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Abstract

Since the notion of program slicing was introdu@edhe early 80's, the area has
seen a continuous evolution. While the more reepproach of dynamic slicing gained
significant interest, static slicing has also beddely studied. Original methods used
dataflow analysis techniques, later different apph®s using multi-graphs were formed.
Although these improved algorithms offer the calilgbio slice real-world applications,
their usability is still heavily confined by theaiesource intensive characteristics. In this
paper an advanced caching algorithm intended toedse average complexity of SDG-
based static slicing is proposed. Caching differbarmal parameter set-ups of a
procedure might imply significant speed growth since-computing dependences
between formal input and output parameters is albél
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1. Introduction

The notion ofprogram slicing[12] has emerged at the late seventies and eigfiyies. In [13]
Weiser defined the concept of slicing as identifyiparts of a program that satisfy specific
criteria. The original idea was to map mental autions made by programmers to a reduced
set of source lines in order to ease the refadpdebugging and other program maintenance
tasks.

Along with the evolution of programming languagesl &nvironments, many slightly different
slicing definitions and algorithms have been depetb The introduction of procedures and
pointers, later object orientation and it's ‘sidéets’ like polymorphism altered existing
techniques. On the part of multi-threaded programyminter-process communication has
widely been studied [7].

Wide application possibilities account not only fdne variation of definitions and
corresponding algorithms, but also for their fimaiged division. Basically, there are two
different approaches to program slicing. In theecabstatic slicingthe actual input of the
underlying program is completely disregarded anlg statically available information is used.
While static slicing neglects actual program inpdgnamic slicing[1, 2, 10] takes it into
consideration.
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Static slicing can be further classified based torghms and data structures used during
program analysis. While intra-procedural staticcisti is only capable of analyzing
demonstrative programs containing one main methsdnter-procedural counterpart can be
used to study real-world applications as well.

Weiser’s intra-procedural method is based on cating consecutive sets of indirectly relevant
statements based on control flow and data depepderalysis in a graph whose vertices are
position-labeled statements of the program and £dgeespond to dependences among them
[7, 12, 13]. In the case of inter-procedural sligithese dependences have to be extended from
procedure to procedure. The notion of the programpeddence graph or PDG [6] was first
introduced in [4] based on the idea that diffetdntl of dependences could be represented in a
single graph. The PDG have to be extended to apptely describe multi-procedure
environments. The extension, the so-called systepemdence graph is able to model
languages that allow procedure calls. The systepertéence graph is a graph composed of
simple PDGs with additional dependence edges artiamg.

In spite of the fact that the SDG is a simple,ightiorward, almost natural extension of the
PDG, the method presented earlier suffers fromifsignt drawbacks from the real-world
application point of view. When the SDG is appliedarger programs, it can easily pass the
limit where dependences can be tracked and undersfdso, there is a lack of capability to
slice recursive programs since recursion may leadetad loops in the graph and there is no
extra information regarding when to stop analysis.

As a consequence, to support larger programs, nethauds and approaches have to be
established. Xu et. al. [14] have developed a nied kf analysis of recursive Java programs.
Based on the approach of Horwitz, this method usesnnected PDGs that interact with each
other along parameter dependences. Therefore-gnteedural dependence analysis can be
transformed to simple intra-procedural analysis.

Xu introduced an inter-parameter dependence sesthistitutes summary edges in the SDG.
Procedures can interact with each other only viaarpater dependencies. Parameter
dependences — mappings between actual and formahpters — can be calculated using the
algorithm given in [14]. After the subscribed triormations procedure calls are as easy to
handle as any other statement in the program.

In [5] Gallagher presented a stack based altem&d\sDG based inter-procedural static slicing
in order to eliminate drawbacks imposed by conme®&®Gs. The notion is to generate as
precise slicing criteria as possible using the aagh of Horwitz. The equivalence of the stack
based and classical approach is also covered.

Our work was motivated by the above mentioned mdtiere solutions especially [5]. In Section
2 the basic version of our modified algorithm vii# discussed in detail. In Section 3 we fine
tune the algorithm in order to access high spedusnvslicing real-world applications. We
introduce the idea of caching, or in other words, possibility to establish a mapping between
formal output and input parameters. Handling réoursiill also be solved.

Section 4 gives some insight into the complexitynestion of traditional approaches and the
improved algorithm presented.

2. Basic Algorithm Outline

From the previous sections it is clear what thétéitions and difficulties of recent static slicing
algorithms are. Based on previous approaches vgeprran algorithm which holds some new
ideas also.
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In this section the basic algorithm will be cover&bme optimizations and a method for
handling recursion will be presented in the nextise.

Gallagher’s idea [5] of using a named set of PD@sejd only by the call graph instead of
building the SDG and Xu's [14] idea of maintainiimfout parameter dependences across
method calls were the main inspirations to thinkntér-procedural slicing methods again.

In an SDG, call edges and parameter nodes cortme&DGs of all methods. When the SDG is
applied to a larger program it might be too corgikd to be analyzed and understood. We
tried to solve backward static slicing without @gthe SDG.

2.1. Modified CFG and PDG

The classical CFG and PDG consist of assignmengitton and loop nodes. We complement
them with a new type of node calledethod invocatiomode. In order to distinguish the
modified graphs from traditional ones, we use th&ation mCFG and mPDG. The additional
node stores the signature of the target method,ptissible input (ref) and output (def)
parameters and also real input and output parameldere are some parameters which are
treated as input and output at the same time ¢égremce parameters).

When the mCFG is built and a method invocationestent is encountered in the source, the
corresponding method invocation node is insertedh graph. Control dependency and
control dependence edges are treated in the usyal w

The method of building data dependence edges imBIBG is almost the same except when a
method invocation node is found.

Definition 2.1 A nodem is data dependent on nodegif
1. there is a pattp from nto min the mCFG
2. there is a variable, withv(J(def(n) U posdefn)) and v [ (ref (m) U posref(m)), and

3. for all nodesk=n of pathp, wherev O (def(k) U posdefk))

It is clear that this definition is an upper estiima of possible data dependence nodes. Nodes
can be added to or removed from the mPDG dynamicall

2.2. Algorithm steps

Before a method invocation it cannot be decidedtirethe caller will be interested in all
output — and also input - parameters. This is Wiy tare treated as only possible input and
possible output parameters. Unused edges inducadhised input parameters can be safely
removed from the mPDG. Fortunately there is no neeatdld new edges to the mPDG due to
unused input parameters because input parametemstdget new values thus would not Kkill
any data dependence edge.

Main steps of the algorithm:

0. Preprocessing: Generate the mCFGs and mPDGs wietiiods in the system. Identify the
starting method.

1. Preparing for slicing: The preprocessed mPDGs imeistnchanged. Clone the mPDGs. Set
slicing criterion, select starting nodes for theD@and add them to the worklist.

2. Selecting next node: Select tHeest node from the worklist. We will discuss the sdien
algorithm later.
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3. New method: If the type of the selected node is method invocatiorthen follow the
classical slicing algorithm. If its type is methot/ocationthen identify real actual output
parameters, assign formal parameters to each af thed recursively go to step 1.
Returning from the recursion identify the corregfing actual input parameters of the used
formal input parameters. Remove the data dependedges from the (cloned) mPDG
starting at the method invocation node inducednpyt parameters which were not used in
the called method.

4. Refresh worklist: Select all control dependence @atéh dependence edges ending with the
current node. Add their starting node to the westkknd to the slice. For every data
dependence edges with a starting node of type mdthmcation add the variable which
induced the edge to the real actual output parantisteof the called method (at starting
node). Add all statements to the worklist from wha control dependence edge points to
the investigated method invocation node.

5. While not end: Go to step 2 until the worklist iaty.

2.3. Preprocessing and Preparation

Control dependence and data dependence are stafierfes so mCFGs and mPDGs of alll
methods can be generated first. A new node foryewatput parameter should be inserted to
both mCFG and mPDG. In a later step, nodes thatliseetly or indirectly control dependent
on any node must be identified, so while generaaimgCFG store this dependence information
also. These graphs will serve as master instarfced®BDGs to be generated later. At this point
the starting method is selected.

2.4. Selecting Next Node From Worklist

Control dependence and data dependence are stafierfes so mCFGs and mPDGs of alll
methods can be generated first. A new node foryewatput parameter should be inserted to
both mCFG and mPDG. In a later step, nodes thatliseetly or indirectly control dependent
on any node must be identified, so while generaaimgCFG store this dependence information
also. These graphs will serve as master instarfce$®BDGs to be generated later. At this point
the starting method is selected.

1: void Main()

2: {

3: K(out X, out y);

4: B(y, out z, out a);
5: int b = a;

6 int res = z + X + b;
7.} h

Listing 1. Source code fragment (C# dialect)

Data dependences of Listing 1 can be seen on Figuxevertheless, the assignment at line 6
is directly control dependent on assignment at bnand also control dependent on method
invocations at line 3 and 4. Assignment at lines&directly control dependent on method
invocation at line 4. Method invocation ®fat line 4 is directly control dependent on stateime
at line 3. Let's assume that we are at assignntdintea6. In the next step nodes corresponding
to statements 3, 4 and 5 are inserted to the vebrkh the next step assignment 5 has to be
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chosen, because if we choose 4 then we would misotput (possible def) parameter, if we
choose 3 we would miss other output (possible plefameter.

Figure 1. mPDG fragment

The algorithm selecting the next ‘best’ node isenIf there is any node whose type is not
method invocation then select that node otherwégecsthe next method invocation node from
which there is no control dependence edge to adg imothe worklist. Note that when there are
two method invocations in the body of a loop anglythse one or more output parameters of
each other, some further problems arise. In thée ¢hey are control dependent on each other
therefore the algorithm cannot choose any of thév¥e can overcome this problem by
introducing some restrictions to our algorithm dow a looser slice in that situation. The
restriction would be simply to exclude this kindamide structure knowing it is very uncommon
in real world applications. On the other hand ifstieonstruction is allowed we can still
overestimate the slice by assuming that one ofrtethods has real outgoing data dependence
edges from all of its output parameters.

2.5. When a Method Invocation Node is Selected

If the type of the selected node is not method déation then follow the classical slicing
algorithm. If its type is method invocatighen identify real actual output parameters, assign
formal parameters to each of them and recursivedtart the same slicing algorithm using new
slicing criterion (containing real formal outputrpmeters) and mPDG of the invoked method.
As can be seen this algorithm does not handle sexurThe method we used for handling
recursion [14] will be presented in the next settimd the pseudo code of the full algorithm
will be presented also there.

Returning from the recursion identify the actugbuh parameters of the used formal input
parameters. Remove the data dependence edges liwmPDG starting at the method
invocation node induced by input parameters whiehewunused in the called method. If these
edges would not be removed then the algorithm ctalldw them and add unused statements
to the slice as Weiser’s original method did.

2.1 LemmaRemoving these edges is safe.
Proof. It is obvious that these edges can be removedibedhe variables which induced them
are not used in the called method; the statememitshvgave them value are not in the slice. In
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parallel of the edge deletion no new edges shoeldinserted because the unused input
parameters are only referenced variables, consdguendata dependences are killed by them.

2.6. Refreshing Worklist

Adding new nodes to the worklist is done almosthe legacy way however there are some
minor differences. When a method invocation nodee&hed along a data dependence edge,
then the variable which induced this edge is addetthe real output parameters of the called
method.

Look at the following pseudo code whards the working sets is the slice anei means the
actual node:

Function: RefreshworkList(Node w)

foreach edge D{pdg.Edges ending with w} Toop
contDepOnNodeSet. Empty
if edge is DDE && edge.BeginNode is MethodInvoke then
MethodInvoke mi = edge.BeginNode
contDepOnNodeSet = pdg.ContDepOnLoops (mi)
4 if mi.Defs.Insert(edge.Affectvar)
end i

if not S.Contains(edge.BeginNode) then
W.Insert(ContDepOnLoops)
W.Insert(edge.BeginNode)
S.Insert(edge.BeginNode)
end if
end foreach

Listing 2. Worklist refreshing

3. Optimization, Handling Recursion and OOP

In the previous section a basic algorithm was presk without optimizations, support for
recursive calls and object oriented constructidnsthis section these extensions will be
presented.

3.1. Optimization - Caching

Caching different formal parameter set-ups of acedoire might imply significant speed
growth since re-computing dependences between fommat and output parameters is
avoidable.

Consider the following code fragment:

¥01d Main()

int a = 0;
int b = 1;
int x = 1, y=2;

A(a, x, out c);
A(b, y, out d);
int res = c+d;

3
void A(int x, int y, out int z)

z = DoCalculation(x);
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console.writeLine(y);

}
Listing 3. Example (C# dialect)

Let the slicing criterion b&<end of Main>, {res}). As it can be seen methadis used

twice and its output parameter is used after batls.cThe question is whether it is possible to
store formal input parameters given a set of formaput parameters that affect the value of

variables in the slicing criterion of the caller.

It turns out that the answer is yes since statalyais is independent of the current value of

parameters. In Listing 6 actual output parameteasdd are also used in methedin so the
information that the usage of formal output paranetinvolves the usage of formal input
parametex but noty can be cached.

When a method is reached do the following:

1. If this method using the same formal output paramsgtup cannot be found in the cache,

then slice this method, identify used formal inpatameters and put it in the cache
2. If it can be found simply abandon the slicing st retrieve the used formal input
parameters from the cache
The algorithm continues in the same way as predentthe previous section.
This mechanism might be very complicated to impletne the SDG based static slicing
algorithm.
The code fragment in Listing 4 shows the full altion with caching and recursion.

Function: DoSlice(MethodInfo curMethod, mPDG pdg,
mCFG cfg, STicingCriterion crit)
W.Insert(crit.Node)
S.Insert(crit.Node)
while W not empty loop
w = W.RemoveBest()
if w is MethodInvoke then
MethodInvoke mi = w
MethodInfo targMethod = mi.targetMethod;
mPDG targetmPDG = targMethod.mPDG.Clone
outFormParams = targMethod.Actual2Formal(mi.Defs)
vis = callchain.Isvisited(curMethod, targMethod)
if not vis then
inputFormalParams =
targMethod.s1iceCache.AffectedIns (outFormParams)
callchain.setvisited(curMethod, targMethod)
if inputFormalParams is null then
targetCrit.ResetSTicingCrit(outFormParams)
targetmCFG = targMethod.mCFG
sTice=DoSTice(targMethod, targetmPDG,
targetmCFG, targetCrit
inputFormalParams=s1ice.QueryReferencesInputs
targMethod.S11icecCache.Add(outFormParams,
inputFormalParams, slice)
end if

inputActParams=targMethod.Formal2Actual (
inputFormParams)

mi.Refs=inputActParams

] pdg.RemoveNotUsedDataDepEdges();

else
targetmCFG = targMethod.mCFG.CTone
targetCrit.ResetSTicingCrit(outFormParams)
contbDepon = pdg.ContDepon(mi)
targetmPDG.RemovecChildren(contbDepOn)
targetmCFG.RemoveAndReconnect(contDepOn)
CalcDataDepEdges (targetmPDG, targetmCFG)
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sTice=DoS1ice(targMethod,
targetmPDG, targetmCFG, targetCrit)
inputFormalParams=s1ice.QueryReferencesInputs
targMethod.S1iceCache.Add(s1ice)
inputActParams=targMethod.Formal2Actual(
inputFormParams)
mi.Refs=inputActParams
pdg.RemoveNotUsedDatabDepEdges () ;
end if
end if
RefreshworkList(w)
end loop

Listing 4. Pseudo code of main algorithm

3.2. Handling Recursion

Sometimes it is very complex to handle recursivéhoe calls nonetheless there are a lot of
methods implemented to solve this problem.

When we implemented our algorithm we have chosers Xoethod because it also uses
separate mPDGs for all methods.

There are two types of recursion: direct and irdirén direct recursion a method calls itself
back, in indirect recursion there is a longer path.

We will present only direct recursion in a verytdorm. Both types of recursion are covered in
[14]. Xu's idea is simple and efficient: Use a agidph, detect when the method calls itself and
simulate the last step of the recursion by notwatig the condition or loop to run to the
recursive call. So remove all the statements fioemtPDG and the mCFG which are inside the
loop or branch of the condition where the recursiakt is and reconnect mCFG. Of course we
have to clone the mCFG and the mPDG also and nteaaenagement has to be used.

3.3. Object Oriented Languages

When the aim is to work with object oriented langes like C++, C# and Java we have to
apply some extensions to handle class variablepalydhorphism.

Class variables, static and global variables @fldnguage allows them) are treated as method
parameters. Objects whose type might change desiagution are called polymorphic objects
and the methods of the base class can be overriddkrived ones. Fortunately modern object
oriented languages are mainly statically typed tthes possible types of an object can be
determined statically. When a not polymorphic rodtis found no further analysis is required.
For polymorphic methods all corresponding methamiseho be analyzed.

There are new language features in C# like delsgatéch are type-safe function pointers.
Delegates are registered for an event and areasetiwhen the event occurs. Fortunately it is
possible to determine the potential delegates whiht execute based on their type. Other
new features are properties which originate frontpbieand can be simply treated as get/set
methods.

4. Summary

The cost of original Horwitz, Reps and Binkley aitfun [6] is dominated by the cost of
computing summary edges according to [11]:
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O((TotalSites E, ¢ * Paramg +
(TotalSites Site€ * Paramg))

whereTotalSitess the total number of call sites in the progra&he is the maximum number
of edges in any PD@aramsis the maximum number function parameters Sitdsis the
maximum number of call sites in any procedure.

In [11] a new algorithm was presented by Repslefoacomputing summary edges in SDG
whose cost is bounded by:

O((P* Eppg * Paramg +
(TotalSiteg Params))

Where, in addition, P stands for the total numligirocedures in the program.

In both cases the complexity depends on two factorthe first case (original HRB algorithm)
the first term is the cost of SDG compression drel gecond term is the cost of computing
summary edges. In the second case there is notoemmmpress the SDG. The cost of both
algorithms is dominated by the cost of finding suarynedges. The second algorithm is
asymptotically faster than the first one. Recurs$irections are not mentioned.

While analyzing our algorithm the following can égtablished:

DiffSites< TotalSites
DDE =Vppg * Eo * Params

O((DiffSites* Eppg * M %) +
(RecCalls* DDE) + (RecCalls* E,p. * M %))

In practice: DiffSites<< TotalSites

DDE denotes the complexity of data dependency talon in our implementation. Above we
presented the full formula of our algorithm withcuesion. The first term stands for non-
recursive methods, the second and third for reeeimsiethods.

The running time of non-recursive part of our aitjon depends on the number of different call
sites DiffSiteg because of caching. This number is bounded byata number of call sites
but hopefully industry applications have much ldgterent call sites than the total number of
call sites.M stands for the maximum number of method invocatiorany method; My is an
upper boundary of vertices in the mPDG of any metho

We have to modify data dependence edges everthienast step of recursive calls (RecCalls)
is simulated as the second term shows. The third te the same as first but for recursive
methods.

We do not use summary edges thus we cannot conaralgorithm to the mentioned
previous approaches directly.

In order to test the algorithm proposed earlier,haee implemented a pilot application that is
capable of slicing C# programs satisfying certaistnictions. The source code might contain
static functions with arbitrary program construngo(assignment, condition, loop, method
invocation) in a single class using local valueetypriables.

We used an earlier version of Marcel Debreuil'sso#irce code parser library which employs
the ANTLR parser generator. Compilation was perfstmsing Microsoft Visual Studio 2005
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beta codenamed Whidbey. We tested both non-reeuesid recursive programs. Every time
we tested the resulting slice was the same aséoHiRB algorithm [6].

References

[1]
(2]

(3]
[4]

[5]
[6]
[7]
(8]
[9]
[10]
[11]
[12]
[13]

[14]

H. Agrawal and J. R. Horgan. Dynamic prograimist. In SIGPLAN Notices No. 6, pages 246-
256, 1990.

A. Beszédes, T. Gergely, Zs. M. Szabd, J. €sifi. Gyiméthy. Dynamic slicing method for
maintenance of large C programs, CSMR 2001, pagesl 13.

D. W. Binkley, K. B. Gallagher. Program Slicinddvances in Computers, Volume 43, 1996

J. Ferrante, K. Ottenstein, and J. Warren Thegmam dependence graph and its use in
optimization. ACM Trans. Program. Lang. Syst. J3ly 1987), 319-349.

K. B. Gallagher. Some Notes on Interprocedmalgram Slicing, IEEE International Workshop on
Source Code Analysis and Manipulation, 2004

S. B. Horwitz, T. W Reps, D. Binkley. Inter-predural slicing using dependence graphs. ACM
Transactions on Programming Languages and Sysié{k): 26-60, January 1990.

J. Krinke, Advanced Slicing of Sequential a@@ncurrent Programs, PhD Thesis, Universitat
Passau, April 2003

A. Lakhotia. Improved interprocedural slicinggarithm. Technical Report CACS TR-92-5-8,
University of Southwestern Louisiana, 1992.

K. J. Ottenstein, L. M. Ottenstein. The progratependence graph in software development
environment. ACM SIGPLAN Notices volume 19(5), pad&7-184, 1984.

K. P6cza, M. Biczé, Z. Porkolab. Cross-langeid&rogram Slicing in the .NET Framework, .NET
Technologies 2005, Pilsen, Czech Republic (accefptepaper)

T. Reps, S. Horwiz, M. Sagiv, G. Rosay. Spegdup Slicing. ACM SIGSOFT Software
Engineering Notices 19, pages 11-20.

F. Tip, A survey of program slicing techniqudsurnal of Programming Languages, 3(3):121-189,
Sept. 1995.

M. Weiser. Program Slicing. IEEE Transactioms Software Engineering. SE-10(4):352-357,
1984.

B. Xu, Z. Chen. Dependence Analysis for Reimerdava Programs. In SIGPLAN Notices No. 12,
Pages 70-76.

Postal addresses

Mihaly Bicz6 Krisztian Pécza

E6tvos Lorand University E6tvods Lorand Universit

Fac. of Informatics, Fac. of Informatics,

Dept. of Prog. Lang. and Compilers Dept. of Prbgng. and Compiler
Pazmany Péter sétany 1/c. Pazmany Péter séfény 1
H-1117, Budapest, Hungary H-1117, Budapest, ldung

Zoltan Porkoléb

E6tvos Lorand University

Fac. of Informatics,

Dept. of Prog. Lang. and Compilers
Pazmany Péter sétany 1/c.

H-1117, Budapest, Hungary



