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Abstract In the context of Erlang, there just exists one ad hoc approach to
source code directed testing that checks the indivitinak of a
Testing of software components during development is a heavily program for coverage [4]. As systematic testing is an important task
used approach to detect programming errors and to evaluate theof professional software development, it is desirable to have more
quality of software. Systematic approaches to software testing getadvanced source code oriented testing methods for Erlang available.
a more and more increasing impact on software development pro-
cesses. The aim of this paper is to give a definition of flow graphs of (se-
For imperative programs there are several approaches to measurguential) Erlang programs similar to the known flow graph defini-
the appropriateness of a set of test cases for a program part undetion for imperative programs, and to describe a system generating
testing. Some of them are source code directed and are given asuch a flow graph from a program’s source code. This forms the
coverage criteria on flow graphs. first step towards making the large area of systematic, source code
This paper gives a definition of flow graphs for Erlang programs directed testing available for Erlang programs. The usefulness of
and describes a tool for generating such flow graphs. It provides the flow graph definition is shown by carrying over the definition of
a first step towards the transfer of advanced source code directedsome basic coverage criteria without much effort.
testing methods to functional programming.
The rest of the paper is organized as follows. Section 2 gives an

Categories and Subject DescriptorsD.2.5[Software Engineer- overview over rel_ate(_j wc_Jrk. In Sec.3a restricFion of the language
ing]: Testing and Debugging; D.1[Programming Techniques} under consideration is given and a preprocessing task for programs
Applicative (Functional) Programming is sketched. The definition of flow graphs is given in Sec. 4. Section

5 contains the necessary definitions for data flow analysis that is
needed for generating flow graphs of higher order programs. The
generation of the flow graphs is sketched in Sec. 6, and Sec. 7 gives
an outlook on the use of flow graphs for test case analysis. Some
Keywords: Flow graphs, test coverage conclusions are given in Sec. 8.

General Terms: Algorithms, Design

1 Introduction 2 Related Work

Testing of software is a widely used method of detecting errors dur- The work presented here is related to publications from severa_1| ar-
ing the software development process. One can assume every soft€2S: There are already approaches on flow graphs for functional
ware to be tested before being put to use in practice. Though testingl2hguages. Van den Berg [13] uses flow graphs and call graphs in
can just prove the presence, but not the absence of errors, the pasg'€ context of software measurement for functional programs. The
ing of all tests given by an appropriate test set is often understood 10W graphs used there consider function calls as atomic operations
as an evidence for reaching a certain level of software quality. For 2d are generated for each function independently. Information on
imperative programming there are several approaches defining theC2llS between functions is given by a call graph as separate struc-
appropriateness of a test set by coverage criteria based on the flowure.

raph. Testing in this way is usually applied to small program frac-
fqionz like sing?e modulesx./ yapp prog The concepts of generating flow graphs for higher order programs

is described by Shivers [12] and further analyzed by Ashley/Dybvig
[1]. Especially, the level OCFA described there is very similar to our
approach. Due to its use of continuation passing style (CPS) and
the Y combinator, it is, however, not very adequate for presenting
the analysis results to human programmers. The same holds for
works based on Shivers approach [12]. They do not focus on the
Permission to make digital or hard copies of all or part of this work for personal or  Presentation of the generated flow graphs to the programmer.
classroom use is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies bear this notice and the full citation Different approaches on testing and debugging functional programs
on the first page. To copy otherwise, to republish, to post on servers or to redistribute ,4va peen proposed. QuickCheck [3] aims at automatically check-
to lists, requires prior specific permission and/or a fee. . . L .
Erlang’04, September 22, 2004, Snowbird, Utah, USA. ing Haskell programs by generating input data on a random basis
Copyright 2004 ACM 1-58113-918-7/04/0009 ...$5.00 and checking the results with constraints on the expected output.



In the WYSIWYT framework [9, 10, 11] flow graphs are used for Ver (Aral) —> odd(Arg2) —>

judging the coverage of a functional program by a set of test inputs. funcase (Argl) of funcase (Arg2) of
This approach is, however, restricted to spreadsheets considered as 0 —> true; 0 —> false;
first order functional programs without recursion. N ->Varl = N - 1, N -> VarZz =N - 1,
odd (Varl) even (Var2)
end. end.

Several approaches on declarative debugging and tracing functional
languages (e.g. [6], [8], [2, 14]) describe how to trace down the pro-
gramming errors causing an observed misbehavior of a program.4  Flow Graphs for Erlang
These approaches, however, do not provide mechanisms for gener-
ra:tin.g or judging the test sets that are used to provoke sucha mishe4 .1  Flow Graphs of Individual Functions
avior.
Flow graphs for programs using the language of Sec. 3 consist of

The module cover that comes with the tools library of Erlang [4] representations of the individual expressions as nodes, and edges
implements a coverage test for Erlang source code that analyzes thggpresenting the control flow between these nodes.

individual lines of the source code for coverage. It is, however, not
able to distinguish several computations coded within a single line, There are different forms of nodes in a flow graph representing dif-

or to check non local relationships e.g. between calls and called ferent kinds of expressions. These node forms are presented in Fig.
functions or between throws and corresponding catches. 2.

- . For computations by operators, data constructors, and data se-
3 Preliminaries lectors, a node is generated as shown in Fig. 2.a.

For presenting the definition and generation of functional flow Function calls are expressed by nodes as in Fig. 2.b.
graphs we do not consider the whole Erlang language. We rather e catch expressions are represented as in Fig. 2.c. The cir-

concentrate on the subset defined in Fig. 1 (ignoring the boxes cle denotes the destination for non-local return edges. The
around some expressions for the moment). Definitions consisting right hand side denotes the expression that might return non-
of ax are not needed here, and are therefore omitted. Infix oper- locally? The arrow towards the catch expression is directed
ators are considered as ordinary functions. Due to the importance towards the expression node. Both, the expression node and
of the BIFthrow for the control flow, it has the state of a syntactic the circle have an outgoing edge towards the successor of the
keyword in this work. In the following when speaking of a first or- catch.

der function call we mean a call of the forim(ey, ey, .. .,ex) with
a function namen, and a higher order function call has the form

e(er.e,...,&).

o if, case andfuncaseexpressions are represented as in Fig. 2.d.
The test expressions to be matched against the patterns are
stored in theest fields. Therattern fields hold the patterns
of the individual clauses, theiards fields the lists of guards,
and theexprList fields the graphs of the lists of expressions
evaluated when the corresponding clause is chosen.

Programs in the considered Erlang subset are normalized to meet
the following properties: every function just consistsoofclause
with only variables as arguments, and all function calls, and lan-

uage constructs just have variables as arguments. . . o
guag J 9 The set of nodes representing a function definitiaa extended by

an import nodeémport(ay, .. .,ax) defining the argument variables
g of f, a context nodeontextvs,...,v) providing a local defini-
tion for all variablesvj that come from the context was defined

PP within, and a return nodeeturn(R) expressing to leave the code of
funcase(er ..., [&]) of fey fez;.... focend f, and to return the calculated value given in the varidble

The first condition is met by introducing a new form of expression,
generated by the keywofdncase of the form

which expresses the branching given by the original clauses. Within a single functiorf, directed edges are introduced from node
n; representing an expressiento noden, representing an expres-

To meet the second condition, we replace all expressions that aresjone, if there is a possible control flow evaluatiegdirectly after
boxed in Fig. 1, and in the nefuncaseconstruct by fresh vari- e, within f.

ables. The necessary variable bindings are introduced before the

respective expressioh. EXAMPLE 2. The flow graphs for the two functioegenand odd

defined in Ex. 1 (after preprocessing) can be extracted from Fig. 3
EXAMPLE 1. Consider the following definition of the functions by deleting the dashed arrows.
even and odd.

even(0) > true; 0dd(0) -> false; 4.2 Function Calls in Flow Graphs

even(N) -> odd(N - 1). odd(N) -> even(N - 1).

For function calls we have the following control flow: when reach-

ing a noden representing a call to a functian the control is trans-

fered to the import node df. When reaching the return node fof

the control jumps back to the (unigue) nodlefollowing n in the
1This process is comparable to the introduction of variable Single function flow graph described above.

names during A-normalization by Flanagan etal. [5]. Note that the

process fixes an evaluation order for the subexpressions which is  2Instead of an expression according to Fig. 2.a, other node

indeed implementation dependent in Erlang. forms, or a list of nodes are possible as right hand side as well.

Performing the described preprocessing steps results in the follow-
ing function definitions:




constants: *
variablesX: x
patternsp: alX|{px, .-, P} |[Pal P2l I[P1, - -

guardsg: x

if clausesic: g — |

case clausesc: p [(wheng] — |
fun clausesc: (p,...,p«k) wheng] — |

function namen: x

expressions: a\X|(,, . ,)|fn(,, e ,)\{, . ,}\\\
[, . ,]\beginl endif icy;icp; .. .ick endcasq e]of cap; ccp; ... cg end

funfcy;fc,;. .. ;fc, endcatche|throw| e]

, Pl

expression lists e, ey, ..., 6
functionsf: fn fcy;fn fcy; ... fn fa,.
programsP: f1f,... fg

Figure 1. The Erlang Subset Under Consideration
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Figure 2. Flow Graph Representations of Erlang Constructs

To describe this, we introduce a new notioncall edgesor rub- Since the control flow from a throw node (i.e. a node representing
ber band edgeito functional flow graphs. Such a rubber band a call to the BIF throw) to a corresponding catch node is a one way
edge (going from the calling node to the import node of the called connection, there is no need to distinguish throw edges from the
function in the flow graph) represents the control flow to the called normal edges used in the function flow graphs.

function and the return after reaching the return node of this func-

tion. (We can understand a function call in the flow graph as tying

the arguments of a call to one end of a rubber band and throwing . .

them to the called function while holding the other end of the band. AS result, for each throw node therenisedge front to its succes-
When the computation of the call finishes, the band bounces backSOr in the source code according to Subsec. 4.1, and for each catch

with the result tied to it and the computation goes on with the next nodec denoting a catch expressioatch expr such that there ex-
node in the local flow graph.) ists a path from the beginning ekpr tot, not containing another

catch node, an edge fromo c is inserted.
ExampPLE 3. For the even odd example given in Ex. 1 we get the
graph in Fig. 3. (Rubber band edges are denoted by dashed lines.)

] 5 Data Flow Analysis Graphs

4.3 Throw Edges in Flow Graphs
As stated by Shivers [12], the control flow given by a higher order

Besides function calls, the catch-throw-mechanism provides an- program can depend on the data flow of the funs in the program.
other way of non-local control flow in serial Erlang. When the In this section we therefore give a definition (adapted towards the
control reaches a call to the BIF throw, it returns non-locally to use for Erlang) of some base notions for data flow analysis that are
the innermost catch expression in the stack of expressions currentlyknown for imperative languages. For a definition of a variabie
under evaluation. After evaluating a call to throw, the computation write def(v), for a use ol we writeus€v). Their precise definitions
will nevercontinue with the next expression in the code. are as follows.



return(Ret1)

|
< - -
even/1: import(Arg1) context()
]
Argl
N
[ ettty
odd/1: import(Arg2) |~ context()
]
Arg2
0 Ret2 = false
N

Var2=N-1 Ret2 = even(Var2)

Figure 3. Flow Graph of the even odd Example

return(Ret2)

DEFINITION 1 (DEFINITIONS). Let G be a flow graph, and v a
variable. A node n in G contains a definition of v if one of the
following conditions holds:

e nis animport node and v is one of the variables defined in n.

e nis a context node and v is one of the variables defined in n.

This is called f-definition (denoted by f-de).

e n denotes a pattern matchinddS = RHSv occurs inLHS,
and there is at least one path w from the beginning of the
function containing n to n itself such that v is not defined on
w.

e n denotes a conditional, v occurs in at least one pattern p in
n, and there is at least one path w from the beginning of the
function containing n to n itself such that v is not defined on
w.

A definition binding v to a value selected from a structure (either by
pattern matching or the corresponding selection BIFs) is called an
s-definition and denoted by s-@ef.

The opposite of the definition of a variable is given by its use. Intu-
itively, a use of a variablg is given by every expression that needs
the value ofv to be evaluated.

DEFINITION 2 (USeS. Let G be aflow graph, and v a variable.
A node nin G contains a use of v if one of the following conditions
holds:

e n is a node representing the expression E or a mateh
where

- E=v

— E={v1,...,%}, E=[v1]wg], or E = |v1,...,V] with

v =v; for some i. This is called an s-use and denoted
by s-usév).

— E=vo(v1,...,%) or E =1fn(vy,...,w) with v=y; for
some i€ {0,...,k}.

n is a conditional node with a test given by v.

e n contains the generation of a fun, and there is at least one
path w from the beginning of the function containing n to n
itself such that v is defined on w. This is called an f-use and
denoted by f-uge).

e n denotes a pattern matchinddlS = RHSv occurs inLHS,
and there is at least one path w from the beginning of the
function containing n to n itself such that v is defined on w.

e n denotes a conditional, v occurs in at least one pattern p in
n, and there is at least one path w from the beginning of the
function containing n to n itself such that v is defined on w.

Some special information is added to the specification of a defini-
tion or use of a variableinside a patterp of a conditional. Besides
the noden of the conditional it contains the number of the clause,
the patterrp belongs to. Occurrences ofn the patterns of several
clauses of are treated independently.

For both, f-definitions and f-uses as well as s-definitions and s-uses,
we need to define the notion obrrespondinguses and definitions.

DEFINITION 3 (CORRESPONDING-use f-def). Letv be a vari-
able, u an f-use of v, and d an f-definition of v. u and d correspond
to each other if the fun containing d is the one defined in u.

DEFINITION 4 (CORRESPONDINGs-use s-def). Letvbe avari-
able, and u an s-use of v, generating a structure c. A selection d



defining a variable Vis an s-definition of ‘vcorresponding to u if

cient to perform Step (3) before Step (4) and to avoid the need for

the structure decomposed in d is ¢, and the selected element posiiteration in Step (4).

tion is the one containing the value of v.

Note that for an s-use and the corresponding s-def the variable7 Test Case AnalySiS

names can differ.

The following main definition of this section states the situations
under which a definitionl reaches a use

DEFINITION 5. Letd be a definition of a variable v, and u a use
of a variable V. Then d reaches u if one of the following properties
holds:

e v=V and there is a path in the flow graph from d to u that
does not contain a definition of v different from d. In this case
we say d reachesdirectly.

e There is a copy expression e of the fo¥m ¥ such that d
reaches the use &f in e and the definition of in e reaches u.

e d reaches an f-use of v and there is a corresponding f-
definition of v that reaches u.

e d reaches an s-use of v and there is a corresponding s-
definition of somé@ that reaches u.

Note that each rubber band edge from a function c&dl a func-
tion f /k contains implicit assignmentg = g for eachi = 1,...,k
wherep; is theit parameter in the definition dfanda; is theit" ar-
gument in the cal€. For the return an additional assignment of the
return variable off to the variable assigned tds given. These im-

For the flow graph of a sequential Erlang program as introduced
above, we now want to discuss its use for evaluating test Gases.

7.1 Specialties of Functional Control Flow

For checking the coverage of a flow graph by a set of tests, the
execution of the tests has to be performed in a supervised manner in
order to collect the information about the followed execution paths.

For imperative programs an interpreter is used, that executes the
tests on the flow graph, and passes every call to an unsupervised
program part to the runtime system for evaluation.

In our approach unsupervised program parts can call supervised
functions that were passed to them as arguments. The runtime sys-
tem must, therefore, be modified to pass the control back to the in-

terpreter when calls to supervised modules occur from outside the

supervision.

7.2 Transfer of Known Coverage Criteria

In the research of testing imperative languages there exist several
different coverage criteria on flow graphs. Each of these criteria
defines a set of entities in the flow graph that should be covered in

plicit assignments are processed like ordinary renamings accordingthe best possible way by the set of performed tests.

to Def. 5.

6 Flow Graph Generation

Source code oriented testing is usually done early during the soft-
ware development process, and is performed to small parts of a
programs source code rather than the whole program. The currently

tested modules are called thepervised modulesf a program.

Given a list of names of Erlang modules, the generation of the cor-

responding flow graph is done in the following steps.

Following Zhu etal. [15] we want to discuss some of the criteria and
their use for functional programming.

e The node coverage criterion requires atidesin the flow
graph to be covered at least once. This corresponds to the
execution of every statement in imperative programming, and
to the evaluation of every expression in functional program-
ming.

The already existing cover tool for Erlang [4] implements a
comparable criterion. It works just more coarse grain if the
program source code contains several expressions in some of
the lines.

1. The individual modules are read, and preprocessed according

to Sec. 3.
2. The local flow graph for each function is generated.
3. The destinations of the call edges are calculated.

4. The destinations of the throw edges are calculated.

The steps (1) and (2) can be performed for each module individu-
ally. The steps (3) and (4) calculate edges that might cross module
borders. They, hence, need the list of all supervised modules as

e In the branch coverage criterion evezgigein the flow graph
must be covered (of course restricted to edgielsin the flow
graph). When considering first order functional programs
without non-local returns, we can prove that this is equiva-
lent to the node coverage criterion. For higher order programs
this criterion enforces every supervised higher order function
to be called at least once in every possible supervised position.

For non-local returns, every return frontraow expression to
a catch expression which is a possible destination has to be

input. performed at least once.

The most interesting step is Step (3) that calculates the possible SImplementing this part of the system is work in progress.
destinations of higher order calls by data flow analysis. The processHence, broad experiences are not yet available.

is iterated, and every step uses the call edges calculated in the steps “Because of the approximative behaviour of OCFA, a 100 % cov-
before. As there is just a finite number of functions to be called, the erage according to this criterion might be impossible. The not cov-
iteration terminates in every case. erable edges can, however, be detected by the user quite easily. Es-
pecially, in the common case, a fun is generated directly as argu-
ment for a higher order function likeap, or fold, no inaccuracies
were expected or detected in experiments.

During Step (2) local information on the values potentially thrown
by the individual functions is computed. This information is suffi-



e Criteria based on the data flow reflect the declarative character9 References

of functional programming. We therefore expect them to be
very useful in testing functional prograrsit is, however, a
topic of future work, whether the distinction of uses in compu-
tations and in predicates carries over to the pattern matching

concept of Erlang.

Liggesmeyer [7] states, that for object oriented programming, we (2]
can use the same testing tools as for structured programming, but
the appropriateness of the individual tools changes and therefore
should be revalidated in the new framework. A comparable reval-
idation is necessary for functional programming as well. For the
basic control flow directed coverage criteria their use is quite obvi-
ous as they formalize minimal criteria of checking every program
element at least once. Further work is possible and necessary in
this area to investigate the use of criteria that are based on covering
larger paths in a program (an open question here is the influence of

recursion on these criteria) and criteria based on the data flow.

8 Conclusions and Future Work

By adapting the notion of flow graphs to functional programs writ-
ten in a sequential subset of Erlang we have made a large step t
wards having the wide area of source code directed testing (which
is heavily used in industry) accessible for functional programming.

Function calls have a strong influence on the control flow in func-
tional programs comparable to the looping constructs in imperative
languages. We, therefore, had to find a notion of expressing the
control flow of a function call, namely the jump to a distant piece
of code and the return to the calling code piece after processing
the function call. The introduction of rubber band edges allows
to express this situation without making the generated flow graphs

unnecessarily complex.

When considering higher order functional programs, we get the ad-
ditional problem that we need data flow analysis in order to deter-
mine the set of functions that is possibly called at a certain program
point. We have introduced definitions and uses of a value and a
notion of a definition reaching a use, that is precise enough to com-
pute all functions that can reach a function call. Furthermore, an
iterative process, essentially equivalent to O0CFA [12], allows to use [11]
the already generated flow graph for the data flow analysis task, and

to update the graph correspondingly.

Future work will complete a testing tool for Erlang programs com-
parable to those tools already used for imperative programming. [12]
The next step in developing such a system is the implementation of

a tracing tool for the test execution that copes with the problem of

higher order functions escaping the control.

With the tracing completed, the adaption of different coverage cri-
teria will become an interesting area of research: simple node [14]
or branch coverage can already be of great help in keeping the
overview over testing complex and nested case distinctions. We
can, however, expect further criteria that are well adapted to func-
tional programming and that greatly increase the power of source 15

code directed testing of functional programs.

SFurther evidence for that statement is given by the WYSIWYT
approach [9, 10, 11] using a criterion on the data flow in spread-

sheets.
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