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Abstract

This paperdescribesanapproachfor recoveringdataflow orienteddesignof a softwaresystemfrom
its sourcecode.Dataflow diagramsareusedfor analysisanddesignin softwaredevelopmentin variations
of StructuredAnalysis techniques.A tool that extractsdesignsbasedon thesediagramsfrom the code
will be useful in maintainingthe consistencyof designdocumentwith its code,migratingold software
code to emerging ComputerAided SoftwareEngineering(CASE) technology,and for understanding
large softwaresystems.

The approachproposedemploysreverseengineeringtechniquesthat createhierarchicalclustersof
functionsand proceduresto identify the “bubbles” at variouslevels in the hierarchyof DFD’s. It uses
resultsfrom interproceduralflow analysisto computethe “logical” flow of databetweenthesebubbles.
And it usesinformationaboutdatatypesprovidedwith the sourcecodeto createthe datadictionary.

Thepaperalsoidentifies the openproblemswhosesolutionswould enablethe recoveryof dataflow
orienteddesigns.Our currentresearcheffort is focussedon solving theseproblems.
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Figure 1 Schematicdiagramshowingrelationshipbetweenforward engineering,reverse
engineering,reengineering,and restructuring(as definedby Chikofsky and Cross[9]).

1 Introduction

Designrecovery,accordingto Chikofsky and Cross[9], is the identification of “meaningfulhigher
level abstractionsbeyondthoseobtaineddirectly by examining[a software]systemitself”. According
to Biggerstaff, the information so recoveredwould facilitate understanding“what a programdoes,how
it doesit, why it doesit, and so forth” [4]. This recognitionhas led to an interestin creatinghigher
levelsof abstractions(suchasrequirementsanddesign)from the sourcecode.This is termedasreverse
engineeringas opposedto forward engineering- the developmentof more concreteartifact from an
abstractone, see Figure 1.

The need for reverseengineeringhas been very eloquently elaboratedupon by [9] and other
researchers.The specific benefit of recoveringdata flow oriented design may be emphasizedfrom
two points. First, in order that practitionersusea reverseengineeringapproachit is important that the
recovereddesignmatchone they use in forward engineering.Thereare severalrequirementsanalysis
and designmethodsthat are basedon data flow diagrams (DFD), for instanceDe Marco [12], Gane
and Sarson[14], Rossand Brackett [36]. It would be preferredif the designrecoveredfrom a system
developedusing thesetechniquesbe expressedusing DFDs.

Thesecondbenefitis in organizationsintroducingCASEtools in their developmentmethods.These
organizationwould invariably like a path to migrate their existing softwareto CASE tool(s) of their
choice. Sinceseveralrequirementanalysisand designtools are basedon methodslisted earlier,a tool
that recovereddataflow orienteddesignbecomesan importanttechnologyin enablingthe transition.

To the bestof our knowledge,andasis alsoobservedby [39], therehasbeenno work in recovering
dataflow designof a softwaresystemfrom its sourcecode. The next sectiondescribesthe approach
we proposefor recoveringdataflow orienteddesign. Section3 surveyswork relatedto the proposed
approach.Section4 concludesthe paperwith a list of openresearchproblems,the focusof our current
researchefforts.

2 Proposed approach

A data flow designconsistsof a “hierarchy” of DFDs orderedby increasinginformation flow and
processingdetail. Thetop mostdiagram,theDFD 0, in this hierarchyconsistsof onebubblerepresenting
theentiresystemand“arrows” showingflow of informationfrom thisbubbleto “externalelements”. Each
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Figure2 Schematicdiagramof the stepsproposedin recoveringthe dataflow designof a softwaresystemfrom its source
code. Algorithms andtools for activitieson the right handsideof the dottedline will be investigatedin this research.

DFD in the hierarchy“decomposes”a bubbleof a parentDFD into bubblesdenotingits subfunctions.
The bubblesthat haveno decompositionare referredto as “terminal” or “leaf” bubbles.

Sinceall programsprocessdata,DFD’s can be usedto abstracttheir dataflow behavior. Figure 2
givesa schematicdiagramof the approachproposedfor recoveringdataflow design.The variousterms
usedin the figure will be elaboratedupon in the following discussion.Our discussionis restrictedto
DFDsthatonly have“bubbles”(transformers)and“arrows” (flow of data).Themechanismsto implement
“data stores”and accessto “external elements”(part of De Marco’s DFDs) differ significantlybetween
procedurallanguages.For instance,in COBOL the physicalnamesof files processedis availablein the
headerof a program;which is not the casein C. Hencewe do not include informationaboutdatastores
and externalelementsin our formulation of the problem.

Theproblem: developalgorithmsandtools to recoverthedataflow designof a software systemfrom
its source code, may be subdividedinto the subproblemsof:

1. createa hierarchyof “processingelements”(bubbles)with functionsandproceduresof the software
systemat the “leaf”, and

2. identify the contentof the information that flows betweenprocessingelementsat eachlevel in the
hierarchy.

such that:

1. the resultingdataflow designis a correct abstractionof the actualsystem,
2. the hierarchymaintainsinformationflow continuity, and
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3. the decompositionat eachlevel in the hierarchyis satisfactory.

Semi-formaldefinitionsof the phrasescorrect, informationflow continuity, andoptimal aregiven below.

Definition: Informationflow continuity [34] is the condition when the inputs and outputsof a bubble
and the DFD decomposingit are identical.

We usethe term procedure to denoteboth functionandprocedure (asusedin Pascal).

Definition: A simple assignmentof value of one variableto anotheris not considered“generation”or
“use”. A variableis usedonly if it appearson the right handsideof an assignmentexpressionand that
expressionis not an identity function. And a value is generatedif a variableappearson the left hand
side of such an assignmentexpression.

Here“generated”and“use” havea morerestrictedmeaningthenthat usedin programflow analysis
[2]. The definitionsare usedto introducethe notion of logical andphysicaldataflow.

Definition: Thereis a logical flowofdatafrom procedure
�

to procedure� if thereis apotentialexecution
path throughwhich a datageneratedin

�
is transferredthrougha sequenceof identity assignmentsto

procedure� , and the data is usedin � .

In otherwords,if a procedureonly actsasa conduitto transferdatabetweentwo procedures,without
transformingit, it participatesin the physicaldataflow. Thereis a logical flow of datafrom a procedure
thatgeneratesdatato a procedurethatusesit. This definitionof logical andphysicaldataflow is similar
to that usedby De Marco in StructuredAnalysis and SystemSpecification[12]. In a dataflow design
we would like to extract the logical flow of dataand not the physicalflow.

Note: Throughout this document,the term data flow has beenusedto imply logical data flow. The
physicaldata flow is referred to as data dependence.

Definition: Inlining of DFD bubble is the processof replacinga bubble in a DFD by the DFD that
“decomposes”it (and making appropriateconnections).

Definition: Thedataflow designresultingfrom inlining all theDFD bubblesthatarenot leaves(starting
from DFD 0) is termedflat data flow design.

Notice that eachbubblein a flat dataflow designcorrespondsto a procedureof the system.

Definition: A flat dataflow designis correct if it hasan arrow from bubble
�

to bubble � if f there
is an executionpath from procedure

�
to procedure� and data“generated”in procedure

�
is “used”

in procedure� .

Definition: A dataflow designis correct if f its correspondingflat dataflow designis correct.

To completetherecovereddataflow designonealsoneedsto identify theactualinformationthatflows
betweenprocessingelements.This may be either the nameof the variablein the generatingprocedure
whosevalue is usedin the receivingprocedureor the “type” of this variable. The variousdesignand
analysismethodsusingDFDs do not specifywhetherthe annotationon the arrowsis namesof variables
or types.Besides,therearetrade-offs in eithercase.The problem,however,may be formulatedwithout
difficulty using either the nameof a variableor its type. The trade-offs in either caseare highlighted
in Section 4.

Thenextsectionsummarizesworksin architecturerecoveryandinterproceduralflow analysisrelevant
to the approachproposedfor recoveringdataflow designs.
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3 Survey of related works

Design recovery
Thevariousdesignrecoverytechniques1 may beclassified on the basisof the level of abstractionof

the recoveredinformation and the methodusedto recoverit.

• Hypertextand typographicformatsabstractthe softwaresystemas a book consistingof chapters,
sections,etc. andprovide links for easeof browsingand cross-reference[15, 31].

• Resource flow graphs extract the relationshipsbetweenvarious componentsof a system,display
thesegraphically,and/orprovide meansto query information about it [5, 8]. The cross-reference
informationprovidedby mostcompilers,call graph(A calls B calls C, etc.),andstructurechart(i.e.
call graph+ parametersandglobal variablesusedin a call) fall in this category.Thereareseveral
commercialand public domaintools that recoversuchinformation.

• In Architecture recoverythe resourceflow graphis analyzedto orderstructuralelementsof a system
into a hierarchy.Theseworksareof specificinterestto this proposalandareanalyzedin detailbelow.

• Function Abstraction is the analysisof the sourcecode to createa higher level descriptionof its
functionalbehavior,for instance-formal specificationsor programmingplans[16, 17, 35]

• Knowledgebasedapproach: Createa knowledgebaseof programmingconceptsanddetermine
a programsbehaviorby identifying the usageof theseconceptsin the code[16, 35].

• Flow analysis: Combinedataanalysis,programslicing, and patternrecognitionto abstractthe
function of a program[17].

Ar chitecture recovery techniques
We termtheproblemof creatingahierarchyof proceduresfrom structuralrelationshipsasarchitecture

recovery.This problemhasbeenaddressedby otherresearchers[10, 20, 29, 26,37]. Its usein recovering
dataflow designhasnot beenproposedbefore. Thesetechniquestakeas input the resourceflow graph
of a programandorder the structuralelements(usuallyprocedures)of the programin a hierarchy.The
techniquesmay be studiedon the basisof the propertiesof the hierarchyand the approachusedfor
creatingit. The creationof hierarchyinvolves creatinggroupsof structuralelementsand associating
levels betweenthesegroups. The hierarchiescreatedby the various architecturerecoverytechniques
differ on whethertheir verticesaresimpleverticesor can they themselvesbe graphs.

Thearchitecturerecoverytechniquessuggestedby Choi andScacchi[10], HutchensandBasili [20],
andSchwanke[37] createhierarchieswith simplevertices.The leaf of thesetreesconsistof procedures
(or other structuralelements)of the program. The intermediatenodesrepresenta grouping of all its
subtrees.In contrast,Müller and Uhl’s techniqueresultsinto hierarchy[30] in which eachnodemay
also be a graphmadefrom the structuralelementsof the original program. The nodeof the hierarchy
doesnot abstractthe graphit contains.Insteadthe relationshipbetweenthe original structuralelements
are preservedin the hierarchyas well. Müller and Uhl’s hierarchythereforeonly imposesan ordering
and groupingof a program’sstructuralelements.

The algorithmsfor creating the hierarchymay classifiedinto two categories: graph theoreticor
informationtheoretic.Theformer interprettheresourceflow relationshipsasa graphandusesomegraph

1 The IEEE Software,January1990,carriesa collectionof paperson designrecoverytechniques.
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theoreticpropertyto createa hierarchy. Choi and Scacchi’s[10] and Müller andUhl’s [30] algorithms
are graph theoretic. Thoseof Hutchensand Basili [20] and Schwanke[37] are information theoretic
becausethey useinformationtheoreticapproachessuchashierarchicalclusteringto createa hierarchy.

To createa hierarchyChoi and Scacchifind the biconnectedcomponentsof a resourceflow graph
and replacethesecomponentsby a new vertex. They then recursivelydo the samewith the subgraphs
inducedby thebiconnectedcomponentsthatwereremoved.Müller andUhl split theresourceflow graph
into a setof bi-partitegraphswhosecardinalityis boundedby someconstant

�
. Thegraphcreatedusing

thesebi-partitegraphsasvertices,termedas � ������� -partitegraph,is the recoveredarchitecture.

HutchensandBasili [20] andSchwanke[37] usetheresourceflow graphto computethesimilarity (or
dissimilarity) betweenthe structuralelementsof the system.They thenusehierarchicalclusteranalysis
to organizethestructuralelementsin a tree. Thetwo methodsdiffer on thefunctionstheyuseto compute
the similarity matrix. The detailsof thesefunctionsarenot of interestto this proposal.

The techniquesproposedby Choi andScacchi,HutchensandBasili, andSchwanke,in our opinion,
are most suited for creatingthe hierarchyof processingelements.Müller and Uhl’s [30] may not be
very usefulbecausethe nodesof the recoveredhierarchyarethemselvesgraphsandhencedo not reflect
the notion of hierarchyin a data flow design.

Besidesfinding the logical data flow betweenelementsof a hierarchywe are also interestedin
creatinga hierarchythat is “satisfactory”. The work on architecturerecoverycited aboveevaluatethe
“goodness”of therecoveredresultby humaninspection.Reference[24] givesa goodnessmetric thaton a
scaleof 0 to 1 evaluateshow well a recoveredarchitecturecompareswith anexpectedarchitecture.This
metricmaybeusedto developa quantitativemeasureof “satisfaction”with a recovereddataflow design.

Flow analysis of programs
The flow analysisof programsgenerallyrefersto control anddataflow analysisusedin compilers

to perform codeoptimization. Researchin programflow analysishasbeenin progress,probably,ever
sincethe first compiler was written. As a result it is beyondthe scopeof this documentto perform an
exhaustivesurveyof the field. The readeris referredto [2, 18, 28] for a detailedsurvey.

The work in interproceduraldataflow analysis[3, 6, 7, 11, 25, 27, 38] is of interestfrom the point
of view of this paper. Interproceduralanalysesanswerquestionssuch as “if the value of a variable
is changedat statement�
	 in procedure��	 will it affect the computationof statement��
 in procedure
� 
 ”. We are only interestedin static analysis,i.e. the resultinganswershouldbe true for all possible
inputs to the program.

The systemdependencegraph (SDG) representationof proceduralprogramsgiven by Horwitz,
Binkley, andReps’[19] appearsto bea very promisingstartingpoint for extractinglogical dataflow. An
SDG encodesthe dataandcontrol dependencewithin eachprocedureasa proceduredependencegraphs
(PDG), a variation of programdependencegraphs[13, 21, 32]. The SDG is formed by connectingthe
call verticesof a PDG to the entry verticesin the PDG. An SDG alsocontainsedgesrepresentingdata
dependencebetweenactualparametersand formal parameters.

The datadependenceencodedin a systemdependencegraphprovidesthe physicaldataflow. The
logical flow of data may be derived by propagatingthe generationand use information through the
dependencepathin the PDG.Algorithms to propagatesimpletagsthroughan SDGaregiven in [19, 23,
22]. Thesealgorithmsmaybegeneralizedto propagatesetsof valuesindicatingthedataflow information.
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4 Current status and open problems

We haveimplementedseveralvariationsof architecturerecoveryalgorithm proposedby Hutchens
andBasili [20]. Thevariationswere introducedto improvethe “goodness”of the architecturerecovered
asmeasuredusingthegoodnessmetricproposedin [24]. On a scaleof 0 to 1, thebestgoodnessmeasure
we haveso far receivedis 0.58. We are currently designingexperimentsto relate the goodnessof a
recoveredarchitectureto variousthe designmethodandimplementationdecisionsleadingto the specific
software system. The results of the experimentwill help us in improving the architecturerecovery
algorithm. The goodnessmetric of [24] is basedon an “expected”architecture,which may assumedto
be unavailablewhen recoveringdesignof a architecturein the field. Relatingthe quality of the results
of architecturerecoveryalgorithmsto designdecisionswill allow one to “estimate” the quality of the
resultsbasedon knowledgeof the methodsandconventionsusedin developmentof thesubjectsoftware.

We are also working on algorithmsto derive the logical data flow betweenprocessingelements
from thephysicaldataflow. Our currentfocusis programswritten in a simplestrongly-typedprocedural
languagewithout global variablesand aliasing. Following is a list of subproblemsthat are subjectof
our current investigation:

1. Developalgorithmsto extractthe logical dataflow betweenproceduresfrom the physicaldataflow
(or datadependence)encodedin the systemdependencegraph. Thesealgorithmswill give the flat
dataflow designof a program.The algorithmsmay be a variation of the algorithmsfor computing
interproceduralsummaryinformation [7, 11, 19].

2. Developalgorithmsfor identifying the “type” of dataor “name” of the variablethat flows between
proceduresand to createthe datadictionary using information.

3. Developalgorithmsto createa hierarchicaldataflow designby integratingthe flat dataflow design,
the datadictionary,and the hierarchicalclustersresultingfrom architecturerecovery.

4. Integratethe data flow designrecoveredwith a tool that may display the graph graphically, for
instanceEDGE [33].

5. Experimentally characterizethe optimality of the data flow designsresulting from the various
hierarchicalclusteringalgorithms using my goodnessmetric and the optimality criterion defined
by [1].

6. Designa measureof computingthe goodnessof a dataflow designthat takesinto accountthe edge
densityin eachDFD and the in-degreeand out-degreeof eachprocessingelement.

One problemthat remainsto be resolvedis whetherto usethe “name” of a variableor its “type”
to annotateedgesof a DFD. The trade-offs areasfollows. The nameof a variablefrom a local context
usuallydoesnot conveymuchinformationin a globalcontextandvery oftenconflictswith othervariables
of the samenames.Thusif the variablewhosevalueis “flowing” is a local variable,providing its name
outsidethe context of usagemay not be sound. The “type” of a variable, on the other hand, is an
information global to the generatorand user of data. A variable’s type may be more relevantwhen
abstractingthe flow of informationbetweenprocedures.However,the type of a variableabstractsaway
too much detail when the variable in questionis a global variable.

In our estimatethe problemof indentifying the type of a variableflowing betweenprocedurefor a
dynamically-typedprocedurallanguageis harderthan that of identifying the nameof the variable. But
the secondproblem is equally difficult for both strongly-typedand dynamically-typedlanguages.The
choiceof a strongly-typedlanguagefor our initial effort simplifies the problemof finding the type of a
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variablewhosevalue flows betweenprocedures.This simplification allows us to postponethe decision
of whethernamesof variablesor their typesshouldbeusedon the edgesof a DFD. In the initial system
both the methodsmay be implementedwith a relatively low cost. The final decisionmay be madeon
basedon the benefits perceivedafter actually using the system.
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