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Abstract

We present a semantics for an imperative programming language, Lunsen, with constructs
for concurrency and communication. The semantics is given through a translation into CCS. We
have implemented this translation within the framework of the Concurrency Workbench, which
is a tool for analysis of finite-state systems in CCS. The point of the translational semantics is
that by imposing restrictions on Lunsen so that the semantics of a program is finite-state, we can
analyze Lunsen programs automatically using the Concurrency Workbench. As an illustration
we include an analysis of a mutual exclusion algorithm.

1 Introduction

Concurrent programs often exhibit complex behaviors, and it is therefore important to develop
methods and tools for analyzing them rigorously. Many implementations have been developed for
automatic analysis of concurrent programs {CPS89, BdSV88, CES86, RRSV87, GLZ89]. Most of
these tools are designed for simple models of programs, e.g. finite-state transition systems [CPS89,
BdSV88, GLZ89]. However, many concurrent algorithms are naturally formulated in some imperative
programming language with constructs for concurrency. In order to analyze a program using the tools
just mentioned, the program must first be translated manually into the appropriate model.

In this paper, we present an automated translation of a concurrent programming language with im-
perative features into CCS. The imperative language, Lunsen, is ALGOL-like and contains standard
constructs for sequential programming — such as assignments, procedures, and arrays — as well as
constructs for parallel execution of processes. Processes can communicate both via shared variables
and through synchronous channels.

The formal semantics of Lunsen is defined through a translation into CCS [Mil89]. We have imple-
mented this translation within the framework of the the Concurrency Workbench (CWB). The point
of our implementation is that CWB can be used to analyze Lunsen programs. CWB is a versatile
tool which can automatically decide e.g. whether two concurrent systems are equivalent, or whether
a system satisfies a property formulated in a modal logic.

The main source of inspiration for the formal semantics of Lunsen is the semantics of a sequential
language given by Robin Milner in Chapter 8 of his book [Mil89]. In order to make the programs
effectively analyzable, we impose restrictions on the language Lunsen so that the semantics of a
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program will be finite-state: this means e.g. that the types of variables must contain only finitely
many elements, and that procedures cannot call each other recursively in an arbitrary manner.

There exist other automated tools for analyzing concurrent programs written in imperative lan-
guages. EMC [CES86] is a tool for checking that a program satisfies a formula formulated in a
branching time temporal logic. EMC has a preprocessor which accepts programs written in a sim-
ple CSP-like language. Xesar [RRSV87] is a tool for checking similar properties for communication
protocols defined in an extension of PASCAL with facilities for communication. Auto [BdSV88] and
TAV [GLZ89] are tools for analysis of concurrent systems, which are related to the Concurrency
Workbench. Other translations of imperative languages into CCS include a translation from Ada by
Hennessy and Li [HL83), a translation from CSP by Astesiano and Zucca [AZ81], and a translation
from NIL by Smolka and Strom [SS86).

In the next section, we define the syntax of Lunsen and give an informal semantics. The translation
of Lunsen to CCS goes via an intermediate language, Typed CCS, which is an extension of CCS
that is presented in Section 3. The translation itself is presented in Section 4. Section 5 discusses
some optimizations to the translation, and Section 6 illustrates the analysis by an example: a mutual
exclusion algorithm due to Peterson. Conclusions are found in Section 7.

2 Lunsen: Syntax and Informal Semantics

Lunsen is an imperative language belonging to the ALGOL family of strongly typed languages.
This means that variables and imperative constructions such as while-loops are fundamental to the
language. Lunsen does not include dynamic constructions such as pointers and creating of objects.
We also place restrictions on procedure calling; these restrictions have the effect that Lunsen programs
can be executed without a runtime stack or a heap area and ensure that programs in Lunsen will be
finite-state.

Lunsen also contains non-sequential primitives. Commands are executed in parallel with the par
command and may communicate either synchronously by sending messages over ports or via shared
variables. Furthermore, nondeterministic choice can be expressed in the language.

Lunsen programs communicate with the outside world (the environment of programs) either by
sending messages on ports that are visible to the environment or through global, or visihle, variables
of the program which can be accessed by the environment.

The syntax for Lunsen programs is given in Table 1 using a dialect of BNF. Objects written inside
slanted brackets ([ /) are optional, and we let the | symbol denote alternatives (instead of grouping
them on different lines). We presuppose a set of identifiers partitioned into constants ranged over
by I,, type identifiers ranged over by I, procedure identifiers ranged over by I,,, Lunsen variables
ranged over by I,, array variables ranged over by I,, program identifiers ranged over by I,, and port
identifiers ranged over by I,,.

We will now give an informal description of the meaning of the Lunsen constructions.

¢ Programs
A program consists of a declaration section and a command which invokes the execution of the
program.

¢ Declarations
Procedures, types, variables and ports are defined in a declaration section. The order between

definitions is not significant.

e Types
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program I,; D C endprog;

€
type I = T,'
var I,:/G] I, = E;

procedure I,[(I,:A Iy,...,I,:A I,)] D C endproc;

port I, :/visible] I,;
DD

in f out | inout
read | write } readwrite

{IC)"-ylc}

ordered {I.,...,I.}
array (I,...,I;] of I,
Ig*...*}g

o

b hy by
e

ol E,...,E]

(E,....E)

#1 . FE

ifE— E|...| E— E [else E] endif
E=F

E<E

succ F

pred E
notE}EandE}EorE

begin C end

skip

c,;C

C par C

I,:=F

L{E,....E]:= E

L[(E,...,E)]

ifE - C|...| E— C [else C] endif
when P — C|...| P — C endwhen
while E do € endwhile

P

.
In ! E
I, ?1,

Program

Empty declaration
Type definition
Variable declaration
Procedure definition
Port declaration

Parameter usage

Visibility of variables

Enumerated type
Ordered type
Array type
Tuple type

Constant

Variable

Array expression
Tuple expression
Tuple access
Deterministic choice
Equality
Less-than-or-equal
Successor function
Predecessor function

Boolean functions

Compound statement

No action

Sequencing

Parallel composition
Assignment

Array assignment
Procedure call
Deterministic choice

Port synchronization choice
While loop

Port command

Invisible action
Send value
Receive value into variable

Table 1: The syntax of Lunsen
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The only standard type in the language is boolean, defining the constants true and false.
New types can be defined by enumerating the constants of the type, or by forming array types
or tuple types. For example,

type int4 = {1,2,3,4};

defines a new type int4 and also the predicate = over that type (e.g. 2 = 2). By adding the
keyword ordered before the enumerated set of constants, the relation < will also be defined on
that type as well as the functions suce(z) (the successor function) and pred(z) (the predecessor
function) (in this case, applying succ to 4 generates an error message). As an example of an
array type,

type arrint4 = array[int4] of boolean;

defines an array type of four elements, assuming the previous definition of int4. Each element
of such an array is capable of storing one of the values true or false. An example of a definition
of a tuple type is

type tup = int4 * int4;

Variables

A variable is defined using the var declaration. A variable must be supplied with an initial
value when it is declared. An example:

var a:int4 = 2;

The optional keywords read, write and readwrite determine how and if the variable is visible
to a potential observer (user) of the program. If a variable is declared as read-able the observer
can inquire of the value of that variable. If a variable is write-able the outside observer can
modify the value of that variable. The readwrite keyword combines the effects of read and
write.

Array variables are not full members of the language in that we place some rectrictions on
their usage. They cannot be passed as parameters to procedures, cannot be communicated via
ports, nor can they be assigned to as a single entity. It is of course possible to assign values to
elements of array variables, for example,

var a:arrint4 = {true, true, true, true};
al[1] := false

Ports

Concurrent processes may use ports to synchronize their activities. A process sends a value on
a port using the / operator and receives values into variables using the ? operator. A process
attempting communication on a port will halt its execution until another process is also ready
for communication. As an example:

port p:int4;
var x:int4;

p?x par p!2 par p!3
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The three commands p7x, p!2, and p!3 represent three processes that execute in parallel. Each
process is suspended until another process is able to communicate with it. Communication is
binary. In an execution of the three commands, either the value 2 or the value 3 is assigned to
the variable x.

If a port is declared to be visible, an observer of the program will be able to communicate
with the program through that port. Otherwise the port is only accessible within the program
{(and in the scope of the port declaration).

Procedures

A procedure contains a declaration section and a command. A procedure accepts zero or
more parameters. in parameters are used to supply values to the procedure. out parameters
communicate results from the procedure back to the caller. inout parameters combine the
effects of in and out.

The semantics for procedure calls is as follows. First in and inout parameters are evaluated
(call-by-value style) and temporary copies of out and inout parameters are created. Then the
command in the procedure body is executed. After the execution of the procedure body the
values in the temporary inout and out variables are copied back to the variables supplied in
the actual procedure call command.

In order to ensure that Lunsen programs are finite-state, the following (syntactic) restrictions
on admissible procedure calls are enforced:

1. A parent may always call its child.
2. A child may never call its parent.
3. A sibling may call another sibling as long as the call is made tail-recursively.

4. A procedure may call itself as long as the call is made tail-recursively.

Here tail-recursive means that no command can occur after the call command in the calling
procedure, i.e. after the end of the execution of the called procedure, the calling procedure
does not have to be resumed. Furthermore we demand that if an inout or out variable occurs
at position ¢ in the enumerated list of inout and out formal parameters to the procedure in
which the tail-recursive call is made, then it should occur at the same place in the corresponding
enumerated list of inout and out actual parameters to the called procedure in the tail-recursive
call. We also require that these two enumerated lists have the same number of elements, i.e. no
extra inout or out parameters are allowed in the formal parameter list of the tail-recursively
called procedure. To illustrate:

procedure p;
procedure pil;

P; Hllegal! P1 may not call its parent
p2 But may call its sibling tail-recursively
endproc;

procedure p2;

pi; Lllegal! p2 may not call its sibling non-tail-recursively
P2 But may call itself tail-recursively
endproc;
pi; pi P may call p! (a child) non tail-recursively as well as tail-recursively

endproc;
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¢ Expressions

An expression represents a value which can be passed as an in parameter to procedures and
assigned to variables.

The if expression evaluates its conditional expressions in sequential order. The value of the
if expression is the value of the expression corresponding to the first true boolean expression.
If no boolean expression evaluates to true and there exists an else clause, the value of the
if expression is the value of the else expression. Otherwise the if expression aborts. The
projection function #I, F will return the component number I, of the tuple expression E.
Tuple components are numbered consecutively starting from 1.

o Commands

Standard commands such as sequencing (;), assignment (:=) exists in Lunsen and have their
usual meaning. Note that the execution of the assignment command is non-atomic: the evalu-
ation of the right-hand side is separate from storing the result into the left-hand side.

The if command is similar to the if expression. The execution of the when command is sus-
pended until one of its communication events can take place; then the corresponding command
is executed. The T event will take place spontaneously, without having to wait for communica-
tion with another process. Thus the when command may introduce explicit non-determinism
in a program. As an example:

port synch:boolean;

when

tau -> pl
| synch!true -> p2
endwhen

The execution of the when command in the example can proceed in two ways: either through
the spontaneous 7 event, in which case p1 is executed, or by sending on the synch port, in which
case p2 is executed; the last alternative requires that another process is ready to communicate
on the synch port.

The par command creates two processes that execute in parallel. Given

program Pvar;
type int4 = ordered {1,2,3,4};
var v:int4;

v :=1;
v := succ(v) par v := succ(v)
endprog;

the value of v may become either 2 or 3, i.e. the execution of parallel commands is finely grained.
This is due to the semantics of the assignment command, which is executed non-atomically.

3 CCS and Typed CCS

Two versions of CCS (Calculus of Concurrent Systems) are used in this paper. The first one is
the dasic calculus. The second version is called TCCS (Typed CCS), and is closely related to the
value-passing calculus in Chapter 2.8 of [Mil89). TCCS extends basic CCS in that action prefixes are
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Su= K E where D;...;D TCCS program

Du= typet=T Type definition
port p: it Port definition
Ko:t¥4 Agent definition

T:= {c...,c} Enumerated type
ordered {c,...,c} Ordered enumerated type
t*...xt Tuple type

An= nil The nil agent
K FE Agent identifier expression
P.A Prefixing
A+ A Choice
AlA Parallel composition
A\{p,...,p} Restriction
Alp/p,....p/7 Relabeling
if E then A else A If agent

E:= ¢ Constant
v Variable
(E,...,E) Tuple expression
#c E Tuple access
E=F Equality
E<LEFE Less than or equal
not F { E and F : FE or E Boolean functions

Pi= r The 7 action
plE Send value E on port p
240 Receive any value on,port p
p=FE Receive value E on port p

Table 2: The syntax of TCCS

explicitly parameterized on data values. TCCS acts as an intermediary language in the translation
from Lunsen to CCS. This enables us to separate the concerns of flow control in Lunsen from concerns
related to typing and value-passing.

We first briefly review basic CCS. Let A, B,... range over agents, and let a,b,... range over port
names. The complementary port of @ is denoted by @. Two agents can communicate if one of them
has a port named a and the other a port named @. We extend the set of port names with the silent
action 7 to form the set of CCS actions. We let a range over the set of actions. The operators used
in the basic calculus are: prefixing (a.A), choice (A + B), parallel composition (A |B), restriction
(A\L) on a set of ports L, and relabeling (A[f]) where f is a function that relabels the ports in A.
As usual we write 5%, A, for Ay +--- + A,

For TCCS we presuppose a set of types ranged over by £, a set of agent identifiers ranged over by
K, a set of port names ranged over by p, q, a set of TCCS variables ranged over by v, and a set of
constant values ranged over by c. We write ¢ for a (possibly empty) tuple of variables (vi,...,v,)
and similarly é for a tuple of constants.

The syntax for TCCS is defined in Table 2 using the BNF dialect. There are two predefined types:
boolean with the two elements true and false, and unit with the only element (). This element
may be omitted in expressions; for example p!. A is short for p!().A.
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A TCCS variable v is bound in the input prefix p?v.A4; more generally p?%.4 binds all variables in o.
Similarly an agent definition Ko : 14 binds the variables 9 in A. We only consider TCCS programs
which are well typed and where all variables occur bound. Thus, in a TCCS program each agent
identifier, port name, TCCS variable, and constant value is associated with a unique type as given in
a TCCS definition (the type of a variable is considered the same as the type of the port or identifier
where it is bound). In the following we write typeof(X) for the type associated with such an object
{or a tuple of such objects) X. We also write A[¢/?] to mean the TCCS agent gained by substituting
each free occurrence of v; by ¢;.

The meaning of TCCS is defined by a function T [C], which maps a TCCS construction C into basic
CCS. In this definition we do not distinguish between a closed expression (an expression without
variables) and the constant value it denotes when the operators “=", “and” etc. are given the
obvious interpretations. We further assume that for each TCCS port p and constant ¢ of the same
type there is a basic CCS action p,.

The first clause in the definition of 7] is:
T[K E where Dy;...;D, ] =T[K E]

where the right hand side is to be interpreted with respect to the basic CCS agent identifier definitions
introduced by Dy, ... D, as follows. TCCS type definitions and TCCS port definitions do not result
in any basic CCS identifier definitions. Each TCCS agent identifier definition K © : t2 A yields the
set of CCS agent identifier definitions: K 2T [A[&/0]] forall & of type t.

The translation of a TCCS agent is defined in Table 3. Note in particular the determined input
construct p?=FE.A. This results in a TCCS agent which can only accept a particular value (as
determined by E) on port p; such a construct turns out to be useful in defining the semantics of
Lunsen arrays.

A T14]

nil nil

KE Kg

r.A rT[A]

1.4 Ltypeof r=typeof (» Pe-TIAIE/ ]
PE.A 75.71A]

p=FE.A pe.T[A]

Ay + Ap TlA] + T{A2]

A1l Az T[A] | T[A2]

A\L TIAN{p : p € L, c € typeof(p)}
A[f] TAJf) where f'(pc) = f(p).
if true then A, else A; 7T[Ai]

if false then A; else 4, T[A;]

Table 3: Translation of TCCS agents into CCS agents

def

For example, T{K(z : boolean)=p?y.qly.r*=z.nil] yields the set of basic CCS agents identifier def-
initions
{ Ktrue ‘_i_—'_! ptrue-m-rtruc-nil + pfalse-m-rtruc~nil
Kfulae d:e:f pt'ruwm-rfalswnil + pfalae-m-rfalse-nil
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4 A Formal Semantics for Lunsen

4.1 Combinators

When translating the Lunsen constructions into TCCS, we will use a number of basic combinators
similar to the ones defined in Milner’s book [Mil89]. The combinator Before will be used to model
sequential composition of two agents; the first agent must signal that it has finished “running” by
using the combinator Done before the other agent can start “running”. The Par combinator is used
to model two processes running in parallel.

Each expression will return its value by using the combinator Result(value). Such a value can be
bound to a TCCS variable in a process agent through the combinator Into, as in ezpr Into(z) (ag):
the TCCS variable z will here be bound to the value of expr in the TCCS process agent ag. The
combinator Into_l is a variant of Into, allowing a list of variables to be bound to a list of expressions
in an agent body. We use the syntax hd :: tail for a list consisting of the head hd and tail list tl. {]
will denote the empty list. If we are certain that a list consists of a fixed number of elements, say e,
and ey, this is written as [e;, €;]. The combinators are defined in Table 4.

Done = donel.nil
P Before Q (P[b/done] | 67.Q)\{b}
P Par Q (P[d1/done] | Q{d2/done] | d17.d27.Done)\{d1, d2}
Result(v) resultlv.nil
E Into(z)(A) = (E[i/result]]i?z.A)\{7}

Il

[} Into ([ (A) = A
E :: RestE Into l(z :: Restz) (A) = E Into(z)(RestE Intol(Restz)(A))

Table 4: The basic combinators

4.2 Variables

A non-array variable v of type T is translated to the TCCS agent
Reg,(y : T)Zput,?(z).Reg,(z) + get,)(y)-Regu(y)

A value can be stored in the variable v by sending the new value on the port put,. Reading of values
from v is accomplished by receiving the current value from the port get,. An array variable v of type
array [Tinges] of Tsiore Will be represented as the family of agents

VifTindez: : Regu_i(y : Tstore)ézdgetv!(ia y)'Regm_i(y) + E P'Uft'u?:(ia x).Regu_;(:v)
z€Tstore
We will use store(a) to denote the type of elements in an array a (Tyeore in the example), and indez(a)
to denote the index type of the array (Tinde- in the example). So, reading the array element af2] is
accomplished in the TCCS agent
> get.™=(2,2).B

z€store(a)

When we present the formal semantics of Lunsen below, we will for simplicity assume that no variables
are of an array type (except in explicit array access expressions and commands). Each rule involving



255

registers should thus be extended with a case where the variable is an array, in which case a set of
register agents Reg,_; should be used instead of the single agent Reg,,.

4.3 Access and Restriction sorts

An access sort ACC for a declaration in Lunsen is the set of TCCS port names by which it it possible
for other Lunsen declarations and commands to interact with that declaration. For a variable v, the
access sort will consist of put, and get,.

The restriction sort R.AC for an declaration contains the port names of that declaration which should
not be accessible to an external observer of the program. It will be identical to ACC except when
visible variables or ports occur in a program. The function RAC is presented in Table 5.

RAC(var I,:Ie = B;) = {putr,, getr,}
RAC(var I,:read I, = E;) = {putr}
RAC(var I,:write I: = E;) = {gets}
RAC(var I,readwrite I, = ;) = @
RAC(procedure I,[(Io:A It,...,1v:A It)} D C endproc;) = @
RAC(port Im:visibleI;;) = @
RAC(port Im:Is;) = {Im}

RAC(D1 D2) = RAC(D1){ JRAC(D:)

Table 5: The function RAC for computing restriction sorts

4.4 The translation

We define the translation L[] from commands in Lunsen to TCCS agents in separate tables for
declarations, expressions, and commands. Constructions not generating any TCCS “code” are not
listed in the tables. These for example include definitions of types. First we show the translation of
the program statement:

L[program I,; D C endprog;] = I,, where I,2(L[D] |(L[C] Before nil))\R.ACp

Translation of declarations is listed in Table 6. In the rule for procedure translation (1), «i,...,z}
match the subset of formal parameters to the procedure (Ii,,..., I ) that are in or inout parame-
ters. Similarly, %, ..., 2% match the subset of formal parameters to the procedure (I%y,..., 12 ) that
are out or inout parameters. The intuition behind the translation of a procedure is that the in and
inout actual parameter values zi,...,z! are supplied as parameters to the agent identifier I, in the
translation of the call command. Temporary copies of all parameters are made and the actual values
of the parameters are stored in the registers Regy,,. When the execution of the translated command
L[C] in the procedure has finished, the values of the temporary registers and returned as a TCCS
tuple expression through the use of the Result combinator.

The translation of Lunsen expressions into TCCS agents is shown in Table 7 and translation of
commands in Table 8.

In the translation of a non-tail-recursive procedure call (2) in Table 8, we assume that in and
inout parameters are denoted by E} through E?, and the out and inout parameters by EJ through
E?. Note that the actual parameters corresponding to out and inout formal parameters must be
variables (I,). In the translation we evaluate the in expressions, continue with the execution of the
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translated procedure I, which will as previously described end its execution by returning the values
of the “out” parameters. We then store back those values in the variables (I,) passed as actual
parameters to the procedure call.

The translation of the tail-recursive call (3) is more straightforward because we do not have to store
back the results of the procedure call into the actual parameters.

Qur semantics for scoping of procedures and procedure calling follow the informal rules presented in
2. Since the informal rules are nonproblematic we omit a formal specification here. Likewise, we do
not present the function which determines if a procedure call is a tail-recursive one.

We will examplify the translation rules by informally discussing the result of applying them to the
Pvar program in Section 2, in the introduction to Lunsen Commands. The resulting CCS specification
will consist of two agents in parallel, the first representing the variable v in the form of a register
agent, the second the execution flow in the program. The agent representing the execution flow starts
by assigning 1 to v, then splits into two new agents composed by the CCS parallel operator. Each of
these two agents will perform two atomic actions: first compute the value succ(v), and then assign
that value to v. Since the translation of the assignment command consists of two atomic actions, the
resulting value assigned to v can be either 2 or 3:

o if the computation of succ(v) by the two agents are performed directly after each other, the
result will be 2

o if one of these agents gets to both compute succ(v) and then store that value in v before the
other agent computes succ(v), the result will be 3

After both agents have performed their assignment to v, the execution of the program terminates.

5 Implementation details

As mentioned in the introduction, one aim is to use the output from the Lunsen compiler in analyses
performed by the Concurrency Workbench. This means that care has to be taken to ensure that
all generated agents are finite-state. In this section we briefly comment on some problems in this
respect.

5.1 Problems

The basic Combinators from Section 4.1 may introduce agents which are syntactically non-finite-
state, although they are equivalent with finite state agents.

For example, the TCCS agent definition A¥p. Done Before A is translated into the CSS agent A =
(p.done.nillb/done]lb.A)\{b}. The expansion of this agent using the ezpansion law yields the agent
definition A = p.(nil[b/done]|A)\{b}. The CWB could here reduce the agent expression to p. A using a
rule equating (n:l[Z]|X)\Y to X\Y. Instead, CWB chooses the strategy of continuing to expand the
(nil{b/done}|A)\{b} expression, resulting in the expression p.(nil[b/done]|p.(nil[b/done]] A)\ {b})\{b}.
Obviously, the expansion process will never terminate.

To avoid these problems the basic combinators are implemented in the following way:

o P Before @ is implemented as the agent obtained by substituting each occurrence of donel.nil
in P with Q.

o E Into(z)(A) is implemented as: the agent obtained by substituting each occurrence of a
resultlv.nil expression in E with A{v/z} (A where we substitute v for z).
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£[Dy D] = LD} £0D:]

Lvar I,:[G] I. = Ei] Regr (L[ ET) where E is a constant expression

Llprocedure Ip{I;:A In,.. ., JuntA Itn); D C endproc] = nil

We define the TCCS agent I ((z},...,25)) = (Regr,, (9] ... | Regr,. () |

Temp. copies of parms.
puty, ter... puty, 'z, . L{C] Before
Nttt i memais?

In(out) parms.

gety, ?27..... get,, 'z, Result((z3,...,z2)) |
—_— o

(in)Out parms.

LIDI\ACCpJAcer,, ... Accy,,

1)

Table 6: Translation of declarations (D)

LII.] = Result(l.)
LlI,] = gety,?s.Result(z)
LILL{E, ... ,Ex]l = [LIE7)L..., LIER] Intod([zy, ..., 2a])

ye‘w"d’)(getla?z((m, .o sZa),y). Result(y)))

CH(Er,...BE)] = [LLE1L...,LLEA]) Intod((zs, .. .,2n]) Result((zs, . ., 5n))
CI#1. E] = CLIE]Into(z)(# L. z)
CUfEw — E1|...| Esn — En endif] = L[Ew] Into(z1) (if z1 then LJE ] else ...
else L Eon] Into(zn) (if 7 then L[E,] else nil))
LLf By — By |...| Epn — Eo else E endif] = L[Ey] Into(z;) (if 71 then L[E:] else ...
else L[ Een] Into(zr) (if zn then L[E,] else LIE]))
LIE: = BEx] = [C[E:] LLE:]] Intod([z1, %2]) (Result(zy = 23))
ClE < B2) = [£[E:], £1E:T Intod((z1, z2]) { Result(z: < z2))
Llsuce E] = L[E} Into(z) (Result(suce(z)))
Llpred B} = L[E] Into(x) (Result(pred(z)))
Llnot B} = L[E] Into(z) (Result(not(z)))
L[E: and Bs] = L[E:] Into(s:) (if z1 = false then Result(false) else L[E:])
CIEy or B2] = L[E:] Into{z) (if 31 = true then Result(true) else C[E3])

Table 7: Translation of expressions (E)
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L[begin C end]
L[skip]

£IC: ; Ca]

£[C par C]

Ll = E]

LIIL[Es,.. . ,Ea) = E4]

Non tail-recursive procedure call (2):

LU Es, ... ,Ex)]]

Tail recursive procedure call (3):

LLIpI(E1, ... . En)]]

L[if Eyy — C1 |...| Epn — C, endif]

L[if Evy — C1 |...| Epn — Cn else C endif]

L[when Py — Cy |...| Py — Cn endwhen]

L[while E do C endwhile]

LlIn! E]

L]
Ll ? L]

£I[C1

Done

LIC1] Before L[C]

LIC1] Par £[C2]

LIE] Into(z) (puty,'s. Done)

LB L, CLE], - .., CIES]) Intod([z5, 21, .., zn))

(put; ((21,...,2n), 25). Done)

[LIEAY, ..., CLELY] IntoX([zi, . .., =0))
I(z},...,z%) Into(5,...,¥7) (putE?!y‘l’ ..... putpe lys.Done)
[CLE:Y.. .., CEEAT) Intod([s%, .. .y 24]) (Tnlsh . ., h)

LI[Ew] Into(z,) (if z1 then L[C1] else ...
else L[Ev,] Into(zn) (if zn then L[C,] else nil))

LIEw] Into(x1) (if 21 then L[C,] else ...
else L[Ewn] Into(zy) (if T then LIE,] else LICT))

L[ P1] Before LIC1] + ...+ L[Pn] Before LIC,]

W, where W' L[E] Into(z)
(if z then L[C] Before W else Done)

L[E] Into(z) (Im!z.Done)

r.Done

Im?5.puty tz. Done

Table 8: Translation of commands (C and P)
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o A Par B is defined as p;!.p:!p17.p27.Done, where p; and p; are ports unique to the program.
Two new agents are also added, A'%p,?.4 Before p;!.A’ and B'®p,?.B Before p;!.B’.

An example: assuming A¥a.A + donelnil and B¥b.B, then A Before B is equivalent to A’ where
A’ is a new agent: A'Ea.A+0.B.

The compiler furthermore “lifts up” all parallel compositions (and restrictions) into the main program
agent (the one named in the program statement). In this process unique names for restricted objects
are created. Thus the main program agent will appear:

Specdzd(Agll ree |Agﬂ)\{p1a (R 7pn}

and the TCCS agents Ag; will contain only + (choice), . (prefixing) and agent identifiers (K’s).

5.2 Optimizations

We also do some further optimizations for the sake of efficiency of the analysis of the generated CCS
agents in the CWB:

¢ Lunsen variables which can be accessed by at most one concurrent process do not need associ-
ated Register agents (cf. Section 4.2). As an example,

procedure p;
var v:boolean = false;
qlv

endproc;

The variable v in the example can only be used in the procedure p and since the procedure
contains no par command, the variable cannot be accessed by multiple processes concurrently.
Therefore we need not actually use a register agent for v but may encode it directly in the
TCCS agent corresponding to the translation of procedure p.

o Some useful algebraic manipulations: simplify A + A into A, A + nil into A and X.7.Y into
XY.

6 An Example

In this section we will present an example of a distributed algorithm which is normally, and perhaps
most clearly, formulated in an imperative language. Our example is an algorithm for mutual exclusion
due to Peterson [PS85]. The algorithm will be defined in Lunsen and formally verified with the
Concurrency Workbench. In the following we assume the reader to have some familiarity with the
modal logic supported by the Workbench. An introduction to this logic and its use for verifying
mutual exclusion algorithms can be found in a recent article by Walker [Wal89]; we will use the same
algorithm and correctness criteria.

First we will formulate Peterson’s mutual exclusion algorithm in Lunsen, assuming two concurrent
processes competing to enter their critical sections. Then we will minimize the resulting CCS agents
w.r.t. observation equivalence using the Workbench. Finally we will determine whether the algorithm
meets the safety and liveness demands. This will be done by checking if the minimized agents satisfy a
pair of propositions formulated in HML (Hennessy-Milner logic). These checks are done automatically
by the Workbench.
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In the formulation of the algorithm in Lunsen, we will use port communications to signal that a
process requests to enter, enters and leaves its critical section (reqli, enterls and exitli, where 7 is
the name of one of the two concurrent processes). These are the only actions which will be visible to
an observer of the program. Peterson’s algorithm as formulated in Lunsen is presented in Figure 1.
The state graph of the Lunsen program after translation into basic CCS, and minimization w.r.t.
observation equivalence by the Concurrency Workbench is displayed in Figure 2.

program Peterson;
type int2 = {1, 2};
type b_arr = array[int2] of boolean;

var b:b_arr = {false, false};
var k:int2;

-- Ports visible to an observer
port enter :visible int2;
port exit :visible int2;
port req :visible int2;

procedure p(i:in int2, j:in int2);
while true do
blil := true; req!i;
k = j;
while (b{j] and (k = j)) do skip endwhile;
enter!i; -- Enter critical region
exitii; ~- Exit critical region
bli] := false
endvhile
endproc;

p(1,2) par p(2,1) -- Start two processes running in parallel
endprog; -- Peterson

Figure 1: Peterson’s algorithm

The mutual exclusion property we wish the algorithms to preserve can be formulated:
Mutez = vZ.(—(< exitll > true A < exit!2 > true) A (K]Z),

that is both processes should not be able to leave their critical sections at the same time, which
implies that not both processes are in their critical section. [K]Z in the previous formula is an
abbreviation for [K]Z = Asex[alZ, where K is a set of actions. We will use

K = {enter!l, enter!2, exit!l, exit!2, req!l, req!2}
for verifying the mutual exclusion property. The liveness property can be formulated:
Live = Livey A Live,
where
Live; = vZ.([reghé]uY.(< exithi > true V [K]Y) A [K]Z)

This formula expresses that if a process 7 has requested execution of its critical section by reqli then
there shall be no infinite path of actions not consisting of an enter!s action in the corresponding
transition system. As pointed out by Walker this is just one interpretation of the liveness properties
of the algorithm. When we check the safety property we find that Peterson = Mutez as hoped, i.e.
two processes cannot be in their critical sections at the same time. We also find that it satisfies Live.



Figure 2: The graph of the minimized Peterson algorithm

7 Conclusions

We have presented an imperative language with constructs for sequential programming as well as
constructs for parallel execution of processes, and an automated tool for analysis of concurrent
programs written in the language. A few restrictions were imposed on the language to ensure that
the semantics of a program is finite-state: e.g.: the types of variables must contain only finitely
many elements, and that procedures cannot call each other recursively in an arbitrary manner.
Many concurrent algorithms can be naturally described in this language. Our experience includes
several other mutex algorithms (e.g. in [Lam86]) and two versions of the Alternating-Bit protocol

[BSW69).

We have presented a formal semantics for the language, which represents the execution of a program
on a multiprocessor with shared memory, without assuming that e.g. assignment statements are
atomic. This means that the results of analysis are valid for a direct implementation of the algorithm.

The semantics was given through a translation to CCS. The efficiency of the resulting “code” is on
par with the results of hand translations. The advantage of this is that CWB and associated systems
can be used to carry out different forms of analysis. A disadvantage of the present implementation is

that properties of programs must be formulated in terms of communication events and not in terms
of predicates over the state of the program.

Desirable extensions of the language include a module concept to structure large programs and enable
several instantiations of processes. This leads to problems with conflicting access sorts: a newly
instantiated process needs to know on which ports it should communicate. One way to achieve this
is to use CCS restriction and relabeling operators, but if these are used recursively, the resulting
agents will not in general be finite state. Another way is to define the trapslation into the w-calculus
[MPW89a, MPW89b] rather than into CCS (in the 7-calculus an agent is explicitly parametrized on
its free port names).
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An interesting topic of further research is to give Lunsen a more direct semantics in terms of states
and transitions between states, and to compare this semantics with the translational semantics in

this paper.
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