reflectsdeteriorating
structure increasesinlesswork is doneto maintainor reduceit” [LB85, p. 253]. To reducethe deterio-
ration of a program’sstructurea programmettypically hasto undo somepreviousdesigndecisionsand
modify the codesuchthatit conformsto a newdesignthatis moresuitablefor the changedequirements.
That is essentiallythe aim of softwarereengineeringand restructuring.

We havepresented transformation;Tuck, that may be usedto restructurea programby breakingits
large functionsinto smallfunctions,without changingit behavior. Tuck createsa newfunctioncontaining
a given setof statementscalledthe seedstatementsandreplaceghesestatementdby a call to this new
function. If the seedstatementsrenot contiguousthe transformatioridentifiesthe statementfieededo
performall the computationin a single-entry single-exit(SESE)subgraphalsoprovidedasa parameter.

The tuck transformationconsistsof three steps: Wedge, Split, and Fold. Given a set of seed
statement®ne first createsa wedge that containsall the statementghat influencethe seedstatements.
A wedgeis a programslice boundedwithin a SESEsubgraphof the control flow graph. The depthof
the wedgeis controlledby meansof selectinga subgraphthat containsall the statementsn the slicing
criterion, the setof seedstatementsThefunctionis thensplit suchthatall the statementén thewedgeare
placedcontiguouslyin its flowgraph. This contiguouspiece of code,that alsoforms a SESEsubgraph,
is then folded into a function.

The automatedrestructuringtransformationpresentedin this paper may be usedto reducethe
deterioratiorof a program’sstructure. The transformationrmay beincorporatedn a completelyautomated
tool for restructuringlegacycodeor it may be part of an interactiveprogramdevelopmengenvironment
that providesrestructuringoperationsas primitives. An automatedtool would automaticallyidentify
code that ought to be restructuredand restructureit as well [KB96, KCK94, Lak97, SJ87]. In an
interactive environmenta programmermay interactively selectthe transformationduring his routine
programmaodificationactivities, thus preventingthe codefrom deterioratingin the first place[Lak98].

Acknowledgments: Thework waspartially supportedy a contractfrom the Departmenbf Defense
and a grantfrom the Departmentof Army, US Army ResearchOffice. The contentsof the paperdo
not necessarilyreflect the position or the policy of the funding agenciesand no official endorsement
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