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Abstract is simpler than the first, but equivalent in terms of its ef-

fect on the given portion of program state. The manipulation
Program slicing has long been recognised as a valuable Of program statehowever, is not the only means by which
technique for supporting the software maintenance process Programs achieve their intended effects; other forms of state
However, many programs operate over some kind of exter-may also have an important role to play. For example, many
nal state, as well as the internal program state. Arguably modern business programs operate over a database (DB),
the most significant form of external state is that used to With program state being used as a temporary holding site
store data associated with the app“cation, for example, for data that has been retrieved from the database or that
in a database management system. In this paper, we pro/nay be written back to it. Such programs manipulate two
pose an approach to supporting slicing over both program kinds of state at the same time (the program state and the
and database state, which requires the introduction of two Persistent state), often in closely inter-related ways.
new forms of data dependency into the standard program  Traditional program slicing algorithms do not take into
dependency graph. Our method expands the usefulness adccount the presence of these additional forms of state. This
program slicing technigques to the considerable number of leads to two problems. One of these is that statements which
database application programs that are being maintained bridge the gap between the program state and some other
within industry and science today. form of state (e.g. by reading data from a DB into program
variables) will not be included within the slice because the
slicing algorithm is unable to detect their relevance to the
slicing criteria in hand [9]. Therefore, the slices produced
1. Introduction are not complete descriptions of the effect of the program
on the variables/statement specified by the user. The sec-
Program slicing [10] is a well known technique for as- ond problem is that, when examining this kind of program,
sisting programmers in the comprehension of source codethe user is often more interested in the effect of the program
Briefly, a program slice is a subset of a program which con- ©n the external state than on the program state. Rather than
tains only those statements that determine the value a giversking for the lines of code which define a particular vari-
variable (or set of variables) has at a particular point in the able at a particular statement, for example, we might wish
program. The slicer filters out those statements that are ir-instead to obtain the lines of code that are responsible for
relevant to the task of understanding the variables of inter- Producing the DB state that exists at some particular state-
est and thus allows the programmer to concentrate his orment (such as a transaction commit statement, for example).
her effort on understanding a much smaller, simpler versionA traditional program slice can give us some of the relevant
of the program. Many different variants of the 0rigina| slic- lines of COde, but it will omit those statements which af-
ing technique have been investigated, including slicing in fect the DB state without affecting the program state; thus,
the presence of procedures [5], slicing over complex datathe slice will again be incomplete.
structures such as arrays [2] and dynamic slicing [1]. In this paper, we describe two extensions to one of the
Traditional program slicers concentrate on the effect standard methods of computing slices (the Program Depen-
which a program has on some portion of its state. The userdence Graph approach of Ottenstein and Ottenstein [7]),
specifies the portion of state that is of interest and the slicerthat produce a slicing algorithm capable of navigating the
computes from the original program a second program thatadditional data dependencies that are present in typical DB



programs. We begin, in Section 2, by briefly reviewing ex-  While this approach solves the immediate problem of
isting work on program slicing that treats program or other missing file access commands in slices, it has some limita-
kinds of state in a non-traditional manner. In Section 3, we tions. In particular, if used on programs that operate with a
describe the extensions to the PDG that allow us to slicemore sophisticated data management system (such as arela-
over both program and DB state. Finally, in Section 4, we tional database), the slice produced by this approach will be
conclude and present possible directions for future work. larger than is necessary. For example, this method would not
be able to detect that an update to a single column of a table
does not have an effect on queries to that table that do not
include that column. Using a single variable to characterise
the use/defines relationships of a whole table is too coarse-
grained for analysing more modern, flexible data manage-

2. Slicing in the Presence of External State

The basic concepts of program slicing were proposed by
Weiser in 1979 [10], but since then many other forms of
slicing have been proposed. In particular, researchers begalqnent commang,. . . . .
to realise that slicing could extend its reach beyond program. Of course, it is possible to introduce additional variables

state to other stateful aspects of a software system. For ex!" order to model the interactions between parts of the state

ample, Sivagurunathaet al. [8] recognised the complica- at a more fine-grained level. However, for even moderately

tions introduced by programs which perform input/output complex database application, determining the exact set of
variables required is non-trivial. Moreover, a more serious

operations, such as reading from the standard input streamr itati f thi d iabl his that b

The problem here is that the standard I/O stream is acting imitation of this pseudo-variable approach 1s that by rep-

as a form of state but, unlike program state, its semanticsr€senting the semantics of the data manipulation performed
’ ’ by the program as a set of faked data dependencies, we lose

are not captured by the definition and use of variables. Inth bility to distinauish betw th dt te th
fact, variables are probably used at some level to implement € ability 1o distinguish between them and to genérate the

the behaviour, but they do not appear explicitly in the pro- d|fferer|1t kinds of Is(,jhce trrgentlglnetd in the Ttrodlf'ctlotnh. It:c&r
gram and therefore are not visible to a traditional slicer. example, we would not be able to compute a slice that de-

Rather than modify the slicing algorithm itself, Sivagu- scrlbesonlyt_he_ effe_ct of the program on the DB state, since
; we cannot distinguish which kind of state is affected by each
runathanet al. chose to introduce a number pkeudo-

variablesinto the program in order to make the hidden I/O dafndgﬁsrnnd;ir\l/ceyé roach is to create a new kind of data
state accessible to the slicer. The variables are added to thg d f pg. { Ivsis of the dat ioulati
program by means of an “implicit state removal” transfor- epenadency from a direct analysis ot the data maniputation

mation, which must be tailored to the specific semantics of semantics of Fhe program. In the remainder of .th's paper,
each particular form of 10 access. Essentially, to use this V€ expl_ore this alternat|v§ approach to computing a vari-
method, a transformation schema must be defined that mapgty of kinds of program slice in the presence of both pro-
the original language of the program into a new Ianguagegram and DB state.
that includes the pseudo-variables explicitly.
A similar problem occurs when programs access data3. Incorporating Database Semantics into
that is stored externally, in some persistent state (e.g. flat ~ Program Slicing
files or a database management system). This was recog-
nised by Tan and Ling, who also proposed a solution based Perhaps the most well-known program slicing algorithm
around the introduction of pseudo-variables, although theyis that proposed by Ottenstein and Ottenstein [7], which
did not adopt a transformational approach [9]. is based upon the notion of@ogram dependence graph
Tan and Ling focussed on persistent state in the form of (PDG) [6]. In a PDG, the nodes correspond to the state-
flat files, accessed through specific COBOL file handling ments of the program being sliced, and the edges describe
commands. They argued that statements such as a “fetch”{wo kinds of dependency between statemeatsitrol de-
which retrieves a data record from a file into program state, pendenciesinddata dependencietnformally, a statement
result in additional data dependencies (i.e. in this case, theA is control dependent on a statement B if B is a condi-
definition of a variable’s value) which the slicer must be tional statement whose outcome determines (amongst other
made aware of. Their suggested approach for making thes¢hings) whether statement A will be executed or not. For ex-
dependencies visible is similar to the work just described, ample, a statement within thieenpart of anif statement is
in that they introduce a number mfiplicit variables which control dependent upon thidtstatement.
are assumed to be updated when the file handling statements Equally informally, statement A is said to be data depen-
are executed. For each data file, a new variable is assumedent on statement B if a variable whose value is used by
to exist, and the various file access commands are characstatement A could have been given that value by the exe-
terised in terms of whether they use (i.e. retrieve from) or cution of statement B. For this condition to hold, the vari-
define (i.e. update) the data file. able needs to be used by statement A and defined by state-



ment B, and there must be an execution path fromBto Ain  We call such dependenci®D dependenciggor short,
which the variable is not redefined. and define them as follows:

Given a PDG of a program, a slice ofp relative to a
statement of p and a set of variable®’s contains all nodes
of the PDG from whicls is reachable either by a control de-
pendency or by a data dependency involving some variable e v is used as an input tds,
in Vs.

This algorithm fails when dealing with programs which
access DB state for fairly obvious reasons. The control de-

pendencies are correct but the data dependencies in the PD@efinition 2 A statemens is PD dependent on a database

take account of only one form of state, i.e. the program state.statementis if there exists some variablesuch that:
Thus, the PDG can be seen as being incomplete because the

program’s full behaviour is defined in terms of both pro- @ the execution ofs setsv to be equal to one of the out-
gram state and DB state. In order to compute correct slices puts ofds,

over DB state, we need to extend the PDG to take the miss- o 4 is used bys, and

ing dependencies into account.

In fact, two forms of data dependency are missing from a
standard PDG. The first, and most obvious, of these are de- The set of all such dependencies computed for a program
pendencies caused by the interaction between program anis referred to as a program—database dependency graph
DB state. The second are dependencies which exist betwee(PDDG).
pairs of statements which both manipulate DB state. If we
extend the PDG with both these forms of dependency, Wegz Database_Database Dependencies
can compute more accurate slices for both kinds of state.

Definition 1 A database statemert is PD dependent on
a statement if there exists some variabtesuch that:

e v is defined by, and
e there is av-definition free path frons to ds.

e there is av-definition free path fronds to v.

The second form of data dependency that we introduce

) captures the situation when execution of one DB statement

3.1. Program-Database Dependencies affects the behaviour of some other DB state that is exe-
cuted after it.

Computation of data dependencies that arise due to the Such dependencies are important in computing the cor-
interaction between program state and DB state is relativelyrect slice for a program variable that is involved in a DB
straightforward, provided the specific semantics of the com- command, but they are also useful for computing a new
mands used to access the persistent state are understoogind of slice as well. This is a slice which explains not how
Most database programming languages include some nosome variable got its value but how some state of the DB
tion of special variables which are used as the point of was computed. For example, when trying to comprehend a
connection between the program and the DB. For exam-large database application program, it is common to exam-
ple, when using COBOL to access an IDMS database, speine the rollback points, as these indicate the cases in which
cial data structures are defined which mirror the structure an error has occurred. By requesting a DB slice on a roll-
of each record type in the DB. However, in more modern hack command, the user can see which of the program state-
database programming languages, some of these impliciiments have directly contributed to forming the DB state at
connections between program and DB state are made exXthe time of the rollback, and this he or she can work out the
plicit. For example, in COBOL with Embedded SQL, pro- error condition which triggered it much more easily. Sim-
gram variables within the SQL code are are clearly desig- ilarly, the user might examine slices computed on transac-
nated (using the colon prefix). However, the slicer still needs tion commit, to gain an understanding of which DB states
to take into account the specific semantics of the DB com- are considered legal products of the program. Such an anal-
mand in order to determine which variables are used andysis is very useful when searching for data-oriented busi-
which are defined by it. ness rules, or other forms of data semantics that are often

Even in the embedded SQL examples, however, there islocked into source code by the processes of maintenance
still a hidden variable, which must be considered. Almost all and evolution.

DB operations return a special error code variable, which  How, then, are such useful dependencies as these to be
is set to a value that describes its outcome. For example computed. DB state takes a rather different form from pro-
in the version of COBOL we have been using for our own gram state. There are no individual variables, and all data
work, DB operations set a variable cal8@LCODBN exit. within it is stored in complex data structures with a well-
These error variables must also be included in the set of datadeveloped (and often explicit) semantics. Can we create a
dependencies computed by the slicer. form of data dependency over DB state that is analogous



to the define-use model that has proved to be so successprogram analysis, we can make a controlled sacrifice of ac-

ful for program state? curacy in order to gain efficiency and ease of implementa-
One approach is to categorise each DB statenietin tion. The nett effect of this is that some of our slices will
terms of three properties: contain DB commands which, strictly speaking, should not

) be included in the slice. However, we can be certain that all
o the subset of the DB state that is read by the statementyecessary statemeritavebeen included. Details of our ap-
(ds.read, proach to reasoning over the use/define sets can be found

e the subset of the DB state that is inserted by the state-€lsewhere [11].
ment @s.add, and

« the subset of the DB state that is deleted by the state-3-3- Computing the Slices

ment @s.de).
d ) The computation of the dependencies produces four dis-

Given these sets, we can formulate the following defini- tinct types: control, data, program-database, and database-
tion: database. Each of these dependencies are represented by in-

o ] dividual graphs, that when combined form a specifal case
Definition 3 A database statemedt; is DD dependenton ot the PDG, which we call the Database-Oriented Program

another database statement iff: Dependency Graph (DOPDG). The user specifies the slic-
o dsi.read N (dss.addU dss.del) # 0, ing cnterla,_ which |s_e|ther a statemen'; or a statement plus

_ _ a set of variables of interest, and the slicer computes the re-

o there is a rollback-free execution pathbetweendss quested slice by filtering out all statements that correspond
andds; (exclusive) such that: to nodes in the DOPDG from which the specified statement

— dsy.add N p.del # () or is not reachable. This produces a slice which is correct with

regard to program and DB state.
— dsy.del N p.add # 0. As well as considering the DOPDG as a whole, it is
That is,ds; is DD dependent oriss if it accesses a part also possib_le to copsider subgraphs .constructed from one
of the DB state that may have been modified in some way O More of its constituent dependencies. Thus, a subgraph
by ds, and that is not cancelled out by any intervening DB when co_nstructed from control and database-database_de-
operations. An update may be cancelled out by a rollback pendencies would allow us to construct a pure DB state slice

statement (i.e. a transaction abort) or by another update thatDB statements and those they are control dependent upon).
reverses its effect. This is of particular use for understanding which DB state-

The full set of DD dependencies for a program is known ments of a program may be affected by a particular abort or

as its Database—Database Dependence Graph (DDDG), angPMmmit operation. _ B o
by computing it and combining it with the PDDG and the W(_a have implemented a version of the mod|f|ed_sI|C|ng
original program dependence graph, we can compute fun@lgorithm that operates over COBOL programs with em-
slices of programs based on either program or DB state.Pedded SQL commands. The tool supports backwards slic-
But how can we compute thead, add andmodifysets for ing from a statement spe_C|f|ed by _the user, or from a given
an arbitrary DB statement (or sequence of DB statements)’.ﬁtateme”t_a”d set of varla_bles of mterg_st. The tool also al-
The computation of the DD dependencies would be made!OWS the slice to pe constrained to specq‘lc edge types allow-
most simple if the sets could be represented extensionally"d the construction of pure DB state slices and other com-
(since the standard set operators are easy to implement effiPinations of edge types. _ _
ciently). Unfortunately, there is no practical way to achieve  Details regarding the tools implementation, examples of
such a representation during a static analysis, when infor-ItS USe, and details regarding its testing over code supplied
mation about the particular DB state being operated on isPY BT can be found in the technical report[11].
not available.

The alternative is to extract an intensional representation4, Conclusions
of the use/define sets from the code. In the case of programs
with embedded SQL commands, for example, we can ex- Information systems make up a very large proportion of
tract relational algebra expressions which describe the tu-the source code that is currently being maintained through-
ples accessed or updated by a statement. In this case, gemut the world, and programs which manipulate or query a
eration of the use/define sets is straightforward, but reason-DB in some form make up a very large proportion of these
ing about the sets in order to determine whether there is anyinformation systems. We have shown how traditional slic-
overlap or not is rather more complicated (and computa-ing algorithms do not take into account the additional se-
tionally expensive). As is often the case with static forms of mantics of a DB state, and have proposed two additional



forms of dependency to address this. The two new formsthe maintenance programmer in the understanding, mainte-

of dependency help the slicer to take into account the pro-nance and evolution of complex data semantics.

gram behaviour that is taking place wholly within the DB
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