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Abstract

When verifying Erlang programs in the process algebra pCRL specification, if there exists over-
lapping between patterns in the Erlang source codes, the problem of overlapping in pattern matching
occurs when translating the Erlang codes into the uCRL specification. This paper investigates the
problem and proposes an approach to overcome it. The proposed method rewrites an Erlang program
with overlapping patterns into a counterpart program that has no overlapping patterns. Structure
Splitting Trees (SSTs) are defined and applied for pattern evaluation. The use of SSTs guarantees
that no overlapping patterns will be introduced into the rewritten Erlang code.

Keywords: Erlang language, uCRL specification, Verification, Translation, Pattern matching,
Overlapping, SSTs.

1 Introduction

Formal methods are often used for system design and verification. Formal methods are mathemati-
cally based techniques. Their mathematical underpinning allows formal methods to specify systems
in a more precise, more consistent and non-ambiguous fashion. Model checking [12] is an automatic
formal verification technique that has been widely used in verifying requirements and design for a
variety of real-time embedded and safety-critical systems.

When verifying systems using model checking based techniques, specification of the system under
development is often modelled by a formal specification language such as the process algebra. A
model checker is applied to examine the properties that should hold for the system over a finite state
system. If the model fails to satisfy some desired properties, faults are determined to exist in the
design.

The advantage of using model checking based techniques for system verification is that, when a
fault is detected, the model checker can generate a counter example. These faulty traces help system
designers to understand the reasons that cause the occurrence of failures and provide clues for fixing
the problem.

Two ways might be considered when using model checking based techniques for system verifi-
cation. In one way, one can use a specification language in combination with a model checker to
obtain a correct specification that is used to write an implementation in a programming language;
in the other way, one may take the program code as a starting point and abstracts that into a model
that can be checked by a model checker. In the second situation, an interpretation mechanism needs
to be defined in order that the source code of a programming language can be translated into the
formal specification language used for describing the system under development.

Recently, verification of Erlang programs in the process algebra pCRL specification has been
studied [10} [7, 8, [I5]. The programming language Erlang [1] is a concurrent functional programming
language with explicit support for real-time and fault-tolerant distributed systems. The process



algebra pCRL (micro Common Representation Language) [I4] is a formal specification language.
It is extended from the process algebra ACP [4] where equational abstract data types [14] are
integrated into process specification. When an Erlang program is translated into a yCRL spec-
ification, a Labelled Transition System (LTS) can be obtained by using some existing tools such
as the CESAR/ALDEBARAN Development Package (CADP) [I1]. The LTS is used to check the
properties that should hold for the system under development.

Benac Earle et al. [3] [6] studied the verification of Erlang programs in the process algebra
#CRL specification and defined a set of rules for the translation of an Erlang code into pCRL. In
their work, translation rules for communication, generic server, supervision tree, functions with side-
effects, higher-order functions and pattern matching are defined respectively. They also developed
a tool set, etomerl, which automatically translates Erlang codes into a uCRL specification.

However, in the tool set etomcrl, pattern matching in an Erlang code are translated in a way
where overlapping is not considered. This, however, could cause misinterpretation when translating
an Erlang program into the pCRL specification.

In Erlang, evaluation of pattern matching works from top to bottom and from left to right.
When a pattern is matched, evaluation is terminated after the corresponding clauses are executed.
However, in uCRL, the tool set instantiator does not evaluate rewriting rules in a fixed order. If
there exists overlapping between patterns, the problem of overlapping in pattern matching occurs,
which could lead to the system being represented by a faulty model. More details about the problem
are explained in Section

This paper investigated the problem and proposed an approach to overcome it. The proposed
method rewrites an Erlang program with overlapping patterns into a counterpart program that has
no overlapping patterns. In the counterpart program, functionalities defined in the original program
remain unchanged. Structure Splitting Trees (SSTs) are defined and applied for pattern evaluation.
The use of SSTs guarantees that no overlapping patterns will be introduced into the rewritten code.

The rest of this paper is organized as follows: Section [2| introduces the Erlang programming
language; Section [3]describes the process algebra pCRL; Section [d] discusses the translation of Erlang
programs into the process algebra pCRL specification and the problem of overlapping in pattern
matching when translating the Erlang programs into uCRL; Section looks at ways to eliminate the
problem of overlapping in pattern matching; Section [f] explains the model checking Erlang programs
in the pCRL specification with a case study; Conclusions are drawn in Section [7}

2 The Erlang language

The programming language Erlang [I] is a concurrent functional programming language with explicit
support for real-time and fault-tolerant distributed systems. Since being developed, it has been used
to implement some substantial business critical applications such as the Ericsson AXD 301 high
capacity ATM switch [9].

An Erlang program consists of a set of modules, each of which defines a number of functions. A
module is uniquely identified by its name as an atom. A function is uniquely identified by the module
name, function name and arity (the number of arguments). Two functions with the same name and
in the same module, but with different arities are two completely different functions. Functions that
are accessible from other modules need to be explicitly declared as ezport. A function named f.name
in the module module and with arity N is often denoted as module:f-name/N.

Erlang is a language with light-weight processes. Several concurrent processes can run in the
same virtual machine, each of which being called a node. Each process has a unique identifier to
address the process and a message queue to store the incoming messages. Communication between
processes is handled by asynchronous message passing. The receiving process reads the message
buffer by a receive statement. When reading a message, a process is suspended until a matching
message arrives or timeout occurs. A distributed system can be constructed by connecting a number
of virtual machines.

An advantage of Erlang is that it uses design patterns (provided by OTP) where a number
of generic components are encapsulated. The use of OTP helps to reduce the complexity of sys-
tem development and testing, while increases the robustness. Generic server and supervisor are
two commonly used generic components in system design. The following briefly reviews these two
components.



2.1 Generic server component

The Erlang Open Telecom Platform (OTP) supports a generic implementation of a server by pro-
viding the gen_server module. The gen_server module provides a standard set of interface functions
for synchronous and asynchronous communication, debugging support, error and timeout handling,
and other administrative tasks. A generic server is implemented by providing a callback module
where (callback) functions are defined specifying the concrete actions of the server such as server
state handling and response to messages. When a client wants to synchronously communicate with
the server, it calls the standard gen_server:call function with a certain message as an argument.
If an asynchronous communication is required, the gen_server:cast is invoked where no response is
expected after a request is sent to the server.

-module(client). -module(locker).
-export([start_link /3, init/3]). -behaviour(gen_server).
-export([start_link/1, init/1]).

start_link(Locker, Resources, Type)— > start_link(Request) — >

{ok, spawn_link(client, init gen_server:start_link({local, locker},

[Locker, Resources, Type])}. locker, [Request], []).

init(Locker, Resources, Type) — > init(Args) — >

loop(Locker, Resources, Type). {0k, Args}.

handle_call(request, Client, Pending) — >

loop(Locker, Resources, Type) — > case Pending of

gen _server:call(Locker, {request, [] = > {reply, ok, [Client]};

Resources, Type}), _ — > {noreply, Pending++[Client]}
gen_server:call(Locker, release), end;
loop(Locker, Resources, Type). handle_call(release, Client, [-| Pending]) — >

case Pending of
[ ]— > {reply, done, Pending};
- — > gen_server:reply (hd(Pending), ok),
{reply, done, Pending}
end;
handle_call(stop, Client, Requests) — >
{0k, normal, ok, Request}.

terminate(Reason, Requests) — > {ok}.

A: Source code of client B: Source code of generic server

Figure 1: The source code of Erlang generic server and client.

Figure 1] illustrates a simple server-client system where a client can acquire the lock by sending
a request message and release it by sending a release message. In the example the server might be
called with a request or a release message. If the message is request and Pending is an empty list,
the server returns the client with ok, and the server comes to the new state [Client]; otherwise, the
reply is postponed and the server goes to a new state where the requesting Client is added to the
end of Pending list. If a release message is received, the server will send a reply to the first waiting
caller in the Pending list.

A terminate function is defined in the call back module. This function is called by the server
when it is about to terminate. It allows the server to do any necessary cleaning up. Its return value
is ignored.

2.2 Supervisor component

When developing concurrent and distributed systems using Erlang language, a commonly accepted
assumption is that any Erlang process may unexpectedly die due to hardware failure or software
errors in the code being executed in the process. Erlang/OTP supports fault-tolerance by using the
supervision tree design pattern.
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Figure 2: Supervisor tree for locker and clients.

Supervision tree is a structure where the processes in the internal nodes (supervisors) monitor
the processes in the external leafs (workers). A supervisor is a process that starts a number of child
processes, monitors them, handles termination and stops them on request. The children themselves
can also be a supervisor, supervising its children in turn. Figure [2| demonstrates the structure of a
supervision tree.

3 The process algebra yCRL

The process algebra pCRL (micro Common Representation Language) [I4] is extended from the
process algebra ACP [4] where equational abstract data types [14] are integrated into process speci-
fication.

sort
Bool, N
func
T,F: — Bool
0: - N
S:N— N
add, times: N x N — N
var
x,y: N
rew
add(x,0) =
add(x,S(y ) S(add(x,y))
times(x,0) =
times(x,S(y)) = add(x, times(x,y))
comm
injout = com
proc
counter(x:N) = p
buffer = q

Figure 3: An example of a yCRL specification.

A pCRL specification is comprised of two parts: the data types and the processes. Processes are
declared using the keyword proc. A process may contain actions representing elementary activities
that can be performed. These actions must be explicitly declared using the keyword act.

Data types used in uCRL are specified as the standard abstract data types, using sorts, functions
and axioms. Sorts are declared using the key work sort, functions are declared using the keyword
func and map is reserved for additional functions. Axioms are declared using the keyword rew,
referring to the possibility to use rewriting technology for evaluation of terms.

A number of process-algebraic operators are defined in pCRL, these being: sequential composition
(), non-deterministic choice (+), parallelism (]|) and communication (), encapsulation (9), hiding



(1), renaming (p) and recursive declarations. A conditional expression true < condition > false en-
ables that data elements influence the course of a process, and an alternative quantification operator
(3>°) provides the possibly infinite choice over some sorts.

In pCRL, parallel processes communicate via synchronization of actions. The keyword comm is
reserved for communication specification. The communication specification describes which actions
may synchronize on the level of the labels of actions. For example, in comm in|out, each action
in(ti,...,tx) can communicate with out(t;, ...,t;c) provided k = m and t; and ¢; denote the same
element for i =1, ..., k.

Figure [3] illustrates an example of a 4CRL specification.

4 Translating Erlang into tCRL

In order that an Erlang program can be translated into uCRL, Benac Earle et al. [3][6] defined a set
of translation rules. In their work, translation rules for communication, generic server, supervision
tree, functions with side-effects, higher-order functions and pattern matching are defined respectively.
They also developed a tool set, etomcrl, which automatically translates Erlang codes into a uCRL
specification.

4.1 Translation rules

The translation from Erlang to pnCRL is performed in two stages. First, a source to source transfor-
mation is applied, resulting in Erlang code that is optimised for the verification, but has identical
behaviour. Second, this code is translated to uCRL.

In pCRL, a data type Term is defined where all data types defined in Erlang are embedded. The
translation of the Erlang data types to uCRL is then basically a syntactic conversion of constructors
as shown in Figure [

sort
Term

func
pid: Natural — Term
int: Natural — Term
nil: — Term
cons: Term # Term — Term
tuplenil: Term — Term
tuple: Term # Term — Term
true: — Term
false: — Term

Figure 4: Translation of data types in Erlang to uCRL

Atoms in Erlang are translated to pCRL constructors; true and false represent the Erlang
booleans; int is defined for integers; nil for the empty list; cons for a list with an element (the
head) and a rest (the tail); tuplenil for a tuple with one element; tuple for a tuple with more
than one element; and pid for process identifiers. For example, a list [E1, Ea, ..., E] is translated
to uCRL as cons(E1, cons(Ez, cons(...,nil)...)). A tuple {E1, Ea, ..., E,,} is translated to pCRL as
tuple(E1, tuple(Es, ..., tuplenil (Ey)...)).

Variables in Erlang are mapped directly to variables in pCRL. Operators are also translated
directly, specified in a uCRL library. For example, A + B is mapped to merlplus(4,B), where
merl_plus(A,B) = int(plus(term_to_nat(A), term_to_nat(B))).

High-order functions in an Erlang code are flattened into first-order alternatives. These first-order
alternatives are then translated into rewrite rules.

Program transformation is defined to cope with side-effect functions. With a source-to-source
transformation, a function with side-effects is either determined as a pure computation or a call to
another function with side-effects. Stacks are defined in pCRL where push and pop operations are
defined as communication actions. The value of a pure computation is pushed into a stack and is
popped when it is called by the function.



Communication between two Erlang processes are translated into two process algebra processes,
one of which is defined as a buffer, while the other implements the logic. The synchronous commu-
nication is modelled by the synchronizing actions of process algebra. One action pair is defined to
synchronize the sender with the buffer of the receiver, while another action pair to synchronize the
active receive in the logic part with the buffer. Figure [5]illustrates the translation rules.

handle call({request Resources Type}, cornm gen server_call | gseall
Client, .. -= =buffercall ..
case check availables(Resources Type,Locks) of proc locker serverloop(MCELZelf: Term, Btate: Termy
true - =
MNewLocks = sum(Client: Term,
map(funLock) -» . sum(Resources: Term, ...
false - locker serverloop(MCELZel,
{locker map claim lock(...).. .}
case Type of <|equal(locker check availables(. j|=
exclusive -> .
shared -> .
<lequal(Type,shared)|>
end. deltayyy
A Frlang code B: uCEL

Figure 5: Translation of communication in Erlang to uCRL

4.2 The problem of overlapping in pattern matching

However, in the tool set etomerl, pattern matching in an Erlang code is translated in a way where
overlapping is not considered. This could cause misinterpretation when translating an Erlang pro-
gram into uCRL.

-module(check_list).
-export([check/1]).
check(List)— >
case List of
[]->
empty _list;
n]->
head_check;
[]23) - >
tail_check
end.

Figure 6: An Erlang program with overlapping patterns.

In Erlang, evaluation of pattern matching works from top to bottom and from left to right. When
a pattern is matched, evaluation terminates after the corresponding clauses are executed.

However, the pCRL tool set instantiator does not evaluate rewriting rules in a fixed order. If
there exists overlapping between patterns, the problem of overlapping in pattern matching occurs,
which could lead to the system being represented by a faulty model.

Figure @ illustrates an example where a list is checked. If List = [1,2,3], the program returns
head_check when it is executed, although List matches [-|2,3] as well. However, when translating
the code into the uCRL specification, the pCRL tool set instantiator does not evaluate rewriting
rules in a fixed order. The return value from the fCRL model checker could be either head_-check or
tail_check. The final pCRL specification could represent the Erlang program in an incorrect pattern.



To overcome this problem, guards need to be defined and applied in order that rewriting rules are
forced to be evaluated in a fixed order.

5 Eliminating overlapping in pattern matching

Two possible ways might be considered for the elimination of overlapping in pattern matching. In
one way, one may introduce a set of guards in rewriting rules and force the yCRL tool set instantiator
to evaluate rewriting rules in a fixed order, while, in the other way, one may consider to transform
the Erlang source codes and rewrite the pattern matching clauses such as case into a series of
case_functions.

5.1 Applying guards in rewriting rules

Benac Earle [6] proposed a method to overcome the problem of overlapping in pattern matching by
introducing a set of guards into yCRL.

patterns_match(P,V, o)

(true, o, U{P +— V}, var(P) and P ¢ dom(o)
(equal(V,o(P)), o), var(P) and P € dom(o)
(islist(VY) NP AN, o), P =[H|T]
(¢, o) = patterns_match(H,hd(V), o)
(¥, o¢) = patterns_match(T, t1(V), o)
=< (istuple(V)Ad1,01) P ={Pl,..,P,}
(¢1,01) = patterns_match(Py, element(1,V),0)
(P2, 02) = patterns_match(Py, element(2,V), 01)

(Pn, on) = patterns_match(P,, element(n, V), 1)
(equal(P, V), o) otherwise

Figure 7: The definition of patterns_match function.

In the proposed method, a patterns_match function is defined (see Figure @ This function has
three arguments: a pattern, an expression and a mapping from variables to expressions, and returns
a condition and a new mapping. Inside the function, an auxiliary function var(P) is defined to
returns the logic value true if P is a variable and false otherwise. A guard can then be defined in
the pCRL specification.

Figure |8 demonstrates the translation rules where function cond(P,V, o) is the projection of
patterns_match(P,V, o) and {V; — Vi} represents the mapping from {V1,...,V,,} to {V4,..., V., }.

Note that in the uCRL specification (Figure [B}B), a case function case; is invoked when the
evaluation of pattern matching starts. Here, case; is functionally equivalent to the first case clause
in the Erlang code (Figure A). Function case; calls another function cases where cond(Q1, F) is
evaluated. If cond(Q1, F) returns true, it indicates that the first pattern is matched. Clause Bj is
executed and the evaluation terminates; otherwise, if cond(Q1, F) returns false, function cases is
called where pattern Qs is evaluated. The evaluation continues in such an order until all patterns
have been examined. It can be seen that, by introducing a guard cond, the yCRL instantiator
evaluates the rewriting rules from top to bottom, which is identical to the order by which the
patterns are examined in the Erlang code.

However, the proposed method is not applied in the tool set etomerl.

5.2 Rewriting Erlang source code

The other way to overcome the problem is to rewrite the Erlang code before the translation starts.
The rewriting operation rewrites all pattern matching clauses in the original code into some calling
functions. A calling function is activated by a guard that is determined by function patterns_match.



fname(V, ..., Vy)— > fname(Vi, ..., V,) =
case E of casel(Vi, ..., Vi, E).
Q1— > By
caser(Vi, ..., Vi, Voy1) =
Qm— > Bm casea(Vi, ..., Vi, cond(Q1, Voy1,{Vi = Vi}), Vag1).
end.
casea(Vi, ..., Vp, true, Q1) = Bh;
casea(Vi, ..., Vy, false, Vip1) =
cases(Vi, ..., Vo, cond(Q2, Vay1, {Vi — Vi}), Vay1).

casen (Vi, ..., Vo, true, Qm) = Bm.

A: Erlang source code. B: uCRL specification.

Figure 8: Translating Erlang code into pCRL with guards.

Function patterns_match takes the predicate of the pattern matching clauses and one pattern as
arguments. If the predicate matches the pattern, function patterns_match returns true; otherwise,
false.

Figure [0]shows an example where case clauses are considered. One can easily extend the method
to other pattern matching statements such as if and when.

-module checls Listh, -module(check list).
-ezport( [ check/1]). -expott[check/1 7).
checlg Args) -= check{Args) -
Var] = | check case 0 Olpatterns matchiArgs, P10, Args, Var List).
Varl =12, y
case Args of check _case 0_Otrae, Args, War List) -»
El;
B _E 1 check_caze 0 _Orfalse, Args, Var List) -=»
Py - d |:> check case [ l(patterns matchiArgs, P2, Args, Var List),
B check case 0 Itrie, Args, War List) -»
P3 > B2,
ba check_case 0_1(false, Args, Var Lisf)-»
end. check_case 0_2patterns matchlArgs, P3), Var List).
check case 0 2ltrae, Args, Var List) >
B3.
A Original code B: Reformed code

Figure 9: Rewriting the Erlang code.

Given an Erlang code with three patterns for matching, the program (shown in Figure [9}A)
is rewritten into the format as shown in Figure [0} B. Function check calls function check_case_0.0.
Function check_case_0_0 has three arguments. The first argument is the matching result between the
predicate Args and the first pattern P;; the second argument is the predicate Args; the last argument
is a list of variables. It can be noted that, if patterns_match(Args, Pi) returns true, clauses defined
in By are executed; otherwise, function check_case 0_1 is called where P> is evaluated. Var_List
contains a list of variables that appears before the case clause and has been referred in B;. Before
constructing a case function, an analysis of variable dependency is required for the definition of
Var_List. If a variable appears before the case clause and is referred in the clauses of a pattern, it
should be added to Var_List. For example, if inside Bi, a clause like K1 = 2 X Var;y is defined, one
needs to add Var: to Var_List when constructing function check_case_0-0.



The problem now comes to define function patterns_match. The function cannot be simply defined
as case E of P — > true, as it will either introduce new overlapping patterns or cause exception in
the runtime.

patterns_match(E, P) — > patterns_match(E, P)— >
case F of case F of
P—> P—>
true; true
- —> end.
false
end.
A: Code with overlapping. B: Code that causes exception.

Figure 10: Two faulty ways on defining patterns_match function in Erlang program.

Consider two examples shown in Figure[L0] if patterns_match is defined as the one shown in Figure
A, new overlapping patterns will be introduced into the rewritten Erlang code (the question is,
if “” is not considered as a pattern, can we find a suitable expression of P such that PN P = ¢ and
PUP = {all data sets}?).

If patterns_match is defined as the one shown in Figure [I0}B, the code is syntactically correct
and no overlapping will be introduced. However, the structure of the program will cause system
exception if no pattern is matched, which reveals a semantic mistake of the program transformation.

In order to evaluate patterns effectively, we define a Structure Splitting Tree (SST).

Definition 1 Let D be a datum of complez type. Let D(1 ;) is a member of D and D3 ;) is a member
of D(1,iy. D,y 1s called a first degree element of D and D(2 ;) a second degree element of D. Let
D.x) be a first degree element of Dn_1,1), n > 2, D x) is called a nth degree element of D.

It can be noted that a datum might contain more than one N** degree elements.

An SST is a dependent tree where a datum of complex type is graphically represented. In an
SST, each node is labelled with an ID denoted by N(; ;) where ¢ indicates the layer and j the number
of the node. Each node contains a datum. The type of a datum is distinguished by a graphic shape.
In this work, atom is represented by circle, list by square and tuple diamond. The tree starts with
a root node that contains the complete set of data and terminates at a terminal node where the

datum is either an atom or a list that contains a “_” character.

My,

(2 [[b] ], {c. _ d} [l ac]], {[al ], b}, b]
[

Mgy Hiaay | 3 M2y
@ (o), (e, _ ), [l ael] @ @

Ny | Mz Nz :

[la c] [=l 1 o i

|

|

Hisy Hiszy Mz, Muw Mo Musy Mus Hys vy Miva0;

Figure 11: Structure splitting tree of a complex type datum.

Except the root node and the terminal nodes, every node IN(; ;) has a parent node N¢;_1,g)



and several children nodes. The connection between N(; ;) and N(;_; ) indicates that the datum
contained in N; ;) is a first degree element of N(;_; ;) and an ith degree element of the root node.

Figure [11] illustrates an example where [a, [[b|], {c, -, d}, []a, c]], {[a]-], b}, b] is represented by an
SST. Note that node N(3 1) contains a list that only the head element is cared. N(s3 1) is split into
two nodes N4 1) (contains an atom b) and N3 2y (contains a list whose elements are not cared),
both being terminal nodes.

To check if Pi matches P», one can build the SSTs of P; and P, and examines the SSTs from
top to bottom and from left to right. When a node in one SST is compared with the corresponding
node in the other SST, the type of datum is first compared. If two datum types do not match, the
evaluation returns false and the process of evaluation terminates; otherwise, the two data are further
checked. If the datum type is atom, and the values of two data are not equal, the evaluation returns
false and the process of evaluation terminates; otherwise the check of this node is finished and the
process of evaluation moves to another node.

[ [[b.cd], {c, & d}, [2ac]], {[abc], b}, b] Hiay

[
Nl_‘.ll Miaay | Mgy N'-"h

([boe.d], {c. 2 d} [a ac]) {[ah.c], b}

| Nlj.h N|3_'|

Wary  Mas Masy Haw Moo My Nes Hays N Womw: Moy Mam,
Figure 12: Structure splitting tree of [a,[[b, ¢, d], {c, a, d}, [a, a, c]], {[a, b, |, b}, b].

For example, to check if P, = [qa,[[b, ¢, d],{c, a,d},[a,a,c]],{]a,b, ], b}, b] matches P> = [a, [[b]|-],
{c, -, d}, [Ha, c]],{lal-], b}, b], the SSTs of Pi and P, are constructed, shown in Figure [12| and Figure
respectively. Nodes in Figure are compared with the corresponding nodes in Figure from
top to bottom and from left to right. Root nodes of the SSTs are compared first. It can be seen that
both root nodes contain a non-empty list, which indicates that the first layer comparison is matched.
The evaluation moves on to the second layer where nodes Nz ,1), N(2,2), N(2,3) and N3 4) in Figure
are checked in sequence. N2 1) contains an atom datum and its value needs to be compared
with that of N3 1) in Figure Once the checking for the second layer is completed, the evaluation
moves on to the next layer.

Note that, when evaluation comes to the fourth layer, the checking upon nodes N4 2y and N(4,3)
should be ignored since node N4 2y in Figure contains a list whose elements match any possible
data.

The process of evaluation continues until all nodes in Figure [I2] have been examined. It can be
seen that, since the evaluation only check datum type (two types are the same or not) and the values
of atoms (the values are equal or not), there should be no overlapping in the pattern matching and
no exception will be caused during the runtime.

It is easy to see that the problem of evaluating the pattern of an SST is equivalent to that of
searching nodes in a tree. A breadth-first search algorithm [5] or a depth-first search algorithm [5]
can therefore be applied to solve the problem.

5.3 Comparison between two methods

It is easy to see that the two methods proposed above are functionally equivalent but realize the
elimination of overlapping in pattern matching at different stages.
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In the tool set etomcrl, before translation starts, some pre-processes are made where an Erlang
program is transformed into a pErlang program. The structure of the pErlang program is closer to
that of pCRL specification, which makes the translation easier.

The first method discussed in Section [5.1] considers the use of guards in the translation rules.
The use of guards forces the rewriting rules to be evaluated in a fixed order. The first method copes
with the problem at the stage of translation

The second method discussed in Section [5.2] considers the transformation of an Erlang pro-
gram with overlapping patterns into one without overlapping patterns. Pattern matching clauses
in the original code are replaced by a series of case functions. These functions are guarded by a
patterns_match function. The second method tackles the problem at the stage of pre-process.

In this work, the second method is used as it involves in less effort in modifying the source codes
of etomerl.

6 Model checking Erlang in ytCRL

Once Erlang programs are translated into a pCRL specification, an LTS can be derived by using
some existing tool sets such as CADP. The properties of the system can then be examined through
checking all transitions in the LTS.

We took a case study where a simplified version of resource manager is used. The resource
manager is based on a real implementation in the control software of the AXD 301 ATM switch. It
contains a locker and a number of clients. Locker provides access to an arbitrary number of resources
for an arbitrary number of client processes. The clients may ask access to the resources either in a
shared way or an ezclusive way. For more about the resource manager, see [9].

Before translating the Erlang programs into the pCRL specification, some pre-processes are made.
All functions that contain overlapping patterns are rewritten as discussed in Section [5.2] We also
added an additional function (shown in Figure @ to the original code. This is intended to evaluate
the function patterns_match defined in Section

After applying the etomcrl tool set to the rewritten codes, a pCRL specification file is obtained.
An LTS is then generated by using CADP. Total 120 states and 193 transitions are explored by
CADP. Figure [13| shows the LTS derived from the nCRL specification. The checking result implies
that the model is correct, which suggests that the method proposed in this paper is capable of coping
with the problem of overlapping in pattern matching.

7 Conclusions and future work

When verifying Erlang programs in the process algebra pCRL specification, if there exist overlapping
patterns in the Erlang source codes, the problem of overlapping in pattern matching occurs when
translating Erlang codes into the process algebra pCRL. The problem is caused due to the fact that
the pCRL instantiator does not evaluate rewriting rules in a fixed order. This problem could lead
to the Erlang programs being represented by a faulty pCRL model.

This paper investigated the problem and proposed an approach to overcome the problem. The
proposed method rewrites an Erlang program with overlapping patterns into a counterpart program
that has no overlapping patterns. The functionalities defined in the original program remain un-
changed in the counterpart program. SSTs are defined and applied for pattern evaluation. An SST
graphically represents a complex datum in a dependent tree.

When evaluating whether pattern P, matches pattern P,, the SSTs of P, and P, are constructed
and compared. If the pattern of P,’s SST is identical to that of P’ SST, the pattern matching
evaluation returns true; otherwise, false. During the comparison of two SSTs, only the types of
complex data and the values of atom data are evaluated. This guarantees that no overlapping
pattern will be introduced into the rewritten Erlang codes.

A case study was carried out to evaluate the effectiveness of the proposed method. The evaluation
result suggests that the proposed method is capable of coping with the problem of overlapping in
pattern matching.

The evaluation of the proposed method in this paper considered the use of a comparatively
simple example. More complicated systems are required to experimentally evaluate this method.
This, however, remains a research topic in the future work.
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