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Abstract. During the lifetime of a software product certain changes
could be performed on its source code. After those changes a regres-
sion test should be performed, which is the most expensive part of the
software development cycle. This paper focuses on programs written in
a dynamic functional programming language FErlang, and discusses a
mechanism that could select those test cases, which are affected by a
change, i.e. altering the program on some point may have impact on the
result/behaviour of those test cases. In the result of that analysis it is
possible to reduce the number of necessary test cases, and after modify-
ing the source code, just a subset of the test cases should be retested.
The discussed approach introduces a behaviour dependency graph for
Erlang programs to represent the dependencies in the source code. The
impact of a change can be calculated by traversing the graph.

1 Introduction

Changes often happen in a software lifetime. These changes can be done man-
ually by a programmer or using a refactoring tool. The phase “refactoring” [3]
introduces a meaning preserving source code transformation, thus you change
the structure of a program without altering its external behaviour. Refactoring
could be done manually by a programmer or using a refactoring tool. The former
case is tedious and error prone, the latter is safer and faster. A refactoring tool
guarantees that the transformation does not change the meaning of the program
and all the necessary changes will happen. However refactoring in Erlang [2] is
not straightforward. The language is dynamically typed, so the syntactic and
static semantic information sometimes may be not enough to guarantee a mean-
ing preserving transformation, and the programmer want to test the behaviour
of the transformed program. Since testing is a very expensive part of the software
development process, we want to help the programmers to reduce the number
of test cases which should be performed after a transformation or a sequence of
transformations. Therefore we try to find the affected parts in the source code
by analyzing the spread of the impact of performed changes. Assume we have
found the affected code parts, then only a subset of test cases should be retested,
those which are affected by the change.
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To find the affected parts we have to propagate the change of some data,
therefore we introduce a behaviour dependency graph. During the generation
of this graph we use static syntactic and semantic information based on the
semantic program graph of the RefactorErl.

RefactorErl [65] is a refactoring tool for Erlang. To represent the source code
the tool uses its own semantic program graph model, which contains lexical, syn-
tactic and semantic information about the loaded Erlang programs. The graph
is based on the AST. RefactorErl uses its own layout preserving parser to gener-
ate the syntax tree, then different semantic analyzers (function, variable, record,
etc) extend the syntax tree to semantic program graph. The constructed program
graph provides good interface for further source code analysis.

The rest of this paper is structured as follows. In Section 2] a motivating ex-
ample is given. Section [ introduces the used model of Erlang programs. Then
the Section M introduces the behaviour dependency graph, the method of con-
structing the behaviour dependency edges and the way of retrieving dependency
information from this graph. Section [l presents related work, and Section
concludes the paper and discusses future work.

2 DMotivating Example

For the sake of simplicity we demonstrate our mechanism in a more general
example. We do not transform the source code by a refactoring and analyze its
impact, rather we modify an element of a list (Figure [l and [2]) and then we
estimate the impact of the data change to determine the test cases which should
be retested.

Consider the following example (Figure [Il), where we define the tag_add/1
recursive function, which transforms the elements of the given list to a tagged
tuple. We expect from this function, that it does not alter the length of the
given list. The test_tag_add/2 function is intended to describe this property of
the tag_add/2 function. The len/1 function calculates and returns the length
of the given list. In our example the tag_list/0 function calls the tag_add/2
function with a list containing two integers: [1,2].

Assume, that the programmer modify the first element of the list [1,2] in
the body of tag_list/0. This value flows into the variable H1 (in tag_add/2)
through the list construct. The result of the tag_add/2 function is a list which
spine does not depend on the value of H1 variable, however the elements of this
result list depend on the value of H1. Therefore, we have to detect whether
the elements of the resulted list are used elsewhere in the code. It can be
used those point in the program where the tag_add/2 function is called. The
test_tag_add/2 function calls the tag_add/2 function, thus it uses its return
value, so the elements of the resulted list may be used. The test_tag_add/2
function passes the result of the tag_add(L1, Tag) function call as an argu-
ment for the len/1 function and calculates the length of the resulted list with
len/1, but during the calculation 1len/1 does not use the value of the elements
coming form its argument (in the body of len/1 the values of the elements
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tag_add([], _Tag) ->
;
tag_add([H1|T1], Tag)->
[{Tag, H1} | tag_add(T1, Tag)].

tag_list() ->
tag_add([1,2], integer).

test_tag_add(L1, Tag)->
len(L1) == len(tag_add(L1l, Tag)).

len([]) —>
0;

len([_H | T]) ->
1 + len(T).

Fig. 1. The definition of tag add/2

(_H) of the parameter list are not used). Therefore the result of the len(L1)
and len(tag_add(L1)) function calls do not depend on the values of the ele-
ments coming from the L1 list and the return value of the tag_add (L1) function
call. We can see, that changing any element of the list [1,2] under writing
the program does not have any impact on the result of these function calls,
thus does not have any impact on the return value and on the behaviour of the
test_tag_add/2 function, so we must not retest it.

However the elements of the list depend on the operation (a tuple constructor),
in this case the structure of the list is independent of this operation. The change
of one list element does not always has impact on the structure of the list or the
context of the list usage.

In the second part of the example we give the definition of a similar function,
but the behaviour of these functions are different. On Figure 2] we define the
tag_filter/2 recursive function, which filters the elements of the list with a
given tag Tag. This function selects a sublist of the given list, it may throw
out element from the list. Thus changing the elements of the parameter list may
affect the spine of the resulted list. This function may keep or decrease the length
of the list (depending on the given tag and the content of the given list), but it
can never increase it. The test_tag_filter/2 function is intended to describe
this property of the tag_filter/2 function. The filter_list/0 function calls
the tag_filter/2 function to select the elements with key integer from the
list [{integer, 1}, {atom, a}].

Assume, that the programmer change the first element of the list in the func-
tion call tag_filter([{integer, 1}, {atom, a}], integer)). Theimpact of
this modification flows into the H2 variable, in the same way as in the first part of
our example where the elements of the [1,2] list flows into the H1 variable, but
after this point the difference between the tag_add/2 and tag_filter/2 func-
tions shows up. The return value of the tag_filter/2 function depends on the
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tag_filter([], _Tag) ->
1;
tag_filter ([H2|T2], Tag) ->
case H2 of
{Tag, _Elem} -> [H2 | tag_filter(T2, Tag)];
-> tag_filter(T2, Tag)
end.

filter_list() ->
tag_filter([{integer, 1}, {atom, a}], integer).

test_tag_filter(L2, Tag) ->
len(L2) >= len(tag_filter(L2, Tag)).

len([1) ->
0;

len([_H | T]) ->
1 + len(T).

Fig. 2. The definition of tag filter/2

elements passed as its arguments, because the case-expression depends on the
result of the H2 expression, thus the return value of the tag_filter/2function
depends on the elements of its parameter list (H2 gets its value from that
list). The expression len(tag_filter(L2, Tag)) comprehends a function call
of tag_filter/2, which return value depends on the elements of its parameter
list, thus the result of the entire expression depends transitively on the elements
of the argument list. Therefore, any change on the elements of the input list may
have an impact on the test_tag_filter/2 function.

To detect these dependencies in an Erlang program, we have to define a depen-
dency graph for Erlang. It should contain the data flow edges and behaviour depen-
dency edges, too. The rules when the value or the behaviour of an expression has an
impact on an other expression (for example, the case expression in the mentioned
example depends on the expression H2) are defined in the following sections.

3 A Partial Model for Erlang Programs

In Section M we use the Erlang syntax shown in Figure[Bl This syntax is a subset
of the Erlang syntax presented in [4]. The symbol P denote the patterns can
be used in Erlang, E represents guard expressions and expressions that can be
defined in the language, and F' denotes the named functions.

The presented syntax contains some simplification:

— Guard expressions are represented as expressions with some restrictions.
Guard expressions can contain “guard” built-in function calls or type tests.
The infix guard expressions are arithmetic or boolean expressions, or term
comparisons. Guards can contain only bound variables.
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V ::= variables (including , the underscore pattern)

A ::= atoms

I ::= integers

K ::= A| I| other constants (e.g. strings, floats)
pP:=K|V|{P,...,P}| [P,...,P|P]
E:=K|V|{E,...,E}|[E,...,E|E] | [E||P<-E] | P = E|

EoE | (E) | E(E,...,E) |
case F of
P when F > FE,...,F;

P when F -> F,...,FE
end
F .= AP,...,P) when £ —> FE,...,E;

A(P,...,P) when £ -> F,...,E.

Fig. 3. The used Erlang syntax subset

— It does not contain those expression types which can be handled in the
same way as one from the presented expressions. For example, the if and try
construct can be handled similar as case expressions.

— Those language constructs which are not used to build the data dependency
graph also left out from the model. For example, the attributes of an Erlang
module do not hold relevant information in the meaning of data dependency.

4 Behaviour Dependency Graph

The most natural way to represent the impact of a change is a graph. To prop-
agate dependency information we build a behaviour dependency graph (BDG).

4.1 The Representation of the Erlang Programs

To build the Erlang dependency graph we use the semantic program graph of
RefactorErl. RefactorErl constructs the syntax tree representation of the source
code and extends it with static semantic and lexical information. In RefactorErl
each expression and pattern node is identified uniquely, we use these nodes as
a base of the dependency graph, and the new edges represent the dependency
information among them. While constructing the dependency graph we traverse
the semantic graph, we take information from the graph, i.e. the structure of the
syntax tree (expressions are attached to corresponding code parts), semantic
information (the binding structure of the variables, the function calls are linked
to the definition of the function, etc). Just those syntactic nodes (mainly the
expressions) appear in the dependency graph which are relevant in dependency
propagation.
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4.2 Dependency Information

All the dependency information is represented in the behaviour dependency
graph (BDG). The nodes of the graph are the expressions and patterns from
the Erlang source code, the edges of the graph are representing dependency
information. There are different kinds of dependency information, that is repre-

sented with labeled edges in the graph (n; tabet no, where ny and ng are nodes
of the graph). The different kinds of dependency edges are the followings:

Definition 1.

— Data flow edges — represent data flow between two nodes. There are dif-
ferent kinds of data flow information [7]:

e Flow edges — n; - ng, represents that the result of ny can be a copy of
the result of n;. They value exactly the same, and changing the value of
ny results the same change in the value of no.

e Constructor edges — ny & ng, represents that the result of no can be a
compound value that contains n; as the ith element

e Selector edges — nq EiN ng, represents that the result of ny can be the ith
element of the n; compound data

— Data dependency edges — n 4, ng, represents that the result of no can
directly depend on the result of n;. Any change in n; may result a data or
a behaviour change in no.

— Behaviour dependency edges — n; LA ng, represents that the behaviour
of no can directly depend on the result of n;. Any change in n; may result
a behaviour change in no.

Note, that in case of constructing a list e is used as an element label, because
we can not usually track their indexes([7]).

The change of a data has an impact on the behaviour of those expressions
which depend on that data, thus each data dependency edge also represents
behaviour dependency:

d
ny — ng
X (d-b-rule)
ny — N9
Similar, most of the flow edges propagate the change of the data, thus propa-
gate dependency. Therefore there are nodes in the graph which are linked with

multiply edges.

Examples. The following example demonstrate the differences among the edge
types.

e:
case X of
{ok, Result} -> Result + 2;
_ when is_list(X) -> X
end
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There are different kinds of flow edges in case of this case expression: e. The

result of the variable X simply flows to the tuple pattern: X EN {ok, Result},
then while this pattern is a selector, it selects the elements from the tuple:
{ok, Result} > ok, {ok, Result} >3 Result. The result if this case expression
is the result of the last expression in its branches, so the result of the last

expressions flow into the case expression: Result+2 EN e and X EN e.
The result of the infix expression Result+2 depends on the value of its subex-

pressions: Result % Result+2 and 2 -% Result+2.

This simple example also represent behaviour dependency information. The
behaviour of the case expression is depend on the behaviour of its subexpressions.
If the infix expression can not be evaluated then e also can not be evaluated:

b
Result+2 — e.

4.3 Dependency Rules

As it is mentioned before, the dependency graph can be constructed based on the
syntax tree and semantic information. The construction rules are summarized
in Figures @ and Bl and the major rules are described in the followings. The
notation on the figures are: e is an expression (E), g is a guard expression (E),
p is a pattern (P) and f is a function (F).

Variable. The only dependency among the variable bindings and the variable oc-
currences is the data flow (Figure[@ Variable). It does not hold data dependency,
or behaviour dependency information.

Match expression. Figure @ Match exp. shows that the match expression con-
tains a various number of dependency. The value of the expression e simply
copied to the pattern p and to the expression eg, that represented by flow edges.
Each expression depends on the behaviour of its subexpressions, thus the match
expression also represents behaviour dependency. The expression p = e binds
the value of e to p. In case if the variable p is already bound, then the match
expression fails if the value of the variable p and the value of e do not match,
so the result of the match expression ey may depend on the value of e, thus the
match expression contains data dependency.

Infix expressions. The infix expression does not propagate data flow information,
rather propagates data dependency information (Figure[dt Infix exp.). The result
of an infix expression depends on the result of its subexpressions. If one of the
subexpressions can not be evaluated, the infix expression can not be evaluated,
so it also propagate behaviour dependency information.

Compound data structures. Beside data flow (flow, constructor and selector
edges) information compound data structures (tuples, lists) also hold behaviour
dependency information (Figuresdl Tuple exp., List exp. and List gen.). The be-
haviour of a compound data structure depends on the behavior of its elements,
i.e. the expression depends on the behaviour of its subexpression.
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Expressions Graph edges
. p is a binding !
Variabl . .
(Variable) n is a usage of the same variable P — ™
f d b
(Match exp.) eo: € e, e
p=e f
e=>p
. f
(Pattern) po: po 7 b1
p1=Pp2 Po — P2
d b
(Infix exp.) co: e j €0, €1 7 co
€10 €2 €2 — €p, €2 — €o,
. €Q:
(Parenthesis) () e €o, € 2, €o
C1 Cn
€. €1 — €0,...,En — €0
(Tuple exp.)
{61,‘..,671} €1i>60,‘..,eni>60
Po: n
(Tuple pat.) . o} po 3 p1,...,00 2 pa
ey
. Ce Ce f
(List exp.) €Q: e1 ? €0y...,€En 7 €0, €n+1 7 €o
e, ..., enlent] €1 — €0y...,En — €0, Entl — €0
Ce Se
: e1 — e, €2 —
(List gen.) co ' b o b P
[ell|p — 62] €1 — €p, €2 — €
Se Se
. Po: Po — P1,---,P0 — Pn
(List pat.) P
[p1, .. Pnlpnt1] PO = Pnt1
Se
€eo: €1 — eg
BIF 1
( ) hd(el) e1 i> eo
f
€o: €1 — €g
BIF 2)
( tl(e1) el i, eo
I is constant, st
(BIF 3) o anyee
€1 — €o

element(/,e1)

Fig. 4. Static behaviour dependency graph generation rules

Conditional expressions. The behaviour of a conditional expression, like each
complex expression, depends on its subexpressions. Thus each subexpression is
linked to the expression with a behaviour dependency edge (Figure[dt Case exp.).
For example, the case-expression depends on the behaviour of the expressions
of its clauses, because an exception in these expressions propagate an exception
into the case-expression.

Function calls. A function call similar to complex expressions, depends on its
arguments, but it also depends on the body of the referred function (Figure [
Fun. call 1). An exception from the body of the function has an impact on the
function call expression, too. The result of an actual parameter flows into the
corresponding formal parameter of the function, and the return value of the
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Expressions Graph edges
f f
€ —Ply...,€ — Pn
: 1 [ f
€o: e, — €0,...,€ep €0
case e of d b
1 1. € — €p, € — €0
p1 when g1 — eg,... e ; L b L b
(Case exp.) . el — €0,...,€, — €0
n n
pn When g, — el ... e
en €1 — €0,...,€,, — €0
b b
g1 — €0,...,9n — €0
b b
€1 — €0y...,En — €0
. f f
€o: et Leg,....e™ Leo
1y ’ sy Clm
flel,...,en) o1 foom
€1 —P1,..-,€1 7~ P1
f/n:
f(pi,...,pn) when g1 — f !
s Mn 1 m
(Fun. call 1) 1 1. €n = Pns---56n = Pp
617'-'76l17 1 b 1 b
€1 — €0,...,€, — €0
s m
f(pt*,...,pn) when gn — ) .
m m m m
e, .-, epn . e’ — €o,..., e, — €0
b b
g1 — €0,...,9m — €0
€Q:
e(e en) e be enSep,ebe
Ty 1 Oy«-- 0 0
(Fun. call 2) o s Ty T,
€1 — €0,...,en — €0, € — €0

e is not constant, or e/n undefined

Fig. 5. Static behaviour dependency graph generation rules (cont.)

function (the result of the last expression of the function clause) flows back into
the function call expression.

e(e1,...,en) is an Erlang function call. In case when e is not a constant,
we can not create dependency edges between the application and the function
definition. The same situation occurs when the function is not defined in our
graph — it is not added to the database(Figure Bt Fun. call 2). We handle that
case as a worst case scenario, and we generate data dependency edges among
the function call and its subexpressions, because we do not know anything about
the body of the function and the way how it uses and transforms the value of
its parameters.

Built in functions (BIF). There are some built in function in Erlang which
operate similar to the data selectors (Figure [ BIF). For example the hd/1
function selects the first elements of the list, or the element/2 function selects
the I-th element of a tuple. In these cases we add selector edges to the graph.

When the first parameter of the element/2 function (I) is not a constant, the
Function call 2 rule is applied.



Impact Analysis of Erlang Programs Using Behaviour Dependency Graphs 381

4.4 Deriving Dependency Information

To determine the impact of a modification we need indirect/deeper dependency
knowledge, thus we should calculate the transitive closure of the graph and tra-
verse that graph. Each edge in the graph represent a dependency in the program,
therefore when we want to determine the impact of a change, we have to traverse
the graph using the corresponding defined edges.

A dependency relation between two graph nodes (ny ~ ng) means the be-
haviour of ny depends on the result/behaviour of ny, so the change of the value
of ny may have an impact on ny. This relation can be computed using the data
flow, data dependency and the behaviour dependency edges.

The informal definition of the dependency relation n; ~» no is that no is
an expression in the graph which could be affected by changing the value of n;.
Those nodes from the graph which could be a copy of n; are affected by changing
the value of n1, so modifying ny could have an impact on them. Therefore the
data flow propagate the changes (data-rule).

Consider the following expression: 1+2. Changing the expression 1 to atom
results that the expression 1+2 could not be evaluated and that results a run-
time error. Then each expression which behaviour depend on the value of 1+2
also could not be evaluated. Therefore when there is data dependency connection
between two nodes (ny 4, ns), changing the data in ny could have an impact on
the behaviour of no, and those node which behaviour may depend from ns, also
could alter behaviour from the same data change (b-dep-rule). Data flow and the

behaviour dependency edges (l) also propagates behaviour dependency among
expressions (d-rule, b-rule).
In the followings we formalize the mentioned behaviour dependency relation.

Definition 2. The data flow relation 4 is defined as the minimal that satisfies
the following rules [7]:

d .
n-~>n (reflexive)
n i> %)
1
f-rule
) (Erule)
ny ~ Nag
Cj d S
n1 — Ng, N2~ N3, N3 — T4 (c-s-rule)
d
ny ~ Ny
n % g, ng S
1 2, M2 3 .
’ (transitive)

d
ny ~ ns

Definition 3. The behaviour dependency relation L is defined as the minimal
relation that satisfies the following rules:

d
ny ~ nNo

b
ny ~ Nag

(d-rule)
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b b b
ny ~ Nz, N2 — N3, N3 ~> N4 (b rule)

b
ny ~ Nag

Definition 4. The dependency relation ~» is defined as the minimal relation that
satisfies the following rules:

d
ny ~ Nag
(data-rule)
ny ~ nNo

d d b
ny ~ Ng, N2 — N3, N3~ Ny (b dep rule)

ny ~ Ny

4.5 Lemmas

In this section some lemmas about the properties of relations L, and ~ are
introduced. The detailed proofs of the lemmas are presented in appendix [Al

Lemma 1 («b» reflexive)

n-Sn

Proof. Applying the rules (reflexive) and (d-rule).

Lemma 2 (f; transitive)

77,1’\b’>77,2, ng’\l)’>n3:>n1’\b’>n3

Proof. Applying structural induction on nq 2 ny and then structural induction
on ng ~» n3.

Lemma 3 (~ reflexive)
n~>n

Proof. Applying the rules (reflexive) and (data-rule).

Lemma 4 (~ transitive)
Ny~ Ng, N2 ~» N3 = N1~ N3

Proof. Applying case distinction on nj ~» ny and then case distinction on
N9 ~~ N3.

Lemma 5 (generalized b-dep-rule)
d d
Ny~ N2, Ng — N3, N3 ~> Ny = N1~ Ny

Proof. Applying case distinction on ng ~ ng.

Lemma 6 («b» is not symmetrical and is not anti-symmetrical)
Proof. See the counterexamples in appendix A.
4.6 Example

Figures [l and [0 shows the relevant part of the dependency graphs for the moti-
vation examples.
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1
tag_list/0
\J

2
tag_list/@

{integer, 1} {atom, a}
filter list/@ filter list/0

(e {ceysp /lcerb

L »
‘[{integer, 1}, {atom, a}]

filter_list/0

tag_list/0

If
f
[H2]|T2]
[H1|T1] tag_filter/2
tag_add/2
{s.e}
{s.e}
H2
H1 tag_filter/2
tag_add/2
f

H1
tag_add/2

A |
H2 [H2 | tag_filter(T2, Tag)]
tag_filter/2 tag_filter/2
". QQ "
‘e.d *eb f.b
oo R
‘a_\ »
case H2 of

{Tag, Elem} -> [H2 | tag filter(T2, Tag)];
-> tag_filter(T2, Tag)

| 4
’[{Tag, H1} | tag add(T1, Tag)]

tag_add/2 end
M tag_filter/2

(b
tag_add(L1, Tag) 1]

test tag add/2 tag filter(L2, Tag)

test tag filter/2

Fig. 6. Dependencies in tag add Fig. 7. Dependencies in tag filter
. . . d
The main difference between them is the H2 — case H2 of ... end edge,

which describes that the result and the behaviour of the case-expression depends
on H2.

On the left hand side figure, the value 1 simply flows (as a meaning of data
flow) into the variable _H (in len/1). The len/1 function does not use the value
of _H, so its return value does not depend on it. On the other figure the value of
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the tuple {integer, 1} flows into the variable H2 (in tag_filter/2). The case-
expression depends on the value of H2, the value of the case-expression copied
to the result of tag(L1l, Tag) (in len/1), so the change of the tuple may have
an impact on the len/1 function.

In summary, if we modify the integer 1 we must not the test_tag_add/2
test case, but if we modify the tuple {integer, 1}, we should run test case
test_tag_filter/2.

5 Related Work

A methodology for regression test selection in object oriented designs have been
already presented in [I]. That methodology represents the designs using the
Unified Modeling Language, and gives a formal mapping between design changes
and a classification of regression test cases (reusable, retestable, obsolete).

Our model tries to find affected test cases using a graph traversal on the BDG.
The BDG adds behaviour edges according to the semantics of the Erlang language
to a 0-th order Data Flow Graph (ODFG). Most of the data flow and the behaviour
flow edges are specific for Erlang (some of them are discussed in Section.3]) which
do not appears in other languages. Specially, the behaviour edges manly refers to
exceptions (that can arise during the evaluation after a data change) in our model.
In the analysis of other languages this kind of edges usually do not appear with a
data flow graph, rather just the exception handling constructs are handled in a
control flow graph [9]. Our model could be applicable to other strict functional
languages to detect the spread of a data change, however when applying it to a
lazy language further analysis could be useful.

Estimating the impact of a change in functional programming languages is not
really widespread yet, however control flow analysis have been already studied by
Shivers [8], but this work applied for optimizing compilers. Data flow analysis al-
ready defined for Erlang [7] and successfully applied to module interface upgrade.
For Erlang the Control flow analysis successfully applied for improving testing [10].

6 Conclusions and Future Work

In this paper we present a dependency graph to calculate the impact of some
modification in an Erlang source code. The base idea behind this is to support the
programmers to reduce the number of test cases which should be performed after
a refactoring transformations. Therefore we have to propagate the change made
by the transformation in a behaviour dependency graph. This graph contains the
relevant expression nodes from the syntax tree and data flow, data dependency
and behaviour dependency edges. The result of the dependency graph has been
illustrated in the motivating example.

The size of the presented graph is linear to the size of the syntax tree. If there
are n expression nodes in the syntax tree, the size of the graph is O(n), the size
of its transitive closure is maximum O(n?).
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This paper shows a structural algorithm to construct the BDG and a relation
to calculate the dependency in that graph. The DFG is already implemented in
the RefactorErl system, thus we should add the behaviour edges to that graph
and implement the dependency relation. Then we could examine the efficiency
of our model.

We can improve the presented solution in different ways. The presented model
does not make a distinction among the different calls of a function, and the return
value of the function is linked to each function call. The problem with that
approach is that when we call the function, we reach the result of other function
calls, too. To solve this problem we should store context information about the
source, i.e. where is the function called. Therefore, more accurate graph could be
generated using 1CFA-s [§] or nCFA-s, as the behaviour dependency edges could
be generalized according to the order of the analysis, so labeled edges could be
used in our BDG to represent the context information. We note, that our model
based on a ODFG and adds behaviour edges to that graph, and it results less
test case subset in our example, but using 1DFG-s could also result less test case
subset than using 0DFG-s.

When we generate a BDG, it could grow fast, and could be unnecessary huge.
Therefore, we should trim the irrelevant parts from the graph. A possible solution
should be to combine the control flow with the result of a call graph. First we
can create a call graph part from the change, and then we can should create the
data flow and the control flow using the affected functions from the call graph.
We can build the whole dependency graph and then trim it (for example with
slicing), or just build the smaller graph. Thus we can calculate other analysis
and iterative algorithms on smaller graphs.
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A The Detailed Proofs of Lemmas.

Lemma 1 («b» reflexive)

b

n~n

Proof

ndn (reflexive)

F===========(d-rule)

n~>»n
]
b s
Lemma 2 (~ transitive)
b b b
n] ~» Ng, Ng ~» N3 = N ~» N3
. . b
Proof. structural induction on nq ~» ng
d b b
a) (base step) ni ~ na2, N~ N3 = N1~ N3
. . b
structural induction on ng ~» n3
. d d b
i) (base step) ni ~ na, Ny~ N3 = Ny ~ N3
n1 ~> Ng, N2~ N3
e e e (transitive)
d
nl > 77,3
)::::::::: (d_rule)
b
711 ~> 713
N . d b b b b
ii) (induction step) ni ~ ng, N2 ~ Ny, Ny — N5, N5~ N3 = N1 ~> N3
d b b b
ny ~ nNa, N2~ Ny, Ng — N5, N5~ N3
):::::::::::::::::::::::: (1nduct10n hypothesis)
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. . b b b b b
b) (induction step) ni ~ n4, ng — N5, N5 ~ Na, No ~ N3 = N1 ~> N3

ny ~ N3
Lemma 3 (~ reflexive)
n~>n
Proof
d .
n ~ n (reflexive)
E===========(data-rule)
n-~>n

Lemma 4 (~ transitive)
nyp ~» Ng, N2 ~» N3 = N1~ N3

Proof
case distinction on nq ~ ng

d
a) Ny~ Na, Ng ~> N3 = N ~> N3
case distinction on ng ~» ng
. d d
i) np ~ na, ng~> ng = N~ N3

):::::::::::: (transitive)

E========(data-rule)

.. d d d b
i) i~ na, Na~> ng, N4 — N5, N5~ Ng = N1~ N3

d d d b
Ny~ N2, N2 ~* Ty, Ng — N5, N5 ~> N3
——————————————————————— (transitive)

E==============c===(b-dep-rule)

d d b
b) n1~> ng, ng — ns, N5~ N2, Ny ~> N3 = Ny ~> N3
case distinction on ng ~» n3
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. d d b d
i) ni~ n4, na — ns, N ~> N2, N2 ~> N3 = N1 ~> N3

d d b d
Ny~ Ny, Ng — N5, N5~ N2, N2~~~ N3

':::::::::::::::::::::::: (d—[‘ule)
d d b b
Ny~ Ny, Ny — Ny, N5 ™~ N2, N2~ 13 b .
E===============c====c==c==(~» transitive)
Ny~ Ng, Mg 4 N5, N5~ 13
)::::::::::::::::::::: (b-dep—rule)
ny ~ N3

.. d d b d d b
ii) ny~ ng, ng = ns, N5~ N2, N ~> NG, Ne — N7, N7 ~> N3
= N1~ N3

d d b
ny ~> Ng, Ng — Nz, N5~ N2,

d d b
N2 ~ Ng, Ne — N7, N7 ~> N3

d d b
Ny~ Ny, Ng — N5, N5~ N2,

b d b
N2 ~ Ng, Ne — N7, N7 ~> N3

d d
ny ~ Ny, N4 — N5,

Lemma 5 (generalized b-dep-rule)

d d
Ny~ N2, N2 — N3, N3~ Mg = N1 ™~ Ny

Proof
case distinction on ng ~» ng

d d d
a) ni~> N2, Ng — N3, N3~ Ng = N1 ~> Ny
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d d d d b
b) n1~ ng, ng = nz, Nz~ N5, N5 — NG, Ne ~> Ny = N ~> Ny

T S T T T T T T T T T T T T T T T e e e e (d—rule)
ny~» N2, N2 — N3, N3 2 N5, N5 — Mg, Ng ™~ T4
)::::::::::::::::::::::::::::: (b—rule)
n1~ Nz, N2 4, n3, N3~ Ng
'::::::::::::::::::::: (b_dep_rule)
nyp ~> Ny

Lemma 6 (mb» is not symmetrical and is not anti-symmetrical)

Proof. Lets consider the following examples:
Example 1

ten()-> 10.
add_ten(X) -> X + ten().

bo. D .
~» is not symmetrical if exist two expression in the graph n; and ny where

n1 2L, no but not ng 2L, ni. If ny is the integer 10 from the body of ten/0 and
ng is the function call ten() in the body of add_ten/1 then:

b b b
ny~ni, N1 — N2, N2~ N2

Based on the behaviour dependency graph building rules (Figures[dl and [),

only two edges start from ns: a L and a % edge, both to the direction of the
infix expression X + ten(). There is now direct edges or graph paths starting
from the expression X + ten(), thus does not exist any path from ns to ni, so

b
not ng ~» nq.

Example 2

£(0) > 0;
f(A) when A > 0 -> f(A) - 1.

L s not anti-symmetrical if exist two expression in the graph n; and ns
where ni A no and no 2L, ni. If ny is the infix expression £ (A)-10 and ns is the

function call £ (A) then both n; 2, no and no 2L, ny are true:
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ni L Nno
'::::::::: (f—rule)
niy ’\d’> %)
E========(d-rule)
ny ’\b’> N9

n1 4 no 1s based on the rule Fun call 1. and no b, ny is based on the rule

Infix exp.
O
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