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Abstract

Process algebra 1s one formalism which aids 1n the design and venfication of complex
concurrent svstems by using algebraic expressions to describe the architectural and
behavioral aspects

We 1ntroduce ACS (Algebra of Communicating Systems), a process algebraic speci-
fication language wlich combines the simple syntax of CCS (Calculus of Commum-
cating Svstems) and the sequential composition of ACP (Algebra of Communicating
Processes), adding the notion of data and value-passing, and user-definable operators
To aud m the stmulation and debugging of ACS designs, a concurrent path expres-

sion language (CPE) 1s mntroduced A Prolog implementation of ACS and CPE 1s

presented
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Chapter 1

Introduction

A concurrent system 1s regarded as a set of processes which interact with each other
and their environment to achieve a well-defined goal Some examples meclude multi-
computer real-time systems, communication protocols, process control systems, dis-
tributed mformation systems, and the man-machine mterface of many kinds of soft-
ware Due to 1ssues such as resource contention, non-determinism, and communica-
tion and synchronization between processes, concurrent systems are often much more
complex than sequential systems Since we are mterested 1 the process of compu-
tation, not just the results, 1t can be difficult to achieve sufficient confidence 1 the

correctness of a concurrent system through rigorous testing

Many formalisms have been mtroduced to aid 1 the design and verification of concur-
rent systems, one of which 1s process algebra Process algebras use algebraic expres-
sions to express both the architectural and behavioral specifications of concurrent
systems  Thev provide specifications for various levels of abstraction and have a
sound algebraic semantic There are a variety of process algebras The principal ones

are Communicating Sequential Processes (CSP) by Hoare [Hoa78, Hoa83], Algebra
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of Communicating Processes (ACP) by Bergstra and Klop [BKS83], and Calculus of
Communicating Systems (CCS) by Milner [Mil80, Mil89]

Pure process algebras do not mclude any notion of data or the values being passed.,
they sumply specify the signals or synchronizations that occur At certain levels of
abstractions this 1s acceptable, but at some pomnt the data does become crucial to the
vahidity of the specification In [M1189], Milner defines a simple extension to CCS with
value-passing, but defines the semantics i terms of a translation to the pure CCS For

hand proofs this translation 1s acceptable, however, 1t 1s 1nadequate for automated
verification and analysis  Other examples of walue-passing process algebras mclude
p#CRL[GP90, GPI1] and Bruns’ extension to CCS [Bru93] In [Bru93], Brun extends
CCS with expheit data types and expressions pCRL 18 based on ACP, and combines
the notions of abstract data types using equational specifications and process algebra
We mtroduce a value-passing process algebraic language, called Algebra of Com-
munacating Systems (ACS), and provide an operational semantics directly on the
value-passing syntax ACS mcorporates features from CCS and ACP, i addition to

mtroducing user-definable operators
ACS overcomes several limitations of CCS and ACP
1 vanable scoping and binding,
2 pattern-matching of action and agent parameters,
3 sequential composition of processes, and

4 user-definable operators

Variable scoping and binding. In current value-passimg CCS([Mil89], [Bru93|,

[HLI3]), varables are given a scope by forcing all parameters of mput actions to be
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variables The scope of the varnables 1s then the agent expression following the prefiz

combinator For example, the CCS expression
a(z) b(x) 0!

1s mterpreted, using lambda notation, as

The problem lies 1n tryimng to express a process description of the form,

Z a,b, 0

IGV

where V' 1s some value domamm We would like to express this in value-passing syntax
as

a(r) b(x),

where the vanable x 1 b(z) 18 bound by the previous x m a(x) [Bru93] overcomes
this problem by mtroducing a notion of mdexed actions, where the domain of the
mdex must be fimte [M1189] and [HL93] cannot express such a specification In our
specification language ACS, the scope of a variable 1s the entire expression The first

occurrence of a variable provides a binding for all other occurrences

Pattern-matching 1n the parameters of input/output actions and agent

identifiers In current value-passing process algebras, mput variables may only

'In CCS notation, a(z) and b(x) are mput actions, z 1s a variable, and * ° 1s the prefix combmator
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Lhave distinct variables as actual parameters For example, the expression
a(l) P

1s not allowed Therefore, an mput action can synchromze and communicate with
any similar output action Sometimes 1t 1s desirable to restrict what output actions
with which an mput action may synchromize, as i the above example This also
holds for the parameters with agent identifiers used m defining equations In ACS,

mput actions and agent identifiers are allowed to have arbitrary expressions as formal

parameters

Sequential composition of processes CCS ounly allows action prefixing, not
general process sequencing  Therefore, the simple concept of a fork and join cannot
be described succinetly Consider the simple ordering of tasks — task a 1s performed
before task b and ¢, both ¢ and b occur before task d, tasks b and ¢ are performed
mdependently Even this simple description cannot be written directly without adding

extra synchromzations In ACP, this can be described succinctly as

a (blle) d,

where 15 the sequential composition combinator (meaning that the processes or tashs
are performed 1 sequence), and ‘||" 1s the merge combmator (meaning that the pro-
cesses are performed independently and concurrently ) We adopt this sequential com-

position mm ACS

User-definable operators It 1s often desirable to capture a certain process tem-

plate or functionality i one reusable syntax In ACS, users are allowed to define
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operators built on top of ACS base combinators

The system description language ACS 1s used to describe how a specification 1s
achieved The general technmique 1 designing systems 1s to start with an abstract
model and then iteratively refine 1t At each 1iteration, the design must be equiva-
lent to the previous, more abstract, design Equivalence 1s an often-used criterion
for a correct refinement of a specification There are a variety of notions of equiva-
lence, some of which are summarized and compared 1 [vG90, VG93] However, this
type of venfication simply verifies that both designs perform the same function It
does not extend to whether or not the design satisfies such criteria as being free of
deadlock, eventually reaching a certain state or performing a certain action, or the
ewstence of race conditions A syntax 1s required to specify what criteria a system
must satisfy  We mcorporate a path expression-like syntax, called Concurrent Path
Expressions (CPE) CPE 1s sumilar to the Data Path Expressions mtroduced i [HIK90]
for modeling concurrency 1 parallel debugging CPE specifications can be used to

test properties that ACS descriptions must satisfy
The last contribution of this thesis 1s a tool which 1implements the language of ACS
and CPE and provides an extensive set of commands to run, trace, and sunulate
designs
In summary, this thesis presents three maim contributions

1 an algebraic description language, ACS, for designing systems,

2 a concurrent path expression specification language, CPE, for specifying prop-

erties that ACS designs must satisfy, and

3 a tool to venfy and analyze ACS designs

Chapter 2 mtroduces the algebraic description language ACS and provides a con-

crete operational semantics Chapter 3 mtroduces the path expression specification
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language CPE Chapter 4 gives detailed examples illustrating the usage of ACS and
CPE Chapter 5 presents an implementation of ACS and CPE 1 Prolog Chapter 6
concludes the thesis with a summary of 1ts main contributions, and provides some

msights for future work
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Chapter 2

The Language

2.1 The Basics

ACS 18 an amalgamation of Milner’s full value-passing CCS ([M1189]), sequential com-
position of ACP, and user-definable operators The prefiz combinator of CCS 1s 1e-
placed with the more general sequential composition combimator of ACP ACS 1s an
example of a very high-level language (VHLL) as described by Krueger i [Kru92]
The emphasis 1 [Kru92] 1s on software re-use, whereas our emphasis 1s on design
abstractions, and the execution, verification and analysis of these designs Although
the description of ACS 1n this chapter 1s complete, we do not provide any detailed
explanation of CCS, ACP or process algebras in general For an introduction to pro-
cess algebraic specification, see [Che92, Che94, Wal87] For more information about a
particular process algebra, see [M1189] for CCS and [BK83] for ACP, [BW90] provides
more 1msight on process algebras in general We now mtroduce the notations of ACS
and their imtuitive meanings by examples, and examine the syntax and semantics

more formally
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A process or agent 1s any (concurrent) system that performs some set of discrete ac-
tions An action1s either an mteraction with another agent or with 1ts environment
The simplest processes are the degenerate agents SKIP and STOP SKIP denotes a pro-
cess that 1s capable of only terminating successfully, without performing any action
Conversely, STOP denotes the process that 1s not capable of performing any action, 1t
represents a deadlock SKIP and STOP differ in that SKIP allows execution to continue

m a sequential composition, STOP does not

In ACS, there are six combinators for constructing agent expressions — scquential.

summation, parallel, restriction, relabeling, and conditional combinators

A gas station Consider an automated gas station that accepts only credit cards
and sells three types of fuel — regular, premium and diesel A possible specification

could be as follows
Gs = card,(‘regular + ‘premium + ‘diesel), ‘receipt, SKIP

The constant Gs denotes a gas station defined by the following process expression
after accepting a credit card, 1t delivers either regular, premium, or diesel fucl
followed by a receipt There are two types of actions — an wnput action (e g
card), and an output action (e g ‘receipt) The actions receipt and ‘receipt
are considered to be complementary actions Every action 1s also a process, so a
simgle action a 18 equivalent to a,SKIP  The expression P,Q (called a sequential
composition), denotes a process that behaves like P, then 1f P terminates successfully,
1t behaves ike ) The expression P+(Q, called a summation, denotes a process that
behaves Iike P or like @@ If the first actions of P and @ are the same, the choice 1s
non-determmstic, as soon as P (or Q) performs its first action, @ (or P) 1s discarded
A defimtion of the form A =P states that the constant A behaves hike the expression

P We use the convention that all lower case names represent actions, and capitalized
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names represent agent 1dentifiers

Actions may take parameters Counsider a process that requests two 1dentical values

and outputs a sigle value
Process = 1n(x),1n(x), ‘out(x)

The scope of x 1s the whole expression The first occurrence provides a binding for
the rest For example, after receiving a value 2 via the first 1n action, the process
becomes 1n(2), ‘out(2) We use the convention that lower case names as arguments

represent value variables

Agent 1dentifiers may also take arguments Consider a simple nonnegative counter
with operations zero, inc, and dec which test for zero, mcrement the counter, and

decrement the counter, respectively A plausible definition could be as follows

((zero,Counter(x)) 1f x=0)

Counter(x)

+ 1nc,Counter(x+1)

+

((dec,Counter(x-1)) 1f x>0)

The agent 1dentifier Counter(x) denotes a counter with current value x If an inc
occurs, the counter state 1s mcremented by one, 1f a dec occurs, the counter state 1s
decremented by one The expression P 1f E denotes the process that 1if the boolean
expression E evaluates to true then 1t behaves like P The scope of x m A(x) =P

1s suply P

A defimtion for an agent 1dentifier may consist of multiple definmitions For example,

the above counter could also be defined as follows

Counter(0) = zero,Counter(0),
Counter(x) = inc,Counter(x+1),
Counter(x) = (dec,Counter(x-1)) if x>0
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Notice that the parameter of the first definition contains the constant 0, other value-
passing process algebras do not allow this This enables pattern-matching between
the actual and formal parameters of the agent identifier Multiple defimtions of the
same agent 1dentifier are considered to form a choice and conditional based on the

matching of the actual to formal parameters

A buffer of size 2 A buffer of size two can be defined m terms of two smgle

buffers

Cell in(x), ‘out(x),Cell,

(Cell#[comm/out] | Cell#[comm/1n])\{comm}

Buffer

The agent 1dentifier Cell denotes a single element buffer The agent 1dentifier Buffer
denotes a bounded FIFO buffer of size two Figure 2 1 1illustrates how the two cells
are connected The rounded boxes, called nodes, represent actual process expres-
sions The undirected edge connecting two or more nodes represents a plausible com-
munication and synchronization between processes, and unconnected edges represent

mteractions with the external environment

7 S
m* T ‘out
. 9 ',

Figure 2 1 Buffer of size 2

The expression Py | Py, called a parallel composition, denotes a process that behaves

like P, and P concurrently and mdependently P, and P, may communicate (or
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synchronize) when they are able to perform complementary actions A commumecation
1s regarded as a silent or unobservable action (tau) The expression P#f, called a
relabeling, denotes a process that behaves like P, except that the actions are renamed
by the relabeling function f of the form [b1/ay, ,b,/a,], where ay,  ,a,,b;, .b,
are actions, and where b,/a, means f(a,) = b,, and f(‘aq,) = ‘b, 1 <1 < n The
relabeling combinator 1s a means of reusing processes where two mstances have similar
behaviors but different actions In the agent Buffer, the expression Cell# [comm/out]
has the two actions 1n(x) and ‘comm(x), and the expression Cell#[comm/1n] has the
two actions comm(x) and ‘out(x) This enables the two expressions to communicate

which each other via the action comm

The two expressions 1n Cell#[comm/out] | Cell#[comm/1n] are not forced to com-
municate, they may select to perform the actions ‘comm(x) and comm(x) mdepen-
dently The expression P\L, called a restriction, denotes the process that behaves
like P except that the actions and their complements in L are not allowed The
restriction combinator mternalizes actions and forces communication For example,
m the agent Buffer, the actions comm(x) and ‘comm(x) cannot occur independently,

forcang the communication (comm(x),‘comm(x))

User-definable operators  Operators are similar to agent 1dentifiers, except that
the parameters are process variables rather than value variables The two-element

buffer could be defined as follows

LINK($X,8Y) = ($X#[comm/out] | $Y#[comm/1n])\{comm},
Buffer?2 = LINK(Cell, Cell)

LINK($X,$Y) 1s an operator that takes two arguments, process variables $X and $Y,
and expands mto a process expression Notice that Buffer2 1s similar to the previous

Buffer defimition after expansion A definition of the form O = P states that
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the operator O behaves like the process expression P, where O may contain agent
vartables We use the convention that all capitalized names represent operators, and
all upper case names preceded by the $ sign represent agent (process) variables

A three-element buffer could be described as follows

LINK(Cell, LINK(Cell, Cell)),

Buffer3

or

Buffer3 LINK(LINK(Cell, Cell), Cell)

Generalizing to a generic FIFO buffer of size NV, as depicted i Figure 2 2, a plausible

definition could be described recursively as follows

BufferN(1) Cell,

BufferN(x) LINK(Cell,BufferN(x-1)) 1f x>1

Note that the comm actions are not visible outside of the agent BufferN, but are

observed as a communication, tau

e N
co i ‘out ‘out
Cell
B i e e >
L BufferN )

Figure 2 2 Buffer of size N

So far, the notion of operators has been abserved as a textual macro expansion, but
they are much more powerful than that Consider the case where an action 1s to be

repeated n times (a") A simple recursive definition
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AC1) a,

A(n) a,A(n-1) 1f n > 1,

could be defined to capture that requirement Now consider the general case where
we require a process to be repeated multiple times A recursive definition could be
defined to repeat the required number of times This must be done for every recursive

defimtion A general repeat operator could be defined as

REPEAT($X,0)
REPEAT($X,n)

SKIP,
($X,REPEAT($X,n-1) ) 1f n>1,

that repeats a given process expression $X, n times Hence, the above defimition could
be redefined as

A(n) = REPEAT(a,n)
From now on, we assume the precedence of the combinators (1n decreasing order of
binding power) 1s as follows restriction and relabelling (tightest binding), sequential
composition, parallel composition, summation, and conditional (weakest binding) The

CAPICSSIOLL

P+ P, P#f | P,,Ps\L1f E

means

(P + (P, (Ps#f)) | (Py,(P5\L)))) 1f E

2.2 Syntax

Let £ denote the set of value expressions with typical element e (See Appendix A

for a detailed description of all the value expressions and the base data types )

Let £ be an nfinite set of action labels consisting of two complementary but disjoint

subsets, the set of names A and the set of co-names A Typical elements of A are
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[, and their complements ‘I, ‘I, are mm A «a ranges over L We extend
complementation to the whole of £ so that ‘“a = a Now the set of actions consists
of parameterized labels, and ncludes the distinguished silent action tau, which 1s

considered to be unobservable outside a system tau has no complement

Definition 1 The set of mnput actions InAct 1s defined to be
InAct = {l(ty, ,t,)|n>0.t €& le A}
The set of output actions OutAct 1s defined to be
OutAct = {‘l(t;, ,t,)|n>0,t, €&, ‘le A}
The complete set of actions Act 1s
Act = InAct U OutAct U {tau}

Typical elements mn Act are a, 3, We write [(t, , ta)asl (7?) and a(t, )
and ‘a(t;. .t,) as a(f) and “a(f), respectively label(cr) denotes the label of the

action « a

Relabeling functions are total functions that map actions to actions However, the

syntax only allows the description of finite mappings from labels to labels
Defimition 2 A finite relabeling function f £ — £ has the property

f(a) = bif and only 1f f(‘a) = “b
f 1s deseribed as [bi/ay,  ,ba/ an, ay, ,an, by, b, € L, where b,/a, means

fla,) =b,,and f(‘a,) = b,1<1<n O

Definition 3 Let f be a finite relabeling function fr Act — Act 1s a (total)
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relabeling function that extends f by the following definition

fla)(®), a € dom(f)
a(fj. a & dom(f)

fr(tau) = tau

fria@) &

O

Let X' be the set of agent variables with typical elements XY, Let A denote
the set of agent wdentifiers, and A,, denote the set of agent 1dentifiers of arity n, a
non-negative number representing the number of formal parameters 1t takes Let ©
denote the collection of user-defined operators, and ¥, denote the set of operators of

anty A A ranges over A (or A4, ), and O ranges over ¥ (or ;)

Defimition 4 The set P of process expressions with typical element P 1s the set
generated by the grammar shown 1 Figure 23, a € Act, X € X, f 15 a fimite

relabeling function, L C L, A€ A,, O € &, e,eq, e, are value expressions, be 1s

a boolean expression, and p;, ,py € EUP O
P =X Agent Variable
|« Action
|  Aler, ,en) Agent Identifier
| O(p1,  .pw) User-defined Operator Identifier
| P,P Sequential Composition
| P+P Summation
| P|P Parallel Composition
| PAL Restriction
| P#f Relabeling
| P af be Conditional
|  SKIP Termination
| STOP Deadlock

Figure 23 Abstract Syntax of ACS
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The meaning of an agent identifier 1s given by a collection of agent definitions

Definition 5 Let 4 € A,, t,, .t, € £, and P € P Then an agent definition

corresponding to A 1s an equation of the form
Al . .aty) =P

O

Smlarly, the meaning of an operator 1dentifier 1s given by a collection of operator

definitions

Definition 6 Let O € Iy, p1, ,pr € EUP, and P € P Then an operator

definition corresponding to O 1s an equation of the form
O(])]. ’Pk) =P

O

An operator definition differs from an agent definition i that 1t allows arbitrary

yrocess expressions and value expressions as formal (actual) parameters
1 1 I

2.3 Semantics

2.3.1 Static Semantics

Not all process expressions generated by the grammar in Figure 2 3 have valid mean-
mgs For mstance, any process expression containing a free agent variable has no

meaning In

‘a(r),SKIP,
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the variable x 1s not bound to any value, and sice 1t 1s an output action, 1t cannot

recerve ally value

Before we discuss what constitutes a valid process expression, we need to reiterate the
notion of variable scoping, and free and bound variables The scope of a variable 1s the
entire process expression The first occurrence of a variable 1s considered to be free
and all other occurrences are bound to the value assigned to the free occurrence The
first occurrence 1s described syntactically, parsing from left to right In the process

CXPIeSs1011

a(x), (b(x) +d(a)),

the variable x occurs free 1 a(x) but bound m b(x) and d(x)

In agent and operator definitions, the varables occurring as formal parameters are
considered to be the first occurrence, and bind all occurrences m the right hand
Process expressioln

The set of (value and agent) variables of an expression P 1s denoted by vars(P) We will
often need to refer specifically to the agent and value variables of a process expression

as avars(P) and dvars(P), respectively Note that avars(P) N dvars(P) = ()

A substitution 1s a function mapping variables to expressions We will use the normal
notation for substitutions, {e;/xy, ,e,/x,}, which 1s the function that assigns the
expression e to the variable o and leaves all other varniables unmapped We use 6, 6,

to range over substitutions, and write P8 for the process expression obtained from P
by sumultaneously replacing all occurrences of any variable x, by (x,) Similarly, ¢
15 the result of applying € to the e 66, 1s the composition of substitutions, therefore,

Pog, = (P9)8,

Informally, for process expression P to be considered well-formed, the following con-

ditions must be met
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e Only mput actions can mtroduce new value variables Therefore, output ac-
tions, agent 1dentifiers, user-defined operator expressions, and value expression

components of the conditional combimator cannot mtroduce new value varables

e All process variables must be bound Therefore, process expressions used 1m
agent definitions cannot contain agent variables, and for an operator definition,

O(p) =P, avars(P) C avars(O(p))

e For any subexpression PP, of P, the free vanables in P, and P, must b

disjoint

The last pomnt ensures that all communication 1s via complementary actions only
For example, assume we allow expressions of the form a;(x) | as(x), where v 1s free
By mterleaving semantics for concurrent processes and by using the definitions of
variable scopig and binding, either @, or ¢ may communicate with the environment
and upon communication, the other 1s mysterously forced to recerve the same value
That 1s, 1f a; receives the value 3, ay(xr) mmphicitly becomes as(3) Simularly, if, for
example, @, receives true, a;(x) becomes a;(true) This type of communication 1s
undesirable, so by forcing the free variables of concurrent processes to be distinct

this wmplicit communication 1s eliminated

Note that i an agent defimtion, A = P, the process expression P by 1itself may not
be well-formed, by placing P 1 a definition, the free variables of P may be formal
parameters of A, and hence the complete defimtion becomes well-formed In defining

a well-formed predicate for process expressions, a set of bound variables 1s required

More formally, a well-formed predicate wf(P), 1s defined and mterpreted as guwen a

set of bound variables p, P 1s well-formed

Definition 7 Let P € P, and p C VUAX be a set of bound vanables wf(P),, called

the well-formed predicate, 1s defined imductively as follows
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10

wf (tau),. wf (SKIP),, wf (STOP),,

wf (a(f)),,

if vars(a(€)) C p then wf(‘a(é)),.

1if vars(A(€)) C p then wf(A(€)),,

if vars(O(p)) C p then wf(O(p)),,

if wf(P), then wf(P\L), and wf(P#f),,

if wf(Py), and wf (Ps)(wars(P)up) then wf (P, Ps),.

if wf(P), and wf(P,), then wf(Py + ),

if wf (Pr),, wf(P2), and (vars(Pr) \ p) N (vars(P2) \ p) = 0 then wf(Py | Py),

if wf(P), and vars(be) C p then wf(P 1f be),

O

—

An agent defimition A(€) = P 1s considered well-formed \f avars(P) = § and the

predicate wf (P)yars(a(e) holds Simmilarly, an operator defimtion O(p) = P 1s well-

formed 1f avars(P) C (wars(O((p)) and the predicate wf (P)yars(0(5) holds

For the remainder of this thesis, we will only consider well-formed process expressions,

agent definitions, and operator definitions

2.3.2 Operational Semantics

The standard approach 1 providing operational semantics to a value-passing process

algebra 1s to translate 1t mto 1ts underlying pure (non value-passing) process algebra
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The main characternistic of the translation, mapping a process P to P, 1s that an imput

action a(r) 1s mapped mto the term,

Z a{v/z},

veV

where V7 1s the value domain of the free variable x m P, which may or may not
be fimte This simple scheme may produce mfinite process defimtions and mfinite
branching structures which become 1mpossible to implement Therefore, the opera-

tional semantics for ACS 1s mtroduced directly for the value-passing calculus

The semantics of the language 1s formally given as a labeled transition system

Defimition 8 A labeled transition system 1s a triple (S, L, R), where S 1s a set of
states, L 1s a set of labels, and R C S x L x S 1s a labeled transition relation We will

!
refer to (s,1,s') E Ras s = ¢ o

In our transition system, we shall take S to be P, the process expressions, and L to
be the set of actions, Act The transition relation 1s the largest set obtained by the

semantic rules defined as follows

R={(P,a,P) | P = (P',8)for some 6}

The transition rule P —=+ (P, 6) states that process P, under the substitution @
may perform the action « to become the process P’ The transitions of composite
processes are defined 1 terms of the transitions of 1ts component processes The
general rule used to describe this inference 1s

T] i 2 Tn

T ¢

where Ty, ,T,,T denote transitions The rule states that if 7}, , T, are transi-
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tions satisfying the condition C', then 7' 1s also a transition

In forming the transition rules, an auxihiary predicate 1s needed to mdicate whether or
not a process has a (successful) termination option Clearly, the degenerate process
SKIP can always terminate, but STOP cannot, since 1t signifies unsuccessful termina-
tion Smmularly, any action cannot terminate since 1t must first perform the action If
a process P can terminate, then P combined 1 a restriction or relabehing can also
termunate In a summation process expression, if either process can terminate, the
whole process expression can terminate Both processes combined 1 sequence or i
parallel must terminate before the whole expression can terminate For the condi-
tional combiator, an extra constraint 1s that the boolean expression must evaluate
to true This evaluation 1s possible since the predicate 1s defined for well-formed
processes only The complete inductive definition of the termination predicate () 15

given 1 Figure 2 4

1 SKIP|

2 af P then (P#f)], (P\L)l, (P+Q){, and (Q+P){.

3. if Pl and P,| then P,; P, and P;| P,

4 1f P| and t =p true then (P 1f b){,

5 £ A(f}) =P, [£;6] = @ for some 6, (P9)L, and [f3] = & then A(£3)].
6 1f O(p1) =P, [pi6] = ¥ for some 8, (PA)}, and [p5] = ¥ then O(p3)!

Figure 2 4 Termination Predicate

The complete set of transition rules 1s given 1 Figure 2 3, where [ ] 1s the data eval-
uation semantics for value expressions (defined n detail m Appendix A ) The sum-
mation and parallel combinators are commutative, consequently, the Sum, Com1,

Com?2, and Com3 rules each mmply two rules For example, the Sum rule implies
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the two symmetric rules,

P =% (P 6) P (PL9)
alnc
P1+P2—O-)(Pl,9) P2+P1—L)(P’,9)

The rule for mput actions (In) can be read as follows for any substitution 6 such
=% - a(?

that [8] = @, the mput action a(€) can force a transition 3 t6 become the residual

(SKIP.#) The substitution i the residual 1s needed to propagate variable bindings

m the sequential composition rule Seql Notice that only the mput rule mtroduces

bindings smce, by definition of well-formed process expressions, only mput actions

may contain free variables as actual parameters

In the Defnl and Defn2 rules, the vanables i the definitions A(v3) = P and
O(p>) = P are assumed to be distinct from the variables mn the actual usages A(e7)

and O(p1), respectively That 1s,

vars(A(€y)) N (vars(A(é3)) U vars(P)) =
vars(O(p1)) N (vars(O(p3)) U vars(P)) =

= =
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In — [#] =7 Out - [ =7
a(@) 22 (sK1p,6) ‘a(@) =5 (SKIP,0)

Tau

tau 2Y (SKIP, ()

P —= (P,9)

Q — (Q.0)
P,Q = (P,Q6,9) s

S 1 (8] ¢
- P.Q = (Q.9)

Seq2

P -2 (P'.6)

S
P S (o)

P— (P9 Q — (@, 1)
Coml1 — Com?2 - - P
M PI0 = (P1Q.0) NG
P2 (.0, Q3 (Q.6)
Com3 =
PIQ 23 (P'1Q',9)
P PLY P - (P'.6) v
Ren . Res m label(cr) & L
pPif Y (Praf,0) P\L = (P\L,9)
P -2 (P',0)
If A be] = t
Pathe = (P L] = troe
@ /
Defai LA E0 ee - p (8] =1, [BH] =7

Ae) = (Pe) "~

PO, -5 (P6) ., - e = i S
= a 2 = P, = v, 0 =1
Defn2 O(fl) (P,,H) O(]))) ILI)]]] t I[pz 1:" (

Figure 2 5 Operational Semantics for ACS
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Chapter 3

Simulating ACS Specifications

There are many ways of designing the same system When are two specifications the
same’ How do you know that the specification actually meets the requirements the
system was designed to satisfy? In process algebra the common method for deter-
minng 1f two processes are considered equwvalent 1s bisymulation Informally stated.
this says that each process can simulate the other However, this type of equivalence
15 often too strong a requirement and also requires writing two specifications for the
same system  Simple characteristics such as eventuality (the possibility that a certamn
criterion will ever be met), starvation, deadlock, and possible execution paths cannot
be described by bisimulation Some type of simulation 1s needed, or a way of testing
1if a specification actually satisfies the imitial requirements The most basic simulation
15 stepping through the process one action at a tuime A more elegant way 1s to mtro-
duce simple path expressions, this allows us to define requirements of a given ACS

specification

In this chapter we mmtroduce an ACS-hike path expression that allows us to specify

possible execution paths more concisely without using the complete syntax of ACS



CHAPTER 3 SIMULATING ACS SPECIFICATIONS 25

The 1dea 1s to remove the arclutectural structure from ACS and only specify certain

requirements that a process expression must satisfy

3.1 Path Expression Language

In defining requirements, we are more 1nterested 1 the actions that are possible or
not possible, rather than actual architectural design For istance, requirements such

as wnll an action a ever occur? could be described by the expression
(vxn),a

The expression S*n denotes zero or more (but not more than n) repetitions of the
path expression S The path expression sequential combiator (,) 18 simular to the

process expression combmator (,) Using the + combinator, S*n 1s equivalent to

SKIP+ 5+ (§5;5) + + (S, ,S)
——

n

The special action variable v 1s mterpreted as any varnable, and 1s useful for don t-
care action sequences Using just regular variables would bind all other occurrences

so that an expression of the form

X*n

would mean up to n occurrences of the same action However,

v*n
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means up to n different actions In concrete examples the underscore symbol (_) 1s

used to denote v

Another useful notation 1s exactly n occurrences denoted by S~ n, which 1s equivalent

to the following

The reason for restricting the * and = combinators to a finite number of repetitions 1s
that sice this 1s to be automated, the determination of whether a process expression

satisfies a path expression must terminate

It 15 often a requirement that an action or a certain set of actions cannot occur i a

certain state The notation

'L,

where L 1s a set of actions, denotes the occurrence of an action that i1s not in the
given set L L may contain variables as well as actions For example, in the Counter
agent defined 1in Chapter 2, after incrementing the counter, the zero test should not

be available That 1s, Counter must satisfy
inc, '{zero}

As m ACS, the | combimator denotes independent action a | b1s equivalent to the

path expression

(a,b) + (b,a)

The path expression language 1s defined formally 1n the following definmition

Definition 9 The set of path ezpressions1s the set generated by the grammar m

Figure 3 1, where a € Act, a € X U Act, X € X, and v 18 any variable O

We conclude this section with some examples demonstrating the properties that are
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S = X|v|a|S+S|SIS|S,S|Sn|S*n|'{a, ,a}|STOP|SKIP

Figure 3 1 Syntax of Path Expressions

expressible with this path expression language

Deadlock The question of whether a process ever reaches deadlock after a finite

numbecr of actions can be stated as

(v*n),STOP,

where n 1s some fixed number Notice that 1t doesn’t say that anything more than n

action sequences will not deadlock

Starvation Starvation means that a certain action 1s never performed The path

CNXPressioll

(1{a})"n

states that for all execution paths of no more than n actions, the action a 1s never

performed

Eventuality The question of whether a certain action will ever occur can be stated
by the path expression

(vxn),a

Race Condition A possible race condition between two actions occurs when there

exists a given state of the system such that both actions are possible The path
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CXPress1on

(v*n), (alb)

captures this property

Fairness. The fairness requirement means that all processes or actions are treated
equally  One terpretation of this 1s that for two actions @ and b to be treated
fairly, one cannot occur more often than the other in any execution path The path
expression

(((*{a,b})*n),a) | (((*{a,b})*m),b)

denotes an execution path with exactly one occurrence of a and b If the whole
expression 1s placed within a * expression, the required fairness property would be

satisfied

3.1.1 Path Expression Semantics

The operational semantics of the path expressions are similar to the process expres-
sions, and are given by a labeled transition system The set of states 1s represented by
the path expressions S, the labels are ActUXU{v}U{'{a, ,a}}, and the transition

relation 1s the largest set obtained by the semantic rules defined i Figure 3 2

Two auxiliary predicates are needed First 1s the path termination predicate, denoted
by term(S), that holds 1f a path expression S may terminate successfully The other
18 the path deadlock predicate, denoted by dead(S), that holds if a path expression
S may terminate unsuccessfully The meaning of these predicates 1s straightforward,

and their mductive definitions are given 1 Figure 3 3 and Figure 3 4

The meanmg of the |, ,, and + combinators for path expressions are the same as the
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ot

D

a ~ SKIP

v ~» SKIP

S-S 8!

51152«3 51152

5.~ 5
515 5 S

S1~% S

S118; 5 S71Ss

S~ 8

TR Y

S~ 9
Sx1~5 S

X ~% SKIP

L
[ ~5 SKIP

term(S;), S~ S,
Sy, Sy~ S}

Sy~ S},
S]"’S‘z’\sﬁ Sg

5l B
S115; ~ S1185)

S

\. n>1
S 9,5 (m=1))

S5 8

S5 S (Srm-1) "

Figure 3 2 Semantics for Path Expressions

combinators for process expressions The first set of rules defines the base cases that

have to be matched by an appropriate process expression transition The last two

sets of rules define the semantics of the

"~ and * combmators Notice that the term()

predicate captures the fact that the * combinator means zero or more
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1 term(S*n), term(SKIP)

2 af term(S) then term(S~n),

3 af term(S)) or term(S;) then term(S;+S,) and term(S;+S,),

4 1f term(S; ) and term(Ss) then term(S,,Ss) . term(S;1Ss ), and term(S,|S;)

Figure 3 3 Path Termination Predicate

1 dead(STOP),
2 1f dead(S) then dead(S™n), and dead(Sxn),

3 1f dead(S;) then dead(S,,S;), dead(5\+S,), dead(S,+S;), dead(S,|S,), and
dead(S;15, ),

4 af term(S;) and dead(S,) then dead(S;,S,)
Figure 34 Path Deadlock Predicate
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3.2 Simulation

A process expression sumulates a path expression 1if, whenever the path expression
makes a transition, a matching transition exists for the process expression For ex-

ample, i the automated gas station example presented 1in Chapter 2,
GS = card, (‘regular + ‘premium + ‘diesel), ‘receipt,SKIP
simulates the following path expressions

card, ‘regular,
[4
card, ‘premium,

card, ‘diesel
It does not, however, simulate
_*100, (card | (‘regular + ‘premium + ‘diesel),

which says that there exists a state where either the environment presents a credit
card, or fuel 1s delivered In other words, a customer has an option of either recerving
free fuel or paymg for 1t This 1s not a desirable property from the retailer’s pomnt of

View

A few preliminary definitions are needed to express the meaning simulation

g ap

Defimition 10 If t = a1  a, € Actx, P a process expression, and P — e

(P, 0), then we call t an erecution path of P 0
Definition 11 If S 1s a path expression and S A 5 S’ then we callt = s; s,
an execution p(zth, of S O

Any process expression simulates a path expression that can terminate successfully
(by not making any transitions) Any process that cannot make any transitions

simulates a path expression that can terminate unsuccessfully For all execution paths
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of a path expression, a process must have a matching execution path A simulation

18 defined formally 1n the following definition

Definition 12 Let P be a process expression and S a path expression Then P

(strong) simulates S, denoted by P F* S, 1f

1 term(S)

[EV]

dead(S ) and P #—,

3 S35 and P = P60 for some P’ and 6, and P8+ S'6,

4 S S and P -% P’.0 for some P', § and «, and P'0 F* S'[a/X],
5 S~% 5" and P - P'.6 for some P, 6 and a, and P8 S,

6 S~LS and P -5 P',9 for some P, 0 and a g L,and PO+ S

a

Strong simulation matches every action of the process expression with an action of

the path expression even for tau actions A more relaxed requirement for tau

actions 1s to require that each tau action be matched by zero or more tau actions

Definition 13 If a € Act then P = (P’ 0) 1f

PR p g
P, 2% P06,

Pn—lan—l tﬂ Pn«()n
-Pnen _0) Pn+]~6n+l

ta
Pn+10-n+l _u) Pn+279n+2

ta
Pn+m9n+m J P7)+m-|-139n.+m+1
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where n,m > 0,0 = 6,4, and P’ = P11 P 1s called an a-descendant of P O
The defimtion for weak simulation 1s similar to the definition of strong simulation

Definition 14 Let P be a process expression and S a path expression Then P weak

stmulates S, denoted by P F* S, 1f

1 term(S),

9 dead(S) and P 222 P9, P'o 4,

3 S S and P = P, 0 for some P’ and 6, and P8 +* S'8.

4 S8 and P =% P, 6 for some P’ 6 and a, and P8 F* §'[a/X],

5 S48 and P=> P, 0 for some P, 6 and «, and P9+ S,

6 S 23 S" and P == P'. 4 for some P',§ and o € L, and P'§ v S
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Chapter 4

Examples

ACS may be used to design systems for a variety of programming paradigms In this
chapter we present two examples which demonstrate the power and expressibility of

the language
Dining Philosophers This problem 1s used to demonstrate how design flaws can
be found and corrected by using the path expressions

Mobile Robots This problem demonstrates how one can model the complete sys-

tem, mcluding the physical environment

4.1 Dining Philosopher

The classical dinang philosophers problem 1s well-known for illustrating a deadlock
situation The problem 1s depicted 1 Figure 4 1, where we have eight (N 1n general)

plulosophers and eight chopsticks Each philosopher 1s required to pick up both
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the chopstick on the left and on the rnight A deadlock situation occurs when every

philosopher picks up the left chopstick first then the right chopstick

@ ‘<—\

. ‘ Philosopher

Chop Stick

Figure 4 1 Eight Diming Philosophers

In designing the system we will have two main objects — a chopstick and a philoso-

pher A generic description of a chopstick could be
Stick(1) = up(a),down(1),Stick(1),

where Stack(1) represents the 1th chopstick Its main operations are requests to

pick up the chopstick (up(1)) and to put down the chopstick (down(1))

The definition of a philosopher1s quite simple — pick up the right and left chopstick
(mm any order), eat and then put down the right and left chopstick (agamn, i any
order)
Phil(i,n) = (‘up(1) | ‘up(1+1 mod n)),
tau,
(‘down(1) | ‘down(i+1 mod n)),
Phil(1,n)
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The agent Ph1l(1,n) represents the 1th philosopher around a table of n Since the
choice of picking up the left or right chopstick 1s independent, the parallel operator
lends 1tself well The same applies to putting the chopstick down The tau represents
the eating portion of the philosopher’s duties After putting the chopstick down, the

philosopher can start again

Now a generic table of n philosophers and chopsticks can be defined recursively as

follows

Table(n,n) = SKIP
Table(i,n) = ( Stick(a) | Phil(i,n) | Table(a+l,n) ) 1f 1 < n
Table(n) = Table(0,n)\{up,down}

The agent Table(1,n) represents the 1th component of the table, and each com-
ponent consists of a philosopher and a chopstick Table(n) denotes the table of n
philosophers and chopsticks The restriction ensures that no external entity, other

than a philosopher at the table, can pick up or put down a chopstick
The dining philosopher problem 1s now just a table of size n
DiningPhils(n) = Table(n)

Now consider a table with two dining philosophers If both request the left chopstick
(1e philosopher 0 performs ‘up(0) and philosopher 1 performs ‘up(1)), neither can
get the right chopstick (1e philosopher 0 cannot perform ‘up(1) and philosopher
1 cannot perform ‘up(0)) The sequence of events below illustrate this, where the
command strace single steps through the transitions of a process expression At
each level the available transitions are displayed as numbered options To distinguish
the various internal communications that are possible, a parameter has been added

to tau to mdicate the action performing the communication/synchronization

[> strace(DiningPhils(2))



CHAPTER 4 EXAMPLES 37

*xstep tracing DiningPhils(2)

Level O
1 ---tau(up(0))--> (down(0) | up(0+1 mod 2) |
(Stick(1) | Ph11(1,2)))\{up,down}
2 ---tau(up(0))--> (down(0) | Ph11(0,2) |
(Stick(1) | up(1)  ))\{up,down}
3 ---tau(up(1))--> (Stick(0) | Phil(0,2) |
(down(1) | up(1+1 mod 2)  ))\{up,down}
4 ---tau(up(1))--> (Stick(0) | up(0) |
(down(1) | Ph11(1,2)))\{up,down}
Which? 1

The first possible action of the system 1s to perform one of four communications
Either philosopher may pick up either chopstick The first choice represents philoso-
pher 0 picking up chopstick 0 After performing the first transition there are only two
options left — either philosopher 0 or philosopher 1 may pick up the last chopstick If
philosopher 1 picks up the last chopstick we reach a deadlock situation as illustrated

here

Level 1 tau(up(0))

1 ---tau(up(1))--> (down(0) | ‘down(0) I

(down(1) | Ph11(1,2)))\{up,down}
2 ---tau(up(1))--> (down(0) | up(0+1 mod 2) |

(down(1) Il up(1+1 mod 2)  )\{up,down}
Which? 2

Level 2 tau(up(0)),taulup(1))
<no transitions possible>

Which?
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Rather than stepping through the derivation tree of a system, we can test certain

path expressions The deadlock situations could be checked by the path expression

(_*2),STOP

A sample trace of the results are given below It 1s possible to locate every such trace

that will end up mm deadlock The command ssim performs the strong simulation of

a process expression against a path expression

[> ssim(DiningPhils(2), (_*2),STOP)

**simulating DiningPhils(2)

with path (_*2),STOP

trace tau(up(0)),taulup(1))

Agent (down(0),Stick(0) |
up(0+1 mod 2),(‘down(0) | ‘down(0+1 mod 2)),Ph11(0,2)|
(down(1),Stick(1) |

up(1+1 mod 2),(‘down(1) | ‘down(1+1 mod 2)),Ph11(1,2) |
Table(1+1,2)))\{up,down}

?

One of the possible execution paths that satisfies the deadlock path expression 1s
having chopstick 0 picked up by one philosopher, then having chopstick 1 picked up
by the other philosopher, as represented by the above simulation What 1s relevant
1s not whether philosopher 0 picks up chopstick 0 or chopstick 1, but only that both
philosophers pick up one chopstick At this pomt the path expression has been
satisfied, however, the user has the option of examiming the second of two execution

paths that lead to deadlock — having chopstick 1 picked up before chopstick 0

trace tau(up(1)),taulup(0))
Agent (down(0),Stick(0) |
up(0+1 mod 2),(‘down(0) | ‘down(0+1 mod 2)),Ph11(0,2) |
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(down(1),Stick(1) |
up(1+1 mod 2),(‘down(1) | ‘down(i+1 mod 2)),Ph11(1,2) |
Table(1+1,2)))\{up,down}

°

3
The number 2 1m (*2),STOP for the number of repetitions 1s arbitrary, but should
be sufficiently large to detect a deadlock For mstance, for n diming philosophers use
n as the number
An even shorter test 1s to use the notion of weak simulation, as mn the following

example which will immediately detect a deadlock

[> wsim(DiningPh1ls(2),STOP)
*xweak simulating DiningPhils(2)
with path STOP

trace []

Agent DiningPhils(2)

The trace for weak simulation does not mmclude any taus Therefore, the test does
v 9

not show the execution path to deadlock, but rather that deadlock does exaist

Often deadlock 1s not a desired property Although the specification does satisfy the

vague 1mitial requirements, 1t does not satisfy other specific requirements, such as

1 at any given time, some philosopher must be capable of eating (free of deadlock)
2 every philosopher must eventually eat, and

3 mno smgle philosopher will eat more often than any other (fairness
g )

To achieve these requirements we will need to redesign the specification First, i order

to meet the requirements, a scheduler 1s needed to determime when a philosopher 1s
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capable of picking up the chopsticks No specific order 1s required, but to be fair all
philosophers must have had the chance to eat before any other can eat agam To

ensure that no deadlock occurs, only one philosopher can be scheduled at any given

time
Semaphore = REPEAT(‘take,give)
Schedule(0) = SKIP
Schedule(n) = (take,go(1),‘done(1), ‘give | Schedule(n-1)

1f (n>0)

Scheduler(n) = (REPEAT(Schedule(n)) | Semaphore)\{take,give}

The agent Semaphore represents the usual binary semaphore primitive, with the op-
erations take to reserve the semaphore, and give to relinquish the semaphore The
agent Schedule(n) represents a random scheduling of n objects, 1 this case, philoso-
phers  The semaphore primitives are used to ensure that only one plialosopher can
be scheduled at a time The action go(1) signals the 1th philosopher to start eat-
mg and the action ‘done(1) mdicates that the 1th philosopher 1s done The agent

Scheduler(n) represents the repeated scheduling of the n philosophers

There are two requirements that the scheduler must satisfy

1 Ounly one 1tem may be scheduled at any given time A possible path expression

that would disprove this 1s as follows

go(1), (*{done(1)})*10,g0(3)

This expression states that there exists a process execution path that contains
two go() actions with no done() action between them The length of the
process execution path 1s at most 10 If an execution path greater than 10 1s

suspected to contain such a pattern, the number may be mcreased
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2 No item may be scheduled more often than the other items (fairness) There
1s 10 single simple general path expression that can be used to disprove this

requirement However, a collection of expressions of the form,

go(1),(1{go(0)})*10,go(1)

go(1), ('{go(1-1)})*10,go (1)
go(1), ('{go(1+1)})*10,go (1)

go(1), ('{go(n)})*10,go(1)

for all values of 1, will disprove 1t If any single path expression represents a

valid process execution path, then the requirement 1s not met

The plilosopher must be modified such that he waits to be scheduled before picking
up the chopsticks, and such that he must signal completion once the chopsticks have
been picked up In addition, the silent action tau, used to represent eating, will be
replaced with the action eat(1) m order to observe when a particular philosopher

has eaten

Phil(1,n) = ‘go(1),
(‘up(1) | ‘up(a+1 mod n)),
done(1),
eat(1),
(‘down(1) | ‘down(i+1 mod n)),

Ph1l(1,n)

Notice that by redefining the previous Ph1l(1,n) agent, the table definition Table(n)

does not require redesigning This new definition simply replaces the previous one
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The new diming philosopher can now be defined as a table of n philosophers and a

scheduler of n objects
DiningPhils2(n) = (Table(n) | Scheduler(n) )\{go,done}

Although this example 1s quite simplistic, 1t demonstrates how design flaws can be

found and how desired properties can be verified

4.2 Mobile Robots

The example m this section 1s taken from [JF93] The 1dea s to design an autonomons

robot that can manoeuvre on 1ts own The robot 1s composed of the following devices

e a front and back bumper,

two 1infrared sensors

two photo-cells and

two motors

A schematic diagram of the robot 1s given 1 Figure 4 2

The design mcorporates the subsumption architecture The main 1dea 1s that there
are no exphcit geometric representations of the world from which the robot plaus
1ts actions Instead, there are a number of control loops for each action or behavior
Each behavior 1s ranked 1n conjunction with other behaviors When two contradictory
behaviors are triggered at the same time, the higher ranked one suppresses the lower
one When the higher ranked behaviors are no longer activated, the lower ranking

behaviors may resume control
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Bottom View Top View

Photocell
o otocells

O
Front
Bumpers Infrared
Sensors
Motors Back Bumper

Figure 4 2 Schematic Diagram of Robot

We will consider a robot with four behaviors

1 crwse To constantly force the robot i the forward direction

2 follow To monitor the two photo-cells and follows the direction of brighter

mtensity

3 avord Based on the mfrared sensor imformation, to avoid contact with any

obstacles

4 escape If the infrared sensors fail and the robot bumps mto to object, to

activate the escape behavior

From lowest to highest, the behaviors are ranked as follows cruise, follow, avoud,
and escape The mteractions of the behaviors are depicted 1 Figure 4 3, where the
rounded boxes represent the physical sensors and control drivers, the square boxes
represent the actual behaviors, and the cireles represent the suppressor node where

the top behavior suppresses the lower behaviors

Each behavior will be described 1n detail below
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Bumpers Escape
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IR Sensors Avoid
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Photocells Follow
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Figure 4 3 Robot Subsumption Architecture

Cruise The cruise behavior 1s straightforward, 1ts purpose 1s to ensure that the
robot 1s always moving The command sequence 1s 1ssue a forward command, do
some mternal computation (1e possibly delay for some time), and repeat The

definition 1s as follows

Cruise = ‘cruise_cmd(’forward’),tau,Cruise

Follow The follow behavior monitors the two photo-cells, one of which 1s at the
front left corner, the other at the front nght corner When follow detects a difference
between the two intensities which 1s greater than a given amount, 1t will 1ssue a
command to follow the more ntense light If there 1s no discernible difference

mtensity, follow will do nothing A description of the behavior 1s as follows

Follow = photo_detect(val),F(val),tau,Follow
F(’photo_none’) = ‘follow_cmd(’nothing’)

‘follow_cmd(’left_turn’)

F(’photo_left’)

F(’photo_right’) ‘follow_cmd(’right_turn’)
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Follow represents the agent that follows the path of greatest illumimation, given
that one photo-cell’s intensity exceeds the other’s The action photo_detect(val)
represents the difference between the two photo-cells val 1s either ’photo_right’,
’photo_left’, or ’photo_none’. mdicating that either the right 1s more tense,
left 15 more ntense, or both have similar mtensities The agent F(x) 1ssues the
appropriate comimand based on the mtensity difference x  If the right 1s more intense
(’photo_right’) then turn right, similarly, if the left 1s more mntense (’photo_left’)

then turn left If neither 1s the case, do nothing

Avoid  Avoud handles the detection of obstacles from the infrared sensors If the
left. sensor senses an obstacle, 1t will turn the robot to the right, 1f the right sensor
senses an obstacle 1t will turn the robot to the left Furthermore, the amount the
robot turns 1s not significant, 1t tries to move the robot m an arc If both sensors
detect an obstacle 1t arbitrarily chooses to turn left A description of this behavior 1s

as follows

Avoid =ir_detect(val),A(val),tau,Avoid

A(’both_1r’) ‘avoid_cmd(’left_turn’)

AC’left_1r’) = ‘avoid_cmd(’left_arc?’)

A(’right_ir’) ‘avoid_cmd(’right_arc’)

A(’none_1r’) = ‘avoid_cmd(’nothing’)

Avoid denotes the avoid behavior It reads the mnfrared sensors (1r_detect(val)).
1ssues an appropriate command (A(val) ), performs some nternal computation (tau)
such as a possible delay, and then repeats The value received from the sensors 1s
assumed to be a string indicating which sensor(s) detected an object The agent A(x)

actually 1ssues the commands
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Escape If the mfrared sensors fail to detect an obstacle and the robot runs to
them, the bumpers will activate the escape behavior Its main goal 1s to move the
robot away from any obstacles As previously mentioned, the escape commands are
of lnghest priority If both the left and nght sides of the front bumper make contact,
1t will back up the robot and arbitrarnly turn 1t to the left If only the left front
corner makes contact 1t will turn the robot right If only the right front corner makes
contact 1t will turn the robot left Finally, 1f the back bumper makes contact 1t will

command the robot to move forward This behavior 1s described as follows

Escape = bump(val),E(val),tau,Escape
E(’bump_1r’) = ‘escape_cmd(’backward’),tau,

‘escape_cmd(’left_turn’)

E(’bump_1’) = ‘escape_cmd(’right_turn’)
E(’bump_r’) = ‘escape_cmd(’left_turn’)
E(’bump_b’) = ‘escape_cmd(’left_turn’)

E(’bump_none’) = ‘escape_cmd(’nothing’)

The agent Escape 1s similar to the other behaviors, 1t requests the status of the
bumpers (bump(val)), handles the type of bumper contact appropriately (E(val)),
does some mternal activity (tau), then repeats the whole process Notice that
the case where both the left and right sides of the front bumper make contact
(EC’bump-1r’)), two commands are 1ssued with a possible delay or some other activ-

1ty 1n between

Arbitrator Now that we have all the behaviors defined we need to design the sub-
sumption, or the suppressor nodes of the system One method 1s to design a global
arbitrator that will handle the prionity of the commands appropriately In this case,

its functionality 1s quite sumple If Escape 1ssues a valid command, pass on that com-
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mand, discarding the others If Escape 1ssues a null command ‘escape_command(’nothing’),
and Avoaid 1ssues a valid command, then pass Avoid’s message on to the motor Sim-
ilarly, the commands from Follow are passed on only 1f Escape and Avoid 1ssue the
null command, and the commands from Cruise are passed on to the motor only 1f
the other three behaviors issue a null command A description of the arbitrator 1s

given as follows

Arbitrate = Arb(’nothing’,’nothing’,’nothing’, ’nothing’)

Arb(c,f,a,e) = cruise_cmd(cl),Arb(cl,f,a,e)
Arb(c,f,a,e) = follow_cmd(f1),Arb(c,fl,a,e)
Arb(c,f,a,e) = avoid_cmd(al),Arb(c,f,al,e)
Arb(c,f,a,e) = escape_cmd(el),Arb(c,f,a,el)
Arb(c,f,a,e) = (‘motor_cmd(e),Arb(c,f,a,e)) 1f (e <> ’nothing’)

Arb(c,f,a,’nothing’) = (‘motor_cmd(a),Arb(c,f,a,’nothing’))
1f (a '= ’nothing’)
Arb(c,f,’nothing’,’nothing’) =
(‘motor_cmd(f),Arb(c,f, ’nothing’, ’nothing’)) 1f (f <> ’nothing’)
Arb(c,’nothing’, ’nothing’, ’nothing’) =

‘motor_cmd(c) ,Arb(c, ’nothing’, nothing’, nothing’)

The agent Arb(c,f,a,e) represents the current state of the arbitrator, where the
parameters c, £, a, and e are the last commands 1ssued by the behaviors Cruise,
Follow, Avoid and Escape, respectively The first four definitions handle the mputs
from the behaviors, and the last four handle the outputs to the motors Arbitrate
15 the agent that denotes the actual arbitrator, starting in the mtial state, where
all behaviors have a null command (’nothing’) Notice that the commands lLinger
until another command 1s 1ssued to clear or change the command Consequently, each

behavior must 1ssue a command even 1f 1t has nothing useful to do
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Controller System The controller portion of the system may be defined as a

collection of processes all running independently

Controller = (Arbitrate | Avoid | Escape | Follow | Cruise)

\{escape_cmd, cruise_cmd,avoid_cmd,follow_cmd}

The only visible action of the agent Controller 1s ‘motor_command ()

Environment The environment 1s assumed to consist of

e a photo-cell system that indicates which photo-cell 1s more mtense through the

output action ‘photo_detect(val),

e a bumper system that imndicates which bumper made contact, 1f any, through

the output action ‘bump(b),

e an wmfrared system that indicates which nfrared sensor detected an obstacle

through the output action ‘detect_ir(val), and

e a motor controller system that takes as mput a command to move m a certan

direction though the imput action motor_command ()

We will present a very abstract description of the environment entities to show how

a complete system may be described

Bumper The bumperentity produces the output action ‘bump() used by the Avoid
p P VP I P )

agent There are five possible outputs

e ’bump_lr’ — both the left and right sensors of the front bumper detect contact.
P g I

e ’bump_1’ — only the left sensor of the front bumper detected contact,
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e ’bump_r’ — only the night sensor of the front bumper detected contact,
e ’bump_b’ — only the back bumper detected contact, and
e ’bump_none’ — no contact was detected by any bumper

An abstract description of the bumper entity 1s given as follows

Bumpers = REPEAT((‘bump(’bump_lr’) + ‘bump(’bump_1’) +
‘bump(’bump_r’ + ‘bump(’bump_b’) +

‘bump (’bump_none’),tau )

Infrared sensors  The infrared sensing system produces the output action ‘detect_ir()

with four possible parameter values

e ’both_1r’ — both of the infrared sensors are blocked,

o ’left_i1r’ — only the left of the infrared sensors 1s blocked,

e ’right_1r’ — only the right of the mfrared sensors 1s blocked, and
e ’none_1r’ — neither of the infrared sensors are blocked

An abstract description 1s given as follows

Infrared = REPEAT((‘detect_ir(’both_ir’) + ‘detect_ir(’left_ir’) +
‘detect_ir(’right_ir’) + ‘detect_ir(’none_ir’)),

tau )

Photo-cells  The photo-cell system produces the output action ‘photo_detect()

with three possible parameter values
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e ’photo_none’ — the tensities of both photo-cells are similar,
e ’photo_left’ — the left photo-cell 1s more mtense than the right, and
e ’photo_right’ — the rnight photo-cell 1s more mntense than the left

An abstract description 1s given as follows

PhotoCells = REPEAT((‘photo_detect(’photo_none’) +
‘photo_detect (’photo_left’) +

‘photo_detect (’photo_right’),tau )

Motors The motor system 1s responsible for driving the two motors m the ap-
propriate direction to achieve the desired route The abstract motor system accepts
commands from the mput action motor_command() and then sends the appropriate
command(s) to the two motors For our abstraction, the output action will repre-
sent this movement, and will be used to trace the robot’s movements The possible

commands for the motor are

e ’right_turn’ — turn the robot sharp night,

e ’right_arc’ — turn the robot n a gradual arc to the rght
e ’left_turn’ — turn the robot sharp left,

e ’left_arc’ — turn the robot in a gradual arc to the left,

e ’backward’ — move the robot backwards,

e ’forward’ — move to robot forwards and

e ’stop’ — stop the robot
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Motors = REPEAT(motor_command(c), ‘move(c))

The environment can now be specified as follows

Env = (Motors | PhotoCells | Infrared | Bumpers)

Complete system The complete robot system can be specified as the controller

composed with an environment

RobotSystem = (Controller | Env)\{motor_command, ,photo_detect,

detect_ir, bump}

The only observable action of the complete system 1s the output action ‘move()
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Chapter 5

Implementation

In this chapter, we describe a Prolog implementation of the ACS language, CPE path
expressions, and the simulation definitions introduced 1 this thesis The reasons for

choosing Prolog are

1 The nondetermimism and backtracking capabilities of Prolog allow the semantics

of ACS and CPE to be directly translated into Prolog

2 A major characteristic of Prolog programming 1s that 1t allows the programmer
to concentrate on specifying what the problem 1s, rather than how to solve 1t
The nondetermimstic nature of the operational semantics would make the use

of an 1mperative programming language very tedious

5.1 Optimizations

The operational semantics defined 1n Chapter 2 are inherently mefficient The main

area of mefficiency 1s 1 the restriction formula The recursive nature of the semantics
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would cause a large amount of backtracking until a transition 1s found that 1s not 1n

the restriction set For example, the expression
P = (Cal ‘a)\{a}

might lead to trymg the following transition sequences

a -5 (SKIP, () a—a> (SKIP, )
I al ‘a = (SKIP| ‘a, ) 5 al‘a —> (alSKIP, )
(al “a)\{a} /= (al “‘a)\{a} 7La)

a — (SKIP.{)) ‘a . (SKIP, )
al‘a “Y¥ (SKIP|SKIP, ()
(al ‘a)\{a} ¥ ((SKIP|SKIP)\{a},0)

Notice that the first two sequences both have two extra levels of recursion that are
unnecessary An optimization to the operational semantics 1s to carry a restriction
set such that at the base cases (1e actions), the transition 1s prohibited if 1t 1s 1
the restriction set However, i domng so, the relabeling mformation 1s required as
well The new operational semantics 1s based on an environment, together with the

ongial transition relation The expression
(A, Q) P — (P'.9)

means given the environment (A, ®), where A 1s the restriction set and ® 1s the
relabeling function, and process expression P, the transition P — (P', ) 1s possible

Referring to the previous example, the complete mitial transition sequence would he
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as follows

({a}, Id) F a /A ({a}. 1) F ‘a 7’—>
) ({a},[d)l—al‘a/a—> 5 ({a},[d)l—al‘a7i>
0, Id) F (al ‘a)\{a} /— (0. 1d) - (a] “a)\{a} 72,

(0, Id) - a == (SKIP,0) (§,Id) F ‘a 5 (SKIP,0)
({a}, Id) - al ‘a %23 (SKIP|SKIP, )
(0, Id) + (al “a)\{a} 22% ((SKIP|SKIP)\{a},0)

Notice that failures i the first two sequences occur at the bottom level rather than

at the mvocation of the restriction rule

Relatig this to the operational semantics in Chapter 2, we have the following rela-

tionship

P == (P,0) off (B, Id) F P -2 (P, 9),

where Id 1s the wdentity function The complete optimized operational semantics are
given m Figure 51

The actual restriction and renaming 1s done 1 the In and Out rules The restriction
rule (Res) adds to the restriction set The relabeling rule (Ren) applies the mverse
function (f~') to the restriction set, since the set applies to the renamed labels, and
uses the composition of functions (f o @) as the relabeling function Function compo-
sition fo® means the usual ®(f(e)) Furthermore, the communication rule (Com3)
does not require any environment for 1ts condition transitions, since a communication

(tau) 1s not affected by a relabeling or restriction combinator

The translation from the semantic rules to actual Prolog implementation 1s given m

the next section
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£ ®(a(7) ag A, [é0] =7
(A, ®) I a(é) "= (SKIP,8)

Out ‘q)( @) ((1) g A‘ [[('-"0]] — F
(A, ®)F ‘a(d) == (SKIP,H)

Tau

(A, ®) F tau 228 (SKIP, 0)

(A, ®)F P =5 (P'.6) Seqz B FQ = (Q.0)

el (A F P,Q = (P,0.0) (A, ®FP,Q % (Q.6)

P

(A, @) F P % (P'.9)
(A, B) F P+Q = (P, 6)

Sum

(A,9) F P -2 (P.6)
(A, ®) F P 1f be = (P,

be| =
If 7 [be] = true

(f7YA),fo®)FP -5 (P6) (AUL,®)FP -5 (P.9)

Ren X O F Pef 5 (P#f.8) °° TA.0)F PNL S (PAL.6)
bl (AF% ?pﬁgi EZ,I(ZQ),H) Com? (Sé()pﬁp?czi—‘i;%%) s
Coma (0:1d)+ IZA‘_.f; }(—PIE (lz)()2 g 1211)3 l—l gag)‘-& (Q'.6)

Defn1 <<jlp(§>|~k.§fql)i({;,ea>) Al&) =P, [6] =7, [&0] =7
Defnz AMDEPH = (PO o5 - p [a] =7, [36] = 7

(A, @) F O(py) — (P, 9)

Figure 51 Efficient Operational Semantics for ACS
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5.2 System Description

5.2.1 Expression Parsing

All syntactic expressions, whether ACS, CPE, or value expressions, are parsed mto

either unary or biary terms of the form
op(oper,term) or op(oper,terml,term2)

For example, the expression a(x), ((‘b 1f x < 0)) + c¢) would translate mto the

following nested Prolog term

op(’,’,func(l1d(’a’),1, [X]),
op(’+7?,op(1f,op(’“’,12d(’'b?)),op(’<?,X,num(0)),11d(’c’)))

The term func(lid(’a’),1,[X]) 1s used to express parameterized actions, where
X 18 a Prolog variable the first parameter of func() 1s the action label, the second
the arty, and the third 1s a lhist of the formal parameter expressions, 1 this case,
simply a variable Notice that even the output action idicator (¢) 1s treated as a
unary operator Agent and operator definitions are stored as Prolog defn/3 clauses,
where the first parameter 1s the agent 1dentifier, the second 1s the actual expression
and the third parameter 1s a list of all the variable names associated to actual Prolog

variables For example, the agent definition
P(x) = a(x),SKIP
18 stored as the Prolog clause

defn(func(uid(’P’),1, [X]),
op(?,’,func(l1d(’a’),1,[X]), ’SKIP’), [x=X])
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Parameterized agents and user-defined operators are defined similarly as parameter-

17zed actions

5.2.2 Implementation of ACS Operational Semantics

The operational semantics of the ACS process algebra translate directly into Prolog

terms The operational semantic expression
e
(A, @) F P -2 (P'.6)

1s translated mto the Prolog relation
trans(P, Res, Ren, A, Q1),

where Res = A Ren = & A = o, and Q1 = P'# The translation from the for-
mal optimized operational semantics of ACS to Prolog clauses 1s described m detail,
avording giving low level implementation details All the source code for the given

mmplementation 1s presented mm Appendix C

In The mput action semantic rule

— ag A, [#] =7
(A, ) F a(@) "5 (sK1P, )

15 translated mto the following clause

trans( A, Res, Ren, B, ’SKIP’) -
input_action(A),
I, 1s_not_in(A, Res),
eval(A,Al),

renaming (A1, Ren, B)
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The i1nput_action(A) relation holds 1if A 1s an mput action, and the 1s_not_in(A,
Res) relation ensures that A 1s not 1 the restriction set Res and corresponds to the
expression a € A of the above semantic rule The cut (!) after the the 1nput_action
relation ensures that no other trans/5 clause 1s evaluated The relation eval (A,A1)
performs the value expression semantic defined mm Appendix A and corresponds to
the expression [é9] = ¢ For simphaity, the evaluation 1s apphed to any process
expression  Finally, renaming(A1, Ren, B) renames the action Al to B using the

relabeling function Ren

Out The Out semantic rule

¢ v
(A, @) F ‘a(e)

1s translated mto the following clause

trans( op(’‘’,A), Res, Ren, op(’‘’,B), ’SKIP’) -
|, 1nput_action(A),
1s_not_in(A, Res),
eval(A,Al),

renaming(Al, Ren, B)

An output action 1s expressed as a binary operator term, where the output action

mdicator (¢) 1s the binary operator and the mput action 1s the operand

Tau The Tau semantic rule

(A, @) F tau 228 (SKIP, 0)

1s translated mto the following clause
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trans( tau, _, _, tau, ’SKIP’) - !

If The If semantic rule

(A, @) F P % (P,6)
(A, @) F P 1f be — (P,

) [be] = true

1s translated nto the following clause

trans( op( 1f, P, Preds), Res, Ren, A, P1) -
I, eval(Preds, bool(true) ),

trans( P, Res, Ren, A, P1)

The predicate eval (Preds, bool(true)) corresponds to the expression [be] = true

Seql The Seql semantic rule

(A, ®)F P - (P 6)
(A, FP,Q % (P,Q.0)

15 translated mnto the following clause
trans( op(’,’,P,Q), Res, Ren, A, V) -
trans(P, Res, Ren, A, P1),
combine(op(’,?,P1,Q),V)
The predicate combine/2 removes any unnecessary SKIP process expressions For
example, the expression SKIP,a would be reduced to the expression a This simplifies

an expression to 1ts minimal form

Seq2 The Seq2 semantic rule

(A,
(A, @
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18 translated mto the following clause

trans( op(’,’,P,Q), Res, Ren, A, Q1 ) -
I, terminates(P),

trans(Q, Res, Ren, A, Q1)

The predicate terminates(P) 1s an implementation of the termination predicate and

corresponds to the expression P

Sum The Sum semantic rule

(A, ®)FP = (P60
(A,9) F P+Q = (P',6)

1s translated mto the following two symmetric clauses

trans( op(’+’,P,_), Res, Ren, A, P1) -
trans(P, Res, Ren, A, P1)

trans( op(’+’,_,Q), Res, Ren, A, Q1) -
I, trans(Q, Res, Ren, A, Q1)

Note that the ordering of these clauses 1s important Only the last clause must have

the cut (') smece both rules apply to the same combinator expression

Coml The Coml semantic rule

(A, @) F P2 (P,6)
(A, @) F P1Q - (P'1Q.0)

1s translated mnto the following two symmetric clauses

trans( op(’|’,P,Q), Res, Ren, A, V) -
trans(P, Res, Ren, A, P1),
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combine(op(’|’,P1,Q),V)

trans( op(’|’,P,Q), Res, Ren, A, V) -
trans(Q, Res, Ren, A, Q1),
combine(op(’|’,P,Q1),V)

Com3 The Com3 semantic rule

O.1d) - P 9 (P g). (0. 1d) - Q8 T (. 6)
B0 FPIQ D (P1Q.0)

1s translated mto the following two symmetric clauses

trans( op(’|’,P,Q), _, _, tau(d), V) -
trans(P, [I, [I, op(’*’,A), P1),
trans(Q, [1, [1, A, Q1),
combine(op(’|’,P1,Q1),V)

trans( op(’|’,P,Q), _, _, tau(A), V) -
trans( Q, [1, [0, op(’“’,A), Q1),
trans( P, [], []1, A, P1),
combine(op(’|’,P1,Q1),V)

The first clause handles the case where the first expression of the parallel expression
performs the output action, the last clause handles the case where the second expres-
sion performs the output action In order to trace the actions that are communicating,

the action 1s added as a parameter to the silent action tau

Com2 The Com?2 semantic rule

(A, 9)FQ — (@.6)
(A, @) FPIQ % (Q,9)

P
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15 translated mto the following two symmetric clauses

trans( op(’|’,P,Q), Res, Ren, A, Q1 ) -
terminates(P),
trans(Q, Res, Ren, A, Q1)

trans( op(’|’,P,Q), Res, Ren, A, P1 ) -
I, terminates(Q),

trans(P, Res, Ren, A, P1)

Ren The Ren semantic rule

(f71(A),fo®)F P = (P,6)
(A, @) - P#f = (P'#f.6)

1s translated 1mto the following clause

trans( op(’#’,P,F), Res, Ren, A, V) -
I, f_inverse(Res, F, NewRes),
fcn_compose(F,Ren,NewRen) ,
I, trans( P, NewRes, NewRen, A, P1),
combine(op(’#’,P1,F),V)

The f_inverse(Res, F, NewRes) relation computes the functional mverse of the
restriction set Res, and corresponds to the expression f~'(A) m the above semantic
rule fcn_compose(F, Ren, NewRen) computes the functional composition of F and

Ren, and corresponds to fo ®

Res The Res semantic rule

(AUL,®)F P -2 (P'.6)
(A, @) F P\L = (P\L.9)
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15 translated mto the following clause

trans( op(’\’,P,L), Res, Ren, A, V) -
I, union(Res,L,NewRes),
I, trans(P, NewRes, Ren, A, P1),

combine(op(’\’,P1,L),V)

The relation union(Res, L, NewRes) 1s the usual set union

Defnl and Defn2 The semantic rules for agent definitions (Defnl) and operator
definitions (Defn2) are treated the same, so only one clause 1s required These two
semantic rules

(A, ®) - P8, - (P'.6)
(A, ) F A(6]) - (P'.6)

A&) =P, [6] =7, [&6:] =17

(A, ®) F PO - (P'.6)
(A, @) F O(pi) — (P',0)

o) =P, [l =7 5] =7,

both translate into the following single clause

trans(P, Res, Ren, A, P1) -
eval(P, P2),
defn(P2, R, _),
trans(R, Res, Ren, A, P1)

As before, the clause eval (P,P2) corresponds to the expressions [61] = Tand [pi] = 7
of the above semantic rules, with the exception that eval/2 accepts process expres-
sions rather than just value expressions The defn(P2, R, _) predicate call does
two things 1t produces the substitution 6, by Prolog’s mstantiation properties, and
1t recalls an appropriate agent or operator defimition Note that this clause handles

the case where a certain agent (operator) identifier has multiple definitions
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The relationship of the new semantics to the semantics described in Chapter 2,
P =5 (P ,0)ff (0, 1d) - P — (P,6)

translates directly mto the trans/3 relation

trans(P, A, P1) - trans(P, [1, [], A, P1)

5.2.3 CPE Semantics

The implementation of the path expression semantics 1s straightforward, and similar
to the ACS semantics The path_term(S) relation denotes the path termination pred-
1cate, term(S) The path deadlock predicate 1s denoted by the relation path_dead(S)

The path transition rule

54 8

1s implemented as the relation path_step(S, A, S1) (See Appendix C for the 1m-

plementation details )

5.2.4 Simulation

The last implementation detail to be discussed 1s the simulation of process expressions
with path expressions The six cases given 1 Definition 12 of Chapter 3 can be

grouped 1mto three categories

1 successful termination,
2 unsuccessful termination (deadlock), and

3 simgle action step
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The (strong) stmulation P F* S 1s implemented as the relation strong_simulate(P,
S, Path, P1) where Path represents the execution path of P that satisfies the path
expression S, and P1 1s the residual process expression of P after completion of the

execution path Path

Successful termination The implementation of the first case 1s straightforward
If the path terminates, then any process expression satisfies the path expression by

not performing any action, and the simulation 1s complete

strong_simulate(P, S, [1, P) -

path_term(S)

Unsuccessful termination In the second case, if the path expression deadlocks
and the process expression cannot perform any action, then the relation holds and

the sumulation 1s complete

strong_simulate(P, S, [], P) -
no_path_step(S),

\+ trans(P, _, _)

Single action step  The four cases of single action steps of the defimtion of simu-

lation can be captured by the following single clause

strong_simulate(P, S, [A|As], P2) -
path_step(S, A, S1),

trans(P, A, P1),

instantiate(4),

strong_simulate(P1, S1, As, P2)
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The first two calls ensure that whatever action the path expression may perform, a
matching transition for the process expression exists The instantiate(A) relation
prompts for the appropriate user mteraction to mstantiate any unknown variables,
whether action or parameter variables The last call 1s the recursive call to complete

the sumulation of the path expression

The mmplementation of the weak simulation 1s similar and 1s given i detail mm Ap-

pendix C
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Chapter 6

Concluding Remarks

6.1 Contributions

Process algebra 1s one of the formalisms used to analyze and venify the designs of sys-
tems, particularly concurrent systems Unfortunately, although theoretically sound,
complex design specifications in current process algebraic formalisms are not straight-

formard The simphaeity of the syntax often complicates the specaifications of designs
In this thesis, a design specification language, ACS, has been introduced It mcorpo-
rates the desirable features of Milner’s value passing CCS [M1l89] and Bergstra and
Klops's ACP [BK85] In addition, less restrictions are enforced to allow more concise
specifications of complex systems The language addresses four main 1ssues

1 better variable scoping and binding,

2 full pattern matching of action and agent 1dentifier parameters,

3 sequential composition of processes, and
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4 the addition of user-definable operators

A formal operational semantics 1s defined for this language

Next, a concurrent path expression language, CPE, has been mtroduced to auto-
mate the debugging and simulation of ACS design specifications The language 1s
quite similar to data path expressions presented m [HK90] CPE expressions allow
for verification of properties such as deadlock, eventuality, and fairness i a concise

notation

Fmally, ACS and CPE have been implemented 1 a tool for automated simulation
and debugging of designs The tool 1s an mteractive interpreter that allows the user
to simulate ACS designs against CPE specifications and step through the execution
paths of ACS designs The tool 1s a step towards a prototyping environment with the

addition of other verification techmques

6.2 Future Work

Although the results obtained 1n this thesis are encouraging, there are many mterest-
mg additions to our work that should be further mmvestigated The most important 1s
the notion of symbolic mterpretations with respect to simulation and other notions

of verification

An mportant aspect of producing formal specifications 1s the possibility of analysis
and venfication of the design  One form of verification 1s proving two designs are
equivalent Equivalence 1s an often-used criterion for a correct refinement of a specifi-
cation There are a variety of notions of equivalences, some of which are summarized

and compared m [vG90, vG93] Amongst these, the most promment one 1s busin-
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ulation equwalence ! For fimite state specifications, the check for bisumulation can
be done automatically Unfortunately, once data 1s mtroduced, a specification may
not be fimte state since the data may have infinitely many values (or unmanageably
many) A symbolic interpretation of ACS 1s required to reduce the number of transi-
tions However, the symbolic semantics require not only an action as the transition
but also a boolean predicate that must hold for that transition to be possible For

¢xample, consider the expression
P(x) = (‘a(x) 1f x>= 0) + (‘b(x) 1f x<0)

which outputs nonnegative numbers on the a channel and negative numbers on the b

‘a(x) ‘bix)
channel In symbolic interpretations, the transitions, P(x) —> SKIP and P(x) —
SKIP are possible However, this 1s not true for all x, n fact, for any given number,

only one transition 1s possible Consequently, a way of describing this 1s

‘a(x),x>=0

P(x) “F5 T SKIP

“b(x),
Px) "23<°skip,

meaning that P(x) can perform the transition ‘a(x) provided that the predicate x>=0

holds

Some work m the area of symbolic interpretations has already been done for other
process algebras i [JP89].[Sch92], and [HL92] These, however, are limited by their
extension to pure precess algebras, especially mn the area of variable scoping and
binding, and pattern-matching An extension of these concepts provides exciting

possibilities for further research

'In Appendix B we introduce the bisimulation equuvalence for ACS
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Appendix A

Value Expressions

This appendix formally describes the syntax and semantics of the value expressions

used m ACS

A.1 Syntax

Let D denote the basic data values, which mmclude numbers, booleans, constants (op-
tionally parameterized with elements in D) and lists of elements in D v ranges over

D Formally, D 1s defined as follows

Defimition 15 Let n, b, and ¢ denote numbers, booleans, and constants, respectively

Then D 1s the set generated by the following grammar where vy, ,v, € D
v = nlblc|elvi, vl | [, ,va)
a

Value expressions nclude binary and unary operator expressions (usual arithmetic,

boolean and relational expressions, as well as list membership, concatenation and
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subtraction), hists of value expressions, and parameterized constants

Definition 16 Let V be the set of data variables denoted by x Let v range over

D The set £ of value expressions with typical element e 1s the set generated by the

following grammar, where e, e, € €

()
be

ae

op
bop
rop

lop

be | ae | le | cler, ,ey)

not be

r | true | false | ae rop ae | be bop be e1=ey | e1<>ey
x| n|aeopae

x|ler, Len]|[er, ,en|le] | ersinle|le; lop le,

+| -] x| mod
and | or
>|<|>=]=<
e | o

A.2 Data Evaluation

The semantics for most of the value expressions 1s the standard meaning Informally,

1 the boolean operators and, or, and not take boolean operands and return the

usual boolean result.

2 the arnthmetic operators +, -, *, and mod take integer operands and return the

usual mteger result,

3 the relational operators >=, =<, <, and > are defined for only mteger operands,

and return the usual boolean comparison result,



APPENDIX A VALUE EXPRESSIONS

~J

Ut

4 the (mm)equality operator =(<>) 1s defined on all similar operand types, and

returns the usual boolean result,

5 1sin 1s the typical membership function that returns a boolean result, true
if the first operand 1s i the list represented by the second operand, false

otherwise

6 the lList operators ++ and -- are the normal list concatenation and hist subtrac-

tion, respectively, with the result being a hist

The formal evaluation semantics are given by the evaluation function, as described
m Figure A 1, where Ap(o, vy, vs) 18 the result of applying the binary operator o to
the two operands vy and vy Similarly, Ap(o,v) 1s the result of applying the unary
operator o to the operand v The evaluation function [ ] 1s strict, i the sense that 1f

any operand 1s undefined, the whole result 1s undefined
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n]=n [false] = false [true] = true

l[()l]] = vy, ) I[()n.]l = Up II(')I]] =1, ) H(?n]] = Uy

|I(‘(Cl ) ) ()n) = C(”l ) ) "‘n) |[ €1, ) ()u]]] = I.I"l 3 ) Un]

[(’]]] =Y, L II()”_l]] = Z’H—I*IUC]] = [l!na 5 l'ﬂl] ; ¢ e
I[[(}]' '(‘)”—1|1(')]]| == [Ul* y Un—1, Un, s Um . Z 2’ = 2 o

[ae1] = ny, [aes] = no [ae ] = ny, [aes] = no
[aey op aes] = Ap(op, ny, no) [aey rop aes] = Ap(rop, ny, ns)

[bei] = by, [bea] = b, [be] = b
[ae) bop aes] = Ap(bop,ny,ns)  [not be] = Ap(not,b)

|I(’]]] =, I[C'Z]I = Uy _
I[m 0 (,).2]] = Ap(o, vy, 19) o€ {<>,=}

lei] =[vi, o], [leo] =[tns s vm] o
|[l(?1++[(')2]| = [I"]ﬂ y Un—1,Un, s Um > 1‘ m 2 L

I[[C’]]] = [l'l, ,’U”_l], [[](’Q]I = me 3 'l"m] v |
lier—-lea] = [v1, s vna] \ [tns - s Um n>1mzn

[e] = v, [le] =[v, v

[e 1sanle] = Ap(asin,v,[v;, ,v,))

Figure A1 Evaluation Semantics
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Appendix B

Bisimulation Equivalence

Although not directly related to this thesis, a (concrete) bisimulation equivalence
1s provided It has the disadvantage that for value-passing process algebras where
values may have mfimte domains, the equivalence checking imvolves the comparisons

of immfinite transitions

Definition 17 A bmary relation S C P x P 1s a (strong) bissmulationif (P,Q) € S

then

1 Pl if and only if Q)
2 Va € Act
o if P55 P4 then 3Q, 6, Q = Q', 805, and (P'8,,Q'8,) € S, and

e 1f Q = Q.6 then I P, 6, P— P’ and (P8},Q'8,) € S

For (P,Q) € S, we write P ~ @) O

An alternative weaker equivalence 1s to determine 1if two processes are equivalent only

up to a maximum of n steps This 1s referred to as n-bisimulation equivalence
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Definition 18 A set of bimary relations S" = {S,[S,CP xP,0<1<n} 15 a

(strong) n-bissmulation 1f
1 (P,Q)e Sy forall PQ e P,
2 1f (P,Q) € S, implies
o P| 1f and only 1if Q.

e for all a« € Act

—1f P P60, then 3 Q' 6,, Q % Q'.0,, and (P'6,,Q'0,) € S,_,.

and

- 1fQ = Q.6 then I P, 6;, P -5 P'.4,, and (P'0,,Q'05) € S,,_;

For (P, Q) € S*, we write P ~,, ) ]

Now bisimulation equivalence ~ can be defined as N,cy ~, It 15 easy to see that
~pDvy D and 1f ~,=~,; then ~,=~ There will always be such an n 1 the

finite state case simce there are only finitely many equivalence relations
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Appendix C

Source Code

% Module 1ts

% Written by Philip J Wiebe (February 1993)
% Modified by Philip J Wiebe (August 1993)
% Modified by Philip J Wiebe (October 1993)

% Description
yA This module 1s an implemenation of the Labelled Transition
% System for the process alebra language, Algebra of Concurrent

h Systems (ACS)

trans( P, A, P1 ) -
trans(P, [1, [0, &, PL

Tl Tl oo To T o o Toh o o 1o T T o o T o o o Fo T o T o oo o oo o oo o o T o o oo o o o oo 1 o o o o o oo o T oo o
% New and improved labelled transition system h

Tl Tl T o o o oo o o o T o o o o T o oo o P o oo o oo o o T o o T T T s o T T oo o T T T o o o T T e

/A
% Written by Philip J Wiebe (November 1993)
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trans(

trans(

trans (

trans(

trans(

trans(

trans (

trans(

trans(

trans(

trans(

op( 1f, P, Preds), Res, Ren, A, P1)

|
’

eval (Preds, bool(true) ),
trans( P, Res, Ren, A, P1)

op(’,”,P,Q), Res, Ren, A, V)
trans(P, Res, Ren, A, P1),
combine (op(’,’,P1,Q),V)

op(’,”,P,Q), Res, Ren, A, Q1 ) -
]

bl

terminates(P),
trans(Q, Res, Ren, A, Q1)

op(’+’,P,_), Res, Ren, A, P1)
trans(P, Res, Ren, A, P1)

op(’+’,_,Q), Res, Ren, A, Q1)
]

b

trans(Q, Res, Ren, A, Q1)

op(’|’,P,Q), Res, Ren, A, V)
trans(P, Res, Ren, A, P1),
combine(op(’|’,P1,Q),V)

op(’1’,P,Q), Res, Ren, A, V)
trans(Q, Res, Ren, A, Q1),
combine (op(’|’,P,Q1),V)

opC’1?,P,Q), _, _, tau(d), V) -
trans(P, [1, [J, op(’~’,A), P1),
trans(Q, [1, (1, 4, Q1),

combine (op(’|’,P1,Q1),V)
opCr 17, P, @)y s ~» tam(d), ¥ ) ==
trans( Q, [J, [J, op(’~?,A), Q1),
trans( P, [J, (1, A, P1),
combine(op(’|’,P1,Q1),V)

op(’|’,P,Q), Res, Ren, A, Q1 ) -
terminates(P),

trans(Q, Res, Ren, A, Q1)
op(’|’,P,Q), Res, Ren, A, P1 ) -
}

L

80



APPENDIX C SOURCE CODE

terminates(Q),
trans(P, Res, Ren, A, P1)

trans( op(’#’,P,F), Res, Ren, A, V) -
[}

b

f_inverse(Res, F, NewRes),

fcn_compose (F,Ren,NewRen) ,
|

trans( P, NewRes, NewRen, A, P1),
combine (op(’#’,P1,F),V)

trans( op(’\’,P,L), Res, Ren, A, V) -
]

union(Res,L,NewRes),

|
’

trans (P, NewRes, Ren, A, P1),
combine(op(’\’,P1,L),V)

trans( op(’¢’,A), Res, Ren, op(’‘’,B), ’SKIP’) -
]

input_action(A),

1s_not_in(A, Res),

eval(A,Al),

renaming (Al, Ren, B)
trans( A, Res, Ren, B, ’SKIP’) -

input_action(A),

[}

1s_not_in(A, Res),
eval(A,Al),
renaming (A1, Ren, B)

trans( tau, _, _, tau, ’SKIP’) - !

trans(P, Res, Ren, A, P1) -
eval( P, P2),
defn( P2, R, _),
trans( R, Res, Ren, A, P1)

Rl Tt ettt el st T Tt e el el A Tl Ittt o o ot o el el oo Yo e et oo e
% Utilities for labelled transition system %
Tt T Tttt et T le e et ot te b el oA LKl b R KAttt el kAT A TA A%

h
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%% terminates(+Agent)

% succeeds 1f Agent can terminate without performing an action
% 1 e may become SKIP without performing an action
terminates(A) - terminates(A,[])

terminates(’SKIP’,_) -!
terminates( op(’+’,X,_), L) - terminates(X, L)

terminates( op(’+’,_,X), L) - !, terminates(X, L)
terminates( op(’|’,X,Y), L) - !, terminates(X, L), terminates(Y,L)
terminates( op(’,’,X,Y), L) - !, terminates(X, L), terminates(Y,L)
terminates( op(’#’,X,_), L) - !, terminates(X, L)
terminates( op(’\’,X,_), L) - ', terminates(X, L)
terminates( op(1f,X,C), L) - 1, eval(C,bool(true)), terminates(X, L)
terminates( A, L ) -

eval(A,B),

\+ member(B,L),
]

b

defn(B,P,_),
terminates(P, [B|L])

%% 1nitialActions(+P,-ActionList)

y A returns the list of i1mmediate successors of the process P
A

initialActions(P,Acts) -

setof (A, X" ( trans(P,X,_), most_general_action(X,A) ), Acts),
[}

initialActions(_, []1)

%% most_general_action(+Act,-Act’)

% returns the most general action of a given action That 1is,
% all parameters have strictly variables instead of any value
h expressions

A

most_general_action(1l1d(A), 11d(A))

most_general_action(func(A,N,_), func(A,N,P) ) - length(P,N)
most_general_action(op(’‘’,A), op(’“’,MA) ) - most_general_action(A, MA)
most_general_action(Tau,tau(_)) - tau_action(Tau), !

%% successors(+Agent, -ListOfTransitions)
g/

successors(N, L) -
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setof ( pr(X,Y), trans(N, X, Y), L), !
successors(_, [1)

%/ descendant (+Agent,-Action,-Agent’,-Path)
% returns an i1mmediate descendant of Agent, including the path used
% to reach the given expression
b
descendant(P,A,Q,Path) -
descendant (P,A,Q,Path, [])

descendant(P,A,Q,[A],_) -
trans(P,A,Q)
descendant(P,A,Q, [Tau|Path] ,ProcessedAgents) -
non_member (P, ProcessedAgents),
tau_action(Tau),
trans(P,Tau,P1),
descendant (P1,A,Q,Path, [P|ProcessedAgents])

%% descendants(+P,-List)
Y/ returns a list of immediate descendants of the expression P
descendants(P, L) -

findall( pr(A,Q,Path), descendant(P,A,Q,Path), L)

%% renaming(+Action, +Function, -Action’)

% Renames Action to Action’ by the function defined by Function
% Assumes Action 1s 1in canonical form, Action’ 1s also in
7 canonical form

% This 1s deterministic

renaming (tau, _, tau) = 1
renaming(tau(A),_,tau(A)) - !
renaming (X, [1, X) = 4

renaming( func(X,N,P), Ps, func(Y,N,P) ) -

|
’

renaming(X, Ps, Y)
renaming(op(’“’,X), Ps, Y) - !,
renaming (X,Ps,Y1),
canonical_action(op(’‘’,Y1), Y)
renaming (X, [P|_], Y) - % X =/=0p(C,R)
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rename(X, P, Y1),

]
’

canonical_action(Y1l, Y), !
renaming(X, [_IPs], Y) -
renaming (X, Ps, Y)

%% rename(+Action, +ForPair, -Action’)
yA Assumes that Action 1s ALWAYS a positive action
A IE that 1t will never be an output action
rename (X, op(’/’,Y,X1), Y ) -

same_action_label(X,X1),

I

rename (X, op(’/’,Y,op(’“’,X1)), op(’“?,Y) ) -
same_action_label(X,X1)

%% 1s_not_in(+X, +L)
% succeeds 1f X or op(’‘’,X) 1s a member of L
% (N B, 1t 1s deterministic

1s_not_in(_,[]) =
i1s_not_in(tau,_ ) =
1s_not_in(A, [BIX]) -

\+ same_action_label(A,B),

1s_not_in(A,X)

%% label(+Act,?Label)

h

label(func(4,_,_), A) -1
label(op(’‘’,A), B) - 1, label(A,B)
label(A, A)

%% same_action_label(?Act,?Act)

yA Normal usage 1s when both parameters are input, although

% 1t can be used to generate all actions that are considered
% to be the same Actions are the same 1f, after being

% stripped of all bars, and parameters they are unifyable

%

same_action_label( A, A )

same_action_label( A, func(A,_,_) )

same_action_label( func(A,_,_), A )

same_action_label( A, op(’‘’,B) ) - same_action_label(A,B)

84
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same_action_label( op(’‘’,A), B ) - same_action_label(A,B)

%% atomic_action(+Action)

% holds 1f Action has no parameters
yA

atomic_action( lad(_) )

atomic_action( op(’¢’,11d(_)) )

%% 1nput_action(+Action)

pA True 1f parameter 1s an input action
/A

input_action( 11d(_) ) =1
input_action( func(lid(_),_,_) ) - !

output_action( op(’‘’,Act) ) - 1input_action(Act)

tau_action( tau )
tau_action( tau(_) )

%% action(+Action)

A True 1f parameter 1s an action
%

action( Act ) - tau_action(Act), !
action( Act ) - 1input_action(Act), !
action( Act ) - output_action(Act), !

%% canonical_action( +Action, —-Action’ )

% returns the canonical form of Action

pA

canonical_action(op(’“?, op(’¢’,A)), A1) -
[}

b

canonical_action(A,Al)
canonical_action(A, A)

%% complementary(+Action,+Action’)

/A true 1f actions are complementary
complementary(op(’‘’,A),B) - \+ \+ A =B
complementary(B,op(’‘’,A)) - \+ \+ A =B

%% combine( +ACSTerm, -ACSTerm’)
%
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% Removes unnecessary ’STOP’ and ’SKIP’ from an ACS expression

b

% rules for ’STOP’

combine( op(’,’,’STOP’,_) , ’STOP’
combine( op(’#’,’STOP’,_) , ’STOP’
combine( op(’\’,’STOP’,_) , ’STOP’
combine( op(af,’STOP’,_) , ’STOP’
combine( op(’+’,’STOP’,R) , R ) -
combine( op(’+’,L,’STOP’) , L) -
% combine( op(’|’,’STOP’,R) , R ) -
% combine( op(’|’,L,’STOP’) , L) -1

N
|

% rules for ’SKIP’
combine( op(’,’,’SKIP’,R) , R) -1
combine( op(’,’,L,’SKIP’) , L) -1
combine( op(’|’,’SKIP’,R) , R ) -
combine( op(’|’,L,’SKIP’) , L ) -1
combine( op(’#’,’SKIP’,_) , ’SKIP’ )
combine( op(’\’,’SKIP’,_) , ’SKIP’ )
combine( op(1f,’SKIP’,_) , ’SKIP’ )

% rules for restriction and renaming

combine( op(’\’,op(’\’,P,L),K), op(’\’,P,LK) ) -
union(L,K,LK), !

combine( op(’#’,op(’#’,P,F1),F2), op(’#’,P,F12) ) -
fen_compose(F1,F2,F12)

% default to original
combine( X, X )

%% f_inverse(+Set, +F, -Set’ )
pA
% f_inverse(L) = { a an L | f(a) = a} union
% {bin dom(f) | a an L, £(b) = a}
%
f_inverse(L,F,NewlL) -
fi_inv(L,F,L1),
f2_inv(L,F,L2),
union(L1,L2,NewlL), !
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f1_anv([],_, 1)
f1_inv([A|As],F,Bs) -
% either input or output label may be in F

( member (op(’/’,_,A),F), member(op(’/’,_,op(’‘’,A)), F) ),
|

’

f1_inv(As,F,Bs)

f1_inv([A|As],F,[A|Bs]) -
% \+ ( member(op(’/’,_,A),F), member(op(’/’,_,op(’¢’,A)), F) ),
f1_inv(As,F,Bs)

£2_dnwl_; [1501)
£f2_inv(L, [op(’/’,A, ) |F],L1) -
1s_not_in(4,L),

|
’

f2_ainv(L,F,L1)
f2_inv(L, [op(’/’,A,B) |F],[CIL1]) -
% want the 1nput action label

(output_action(B) -> complementary(B,C),B=C),

[}
’

f2_inv(L,F,L1)

%% fcn_compose(F1, F2, F21)

% computes (£2 o f1)x = f2(f1(a))

b

fcn_compose(F1,F2,F21) - fcn_compose(F1,F2,[],F21)

fcn_compose([1,[],F21,F21) - !

%

% £f1 a-->b, f2 b-->c then f2 o f1 a-->c

"

fen_compose( [op(’/’,B,A) |F1], F2, InF21, OutF21 ) -

member( op(’/’,C,B), F2),

|
’

delete_one(F2, op(’/’,C,B), NF2),
fcn_compose(F1, NF2, [op(’/?,C,A)|InF21], OutF21)
pA
% ft a-->b, f2 b -/->_) then f2 o f1 a --> b
yA
fen_compose( [op(’/?,B,A) |F1], F2, InF21, OutF21 ) -
1

bl

fcn_compose(F1, F2, [op(’/’,B,A)|InF21], OutF21)
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%
% £f2 a-->b, but f2 o fi
%

a-->c already, so drop a-->b

fcn_compose( [1, [op(’/’,_,A)|F2], InF21, OutF21) -
member (op(’/’,_,A), InF21),

fcn_compose([], F2, InF21, OutF21)
fcn_compose( [1, [op(’/’,B,A)|F2], InF21, OutF21) -
fen_compose([], F2, [op(’/’,B,A)|InF21], OutF21)

%% 1instantiate(?Action)

% instantiates all variables in Action, prompting the user
pA for input, 1f required

h
instantiate( op(’‘’,Act) )

- ground_term( Act ), !

instantiate( Act ) - ground_term( Act ), !

instantiate( Term ) -
repeat,

echo_expression( Term ),
ask_input( > =, L ),
get_next_expression( L, Input ),

Term = Input, !

%% ground_term(+Term)

% holds 1f Term does not contain variables

b

ground_term( X
ground_term( uid(_)
ground_term( lid(_)
ground_term( const(_)
ground_term( num(_)
ground_term( bool(_)
ground_term( tau
ground_term( tau(_)
ground_term( [A|As]
ground_term( []

N N N N N N N N N
|

var(X), ', fail

, ground_term( A ), ground_term( As )

ground_term( func(_,_,Args) ) - ground_term( Args )

A
% Module paths
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A
% Written by Philip J Wiebe  (October 1993)
A

% Description

% This module 1s an 1implemenation of the Labelled Transition
% System for the path expression language, Concurrent Path
% Expressions (CPE), and the simulation code

A
b

%% strong_simulate(+Agent, +Path, -Trace, -Agent’)

/2

strong_simulate(Ag, ’SKIP’, [], Ag) - !

strong_simulate(Ag, P, [], Ag) -
no_path_step( P ),
\+ trans(Ag,_,_)

strong_simulate(Ag, P, [Act|Ts], RAg) -
path_step(P,Act,P1),
trans(Ag,Act,Agl),
instantiate(Act),
strong_simulate(Agl, P1, Ts, RAg)

%% weak_simulate(+Agent, +Path, -Trace, -Agent’)
%
weak_simulate(Ag, ’'SKIP’, [], Ag) - !
weak_simulate(Ag, P, [1, Ag) -
no_path_step( P ),
\+ descandant (Ag,_,_)
weak_simulate(Ag, P, NewT, RAg) -
path_step(P,Act,P1),
descendant (Ag,Act,Agl,APath),
instantiate(Act),
weak_simulate(Agl, P1, Ts, RAg),
append (APath,Ts,NewT)

%% no_path_step(+PathExp) holds 1f PathExp cannot perform any action
% This 1s an i1mplementation of ’path_dead’

h

no_path_step( ’STOP’ ) - !

no_path_step(op(’,’,P1,_)) - no_path_step(P1), !
no_path_step(op(’,’,P1,P2)) - ', path_term(P1), no_path_step(P2)
no_path_step(op(’+’,P1,_)) - no_path_step(P1), !
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no_path_step(op(’+’,_,P2)) - ', no_path_step(P2)
no_path_step(op(’|’,P1,_)) - no_path_step(P1), !
no_path_step(op(’|’,_,P2)) - ', no_path_step(P2)

%% path_step(+Path,?Action,?Path’)
% holds 1f Path can perform Action and then become Path’
pA
path_step(X, X, ’SKIP’) - var(X), !
path_step(anyvar,_,’SKIP’) - ! % any action
path_step(op(’,’,P1,P2),A,PP2) -

path_term(P1),

path_step(P2,A,PP2)
path_step(op(’,’,P1,P2),A,V) -

path_step(P1,A,PP1),

combine (op(’,’,PP1,P2),V)

path_step(op(’+’,P1,_),A,PP1) - path_step(P1,A,PP1)
path_step(op(’+’,_,P2),A,PP2) - path_step(P2,A,PP2)

path_step(op(’|’,P1,P2),A,PP2)
path_step(op(’|’,P1,P2),A,PP1)

path_term(P1), path_step(P2,A,PP2)
path_term(P2), path_step(P1,A,PP1)

path_step(op(’|’,P1,P2),A,V) - path_step(P1,A,PP1),
combine(op(’|’,PP1,P2),V)
path_step(op(’|’,P2,P1),A,V) - path_step(P1,A,PP1),

combine (op(’|’,P2,PP1),V)

path_step(op(’~’,P,num(1)),A,P1) - path_step(P,A,P1)

path_step(op(’~’,P,num(N)),A,P1)
N>1, N1 1s N - 1,
path_step(op(’,’,P,op(’"’,P,num(N1))), A, P1)

path_step(op(’*’,P,num(1)),A,P1) - path_step(P,A,P1)
path_step(op(’*’,P,num(N)),A,P1) -
N>1, N1 1s N - 1,
path_step(op(’,’,P,op(’*’,P,num(N1))), A, P1)

path_step(op(’'’,ASet),B,’SKIP’) -
freeze(B, not_in_action_set(B,ASet) )

path_step(A,A,’SKIP’) - action(4), !

%% not_in_action_set(+Action,+ActionSet) holds 1f Action 1s not in



APPENDIX C SOURCE CODE

% ActionSet

%

not_in_action_set(_,[]) - !

not_in_action_set(Act, [A|As]) -
\+ Act = A,
not_ain_action_set (Act,As)

%% path_term(+PathExp) holds 1f PathExp terminates
[

path_term( op(’*’,_,_)
path_tern( ’SKIP’
path_term( op(’+’,A,_)
path_term( op(’+’,_,B)
path_term( op(’|’,A,B )
path_term( op(’,’,A,B)
path_term( op(’~’,_,num(0))
path_term( op(’~’,P,_)

-
-1

path_term(A), !
- !, path_term(B)

- !, path_term(P)

N N N N U N

- ', path_term(A), path_term(B)
- !, path_term(4), path_term(B)

%)% semantic_check_path(+PathExp,-PathExp’,+VarList,-VarList’)

% Checks the semantics of a path expression

b

%P =Var | act | P+#P | P|IP | P°N | P*N | '{al,
h

,an} | STOP | SKIP

semantic_check_path(op(’,’,P1,P2), op(’,’,V1,V2), InVars, OutVars) -

I
’

semantic_check_path(P1,V1,InVars,OutVl),
semantic_check_path(P2,V2,0utV1,OutVars)

semantic_check_path(op(’|’,P1,P2), op(’|’,V1,V2), InVars, OutVars) -

semantlc_check_path(Pi,Vl,InVars,DutVl),
semantic_check_path(P2,V2,0utV1,OutVars)

semantic_check_path(op(’~’,P,num(N)), op(’~’,V,num(N)), InVars, OutVars)

N > 0,
semantic_check_path(P,V,InVars,OutVars)

semantic_check_path(op(’*’,P,num(N)), op(’*’,V,num(N)), InVars, OutVars)

|
’

N >0,
semantic_check_path(P,V,InVars,OutVars)
% cannot introduce new variables

semantic_check_path(op(’'’,ASet), op(’!’,VASet), InVars, InVars) -

|
’
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semantic_check_path_action_set(ASet, VASet, InVars, InVars)
semantlc_check_path(’SKIP’,’SKIP’, E, E) -1
semantic_check_path(’STOP’,’STOP’, E, E) - !
semantic_check_path(A,Al,InVars,OutVars) -

semantic_check_path_action(A,Al,InVars,OutVars), !

semantic_check_path_action_set([], [], E, E) - !

semantic_check_path_action_set([A|As], [V|Vs], E1, E3) -
semantic_check_path_action(A,V,E1,E2),
semantic_check_path_action_set(As,Vs,E2,E3)

semantic_check_path_action(tau , tau , E, E) -
semantic_check_path_action(tau(A), tau(A), E, E) - !
semantic_check_path_action(1l1d(A), 11d(A), E, E) -
semantic_check_path_action(var(’_’),anyvar, E, E) - ! % ’any’ variable
semantic_check_path_action(var(X), V, Ei, E2) - 7 higher-order action

I
’

new_var (E1,E2,X,V)

semantic_check_path_action(op(’¢’,A), op(’“’,T), E1, E2) - 1,

|
’

semantic_check_path_action(A, T, E1, E2)
semantic_check_path_action(func(l1d(A),N,Ts), func(l1d(A),N,Ts1), E1, E2) -
semantic_check_term(Ts, Tsl, E1, E2)

A

% Module eval

b

% Written by Philip J Wiebe (February, 1993)

% Modified by Mantis H M Cheng (August, 1993)

% Modified by Philip J Wiebe (October, 1993)

b

% Description

%» This module implements the value and process evaluation for ACS type

% expressions Implementation of Appendix A of Philip J Wiebe’s Thesis

h

%% eval( +Term, -Value )
A Value may be ’error’ 1f Term cannot be evaluated
% Value 1s either ’bool(true)’ or ’bool(false)’ for boolean Term

//
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% Notes It NEVER fails!

% All evaluable and constructor functions are STRICT!
% (1 e , f(error) = error -- It preserves error )

%

eval( X, Y ) -var(X), !, Y = error

eval( error, error ) - !
eval( [1, (] ) =13
eval( [TITs], [vivsl ) -

eval( T, V ),

V \== error,

eval( Ts, Vs ),

Vs \== error,
|

eval( [_I_]1, error ) - !

eval( bool(T), v ) - 1, V = bool(T)
eval( true, v ) - 1, V = bool(true)
eval( false, Vv ) - 1, V = bool(false)
eval( num(T), vV ) - 1, V = num(T)
eval( 11d4(T), v o) - 1, V= 114(T)
eval( uid(T), vV ) - 1, V = u1d(T)
eval( ’STOP’, v ) - ', V= ’STOP’
eval( ’SKIP’, v o) - ', V = ’SKIP’
eval( const(T), V ) - 1, V = const(T)
eval( X, v o) - atomic(X), ', X =V

eval( func(Id,N,Ts), V) -
eval( Ts, Vs ),
Vs \== error,
|

V = func(I4,N,Vs)
eval( op(’+’,T1,T2), num(V) ) -
eval( T1, num(V1) ),

eval( T2, num(V2) ),
]

b

Vs V1 + V2
% ’+’ 1s also used for agents
eval( op(’+’,T1,T2), op(’+’,V1,V2) ) -
eval( Ti, Vi),
V1 \== error,
eval( T2, V2 ),
V2 \== error,
}
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eval(

eval(

eval(

eval(

eval(

eval(

eval(

eval(

eval(

eval(

op(’-’,T), num(V) ) -
eval( T, num(V1) ),

Vs -V1

op(’-?,T1,T2), num(V) ) -
eval( T1, num(V1) ),
eval( T2, num(V2) ),

L}
)

Vi Vil - V2
op(’*’,T1,T2), num(V) ) -
eval( T1, num(V1) ),

eval( T2, num(V2) ),

}
’

Vs V1 *x V2
op(mod,T1,T2), num(V) ) -
eval( T1, num(V1) ),

eval( T2, num(V2) ),

|
’

V 1s V1 mod V2
op(?<’,T1,T2), bool(V) ) :-
eval( T1, num(V1) ),

eval( T2, num(V2) ),

|
’

apply( ’<’, Vi, V2, V)
op(’>’,T1,T2), V) =~ 1,
eval( op(’°<’,T2,T1), V)
op(’=<’,T1,T2), bool(V) ) -
eval( T1, num(V1) ),

eval( T2, num(V2) ),

|
s

apply( ’=<’, Vi, V2, V)
opl o= T1,T3), V) - L,
eval( op(’=<’,T2,T1), V)
op(’<>’,T1,T2), bool(V) ) -
eval( T1, Vi ),

eval( T2, V2 ),

|
’

apply( ’<>’, Vi, V2, V)
op(not,T), bool(V) ) -
eval( T, bool(V1i) ),

apply( not, Vi, V)
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eval(

eval(

eval(

evall(

eval(

eval(

eval(

op(and,T1,T2), bool(V) ) -
eval( T1, bool(V1) ),

eval( T2, bool(V2) ),
|

apply( and, V1, V2, V)
op(or,T1,T2), bool(V) ) -
eval( T1, bool(V1) ),

eval( T2, bool(V2) ),
I

apply( or, Vi, V2, V)
op(’=’,T1,T2), error ) -
var(T1),
var(T2), !
op(’=’,T1,T2), bool(true) )
var(T1),
nonvar (T2),
eval( T2, V2 ),

V2 \== error,
[}

T1 = V2
op(’=’,T1,T2), bool(true) )
var(T2),
nonvar (T1),
eval( T1, Vi),
Vi \== error,
[}

T2 = V1
op(’=>,T1,T2), bool(V) ) -
nonvar (T2),
nonvar (T1),
eval( T1, V1),
Vi \== error,
eval( T2, V2 ),

V2 \== error,
[}

¢ J

apply( ’=’, V1, V2, V)
op(1s1n,T1,T2), bool(V) )

nonvar (T2),

nonvar (T1),

eval( T1, Vi ),

Vi \== error,

eval( T2, V2 ),
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V2 \== error,

I
’

apply( 1sin, V1, V2, V)
eval( op(’++’,T1,T2), V) -

eval( T1, V1 ),

Vi \== error,

eval( T2, V2 ),

V2 \== error,

append( V1, V2, V )
eval( op(’--’,T1,T2), V) -

eval( T1, V1 ),

Vi \== error,

eval( T2, V2 ),

V2 \== error,
}

bl

list_daff( Vi, V2, V)
eval( op(0,T1,T2), op(0,V1,V2) ) - % not builtin binary op
eval( T1, V1 ),
V1 \== error,
eval( T2, V2 ),
V2 \== error, !
eval( op(0,T), op(0,V) ) - % not builtin unary op
eval( T, V),
V \== error, !
eval( _, error ) % everything else 1s an error

%
% evaluable( +0p, +Arity) holds 1f Op/Arity 1s a valid operator of ACS
A

evaluable( ’--’, 2 )

evaluable( '++’, 2 )

evaluable( ’=’, 2 )

evaluable( ’=<’, 2 )

evaluable( ’>=’, 2 )

evaluable( ’<>’, 2 )

evaluable( ’<’,
evaluable( ’>°,
evaluable( ’*°,
evaluable( ’+’,
evaluable( ’-’,
evaluable( -7,

NN DN NN
N~ N N
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evaluable( mod, 2 )
evaluable( 1sin, 2 )
evaluable( not, 1 )
evaluable( and, 2 )
evaluable( or, 2 )

h

% For booleans only

/A

apply( not, true, false ) - !
apply( not, false, true ) - !

apply( and, true, true, true )

apply( and, _, — false ) - !
apply( or, false, false, false ) - !
apply( or, _, i true ) - |

b
% For numbers only

h

apply( ’<’, Vi, V2, true ) - V1 < V2,
apply( ’°<’, Vi, V2, false ) - Vi >= V2, !
apply( ’=<’,V1, V2, true ) - Vi =< V2, !
apply( ’=<’,V1, V2, false ) - Vi > V2, !
%
% For numbers and symbols
%
apply( ’=’, Vi, V2, B ) - I,

valueof (V1,S1),

valueof (V2,52),
(S1 = S2 -> B = true, B = false)
apply( ’°<>’, Vi, V2, B ) - !,
valueof (V1,S1),
valueof (V2,S2),
(S1 \==S2 -> B = true, B = false)
h
% For U X lists only
h
apply( 1sin , V1, V2, V) - member_con(V1,V2,V), !

h
% valueof( +Terml, -Term2) holds 1f Terml 1s a ACS data type
% Term2 1s the actual data value

Then

g7
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h

valueof ( num(T), T) - !
valueof( const(T), T) - !
valueof ( 12d(T), T) - !
valueof( bool(T), T) - !
valueof ( uad(T), T)

%
% member_con(+Element, +List, -Bool) 1s the member function for
% Arbutus style lists

%

member_con( _, [], false ) -
member_con( X, op(’ ’,X,_), true ) -1
member_con( X, op(’ ’,_,L), V) :=

member_con( X, L, V)

)

% Module semantic

b

% Written by Mantis H M Cheng (August, 1993)

% Modified by Philip J Wiebe (October, 1993)

h

/A

% Description

%  This modules checks the semantics of an ACS expression

h

%% semantic_check(+Expression, -Expression’, 7Environment)

h

h

% Definitions must be of the form

h

% <Defn> = <Con> ’ =’ <Agent>

T

% where free variables 1in <Agent> must be defined in <Con>

b

semantic_check(op(’ =’,Con, Agent),op(’ =’,Conl,Agentl),Env2) -
semantic_check_con(Con, Coni, [], Envl),
semantic_check_agent (Agent, Agenti, [], Envi, Env2 ), !
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% <Con> = <Uid>
b | <U1d> °(’ <Term>
/) | <Term> <0p> <Term>
/A | <Op> <Term>

|

<Term> <0p>

-- agent constant
<Term> ’)°

% N B Every <Con> 1s also a <Term>, but not vice-versa

A

semantic_check_con( uid(T), uid(T), Env, Env ) - !

semantic_check_con( func(uid(F),N,Ts), func(uid(F),N,Ts1), E1, E2 )

b

semantic_check_term( Ts

, Ts1, E1, E2 )

semantic_check_con( op(0,E), op(0,T), Envi, Env2 ) -

|
’

semantic_check_term( E,

semantic_check_con( op(0,E1,E2), op(0,T1,T2), Envl, Env3 )

semantic_check_term( E1

T, Envl, Env2 )

, T1, Envl, Env2 ),

semantic_check_term( E2, T2, Env2, Env3 )

% <Term> = <Constant>
| <Boolean>
| <Number>
| <Variable>
7 | ’STOP’
| ’SKIP’
| <1i1d>
| <11d> ’(’ <Term>
| °[’ <Term>
| <Con>

h

<Term> )’

<Term> ’]°

% N B A <Term> 1s a more general <Agent>

h

semantic_check_term( bool(T) ,
semantic_check_term( const(T),
semantic_check_term( num(T) |,
semantic_check_term( 11d(X) |,
semantic_check_term( uid(X) ,
semantic_check_term( ’STOP’ ,

bool(T) , E, E) -
const(T), E, E) - !
num(T) , E, E) -
11dX) ,E, E) -
uid(X) , E, E) -
’STOP> , E, E) -

99
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semantic_check_term( ’SKIP’ , ’SKIP’ , E, E) -1
semantic_check_term( var(’_’), _ , E,E) -1

semantic_check_term( var(X) , V , E1, E2 ) - % variable

new_var( E1, E2, X, V)

semantic_check_term( func(1lid(X),N,Ts), func(l1d(X),N,Ts1), E1, E2) -
[}

semantic_check_term(Ts, Ts1, E1, E2 )

semantic_check_term( op(’|’,T,Ts), [T1|Ts1], E1, E3) -

|
’

semantic_check_term( T, T1, E1, E2 ),
semantic_check_term( Ts, Ts1, E2, E3 )
semantic_check_term( [], [1, E, E ) -

semantic_check_term( [T|Ts], [T1|Ts1], E1, E3 ) -

semantic_check_term( T, Ti, E1, E2 ),

semantic_check_term( Ts, Tsi, E2, E3 )
semantic_check_term( E, T, E1, E2 ) -

semantic_check_con( E, T, E1, E2 )

h

% <Agent> = <Variable>

A | ’STOP’?

[ | ’SKIP’

b | <Agent> 'where’ <Eqns>

% | <Agent> %’ <Identifier>
% | <Agent> 2% <Identifier>
% | <Agent> sgif 2 <Cond>

% | <Agent> I4? <Agent>

% | <Agent> |2 <Agent>

7 | <Agent> 3.9 <Agent>

% | <Variable> ’> ’ <Agent> 7 <Variable> MUST be a new var
% | <Action>

% | <Coni>

b

% Every <Identifier> must be defined in the <Eqns>

% <Cond> may introduce new <Variable> before 1ts use

% Only input <Action> 1s allowed to i1ntroduce new <Variable>

h

semantlc_check_agent( ’>STOP’, ’STOP’, _, E, E) -1
semantic_check_agent( ’SKIP’, ’SKIP’, _, E, E ) - !
semantic_check_agent( var(X), V , _» E, E) -
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% variable must be defined
member( X=V, E ), !

semantic_check_agent( var(X), _ » —» E, E) - % variable undefined

L}
’

errormsg(’Undefined agent variable’,X),
fail
semantic_check_agent( op(where,L,Eqns), L1, EqnEnvi, Ei, E2 ) -

I
s

semantic_check_eqns( Eqns, [], EqnEnv ),

append( EqnEnv, EqnEnv1l, EqnEnv2 ),

semantic_check_agent( L, L1, EqnEnv2, E1, E2 )
semantic_check_agent( op(’#’,A,I), op(’#’,A1,F), Eqn, E1, E2 )

1dentifier( I ),

|

b

member ( I=F, Eqn ), !,
semantic_check_agent( A, A1, Eqn, E1, E2 )

semantic_check_agent( op(’#’,A,F), op(°#’,A1,F), Eqn, E1, E2 )

|
’

semantic_check_agent( A, A1, Eqn, E1, E2 )
semantic_check_agent( op(’\’,A,I), op(’\’,A1,L), Eqn, E1, E2 )
i1dentifier( I ),

|
’

menber ( I=L, Eqn ), !,

semantic_check_agent( A, Al, Eqn, E1, E2 )
semantic_check_agent( op(’\’,A,L), op(’\’,A1,L), Egn, E1, E2 )

]

semantic_check_agent( A, Al, Eqn, E1, E2 )

semantic_check_agent( op(1f,L,R), op(2f,L1,R1), Eqn, E1, E3 ) -
|

semantic_check_predicates(R, R1, E1, E2),
semantic_check_agent(L, L1, Eqn, E2, E3)
semantic_check_agent( op(’+’,L,R), op(’+’,L1,R1), Egn, E1, E3 ) -

|
’

semantic_check_agent(L, L1, Eqn, E1, E2),
semantic_check_agent(R, R1, Eqn, E2, E3)
semantic_check_agent( op(’|’,L,R), op(’|’,L1,R1), Egqn, E1, E4 ) -

I
’

semantic_check_agent(L, L1, Eqn, E1, E2),

semantic_check_agent(R, R1, Eqn, E1, E3),

% L and R CANNOT have same variables

( disjoint_env(E2,E3,E1) ->
union(E2,E3,E4),
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errormsg(’Shared variables by par ’,op(’|’,L,R)),fai1l)

semantic_check_agent( op(’,’,L,R), op(’,’,L1,R1), Eqn, E1, E3 ) -

I
>

semantic_check_agent(L, L1, Eqn, E1, E2),
semantic_check_agent(R, R1, Eqn, E2, E3)

semantic_check_agent( op(’ ’,var(X),P), op(’ ’,V,P1), Eqn, E1, E2) -

I
’

(member(X=_, E1) ->
errormsg(’Variable used in recursion already used ’, X) ),

semantic_check_agent( P, P1, Eqn, [X=V|E1], E2 )
semantic_check_agent( A, A1, _, E1, E2 ) -

semantic_check_action( A, A1, E1, E2 ),

[}
semantic_check_agent( A, A1, _, E1, E2 ) -

semantic_check_con( A, A1, E1, E2 ) % Should be conl or have E1=E2

% But use this to allow

y/

% N B Same as <Con> except that the operator usages cannot introduce

% new variables

%

semantic_check_coni( uid(T), uid(T), Env, Env ) - !
semantic_check_coni( func(uid(F),N,Ts), func(uid(F),N,Ts1), E1, E2 ) -

|
’

semantic_check_termi( Ts, Tsi, Ei, E2 )
semantic_check_cont( op(0,E), op(0,T), Envl, Env2 ) -

|
’

semantic_check_termi( E, T, Envl, Env2 )
semantic_check_coni( op(0,E1,E2), op(0,T1,T2), Envl, Env3 ) -

semantic_check_term1( E1, T1, Envi, Env2 ),

semantic_check_termi( E2, T2, Env2, Env3 )

h

% N B Same as <Term> with the exception of introducing new variables
%

semantic_check_termi( func(11d(X),N,Ts), func(l1d(X),N,Ts), E, E) - !
semantic_check_termi( bool(T) , bool(T) , E, E) -1
semantic_check_termi( const(T), const(T), E, E ) - !
semantic_check_termi( num(T) , num(T) , E, E ) -



APPENDIX C SOURCE CODE 103

semantic_check_term1( 1i1d(X) , 1ad(X) , E, E) -1
semantic_check_term1( uid(X) , uwid(X) , E, E) -1
semantic_check_termi1( ’STOP’ , ’STOP’ , E, E) -1
semantic_check_termi1( ’SKIP’> , ’SKIP’ , E, E ) - |
semantic_check_termi( var(X) , V , E, E) - 7 predefined variable
member( X=V, E),
[}
semantic_check_termi( var(X) , _ ,» E, E) - % undefined variable
}
errormsg(’Undefined variable ’,X),
fail

semantic_check_termi( [1, [J, E, E) -

semantic_check_termi( [T|Ts], [T1|Ts1], E1, E3 )

|
’

semantic_check_termi( T, Ti, E1, E2 ),

semantic_check_termi( Ts, Tsl, E2, E3 )
semantic_check_termi( E, T, E1, E2 ) -

semantic_check_coni( E, T, E1, E2 )

A

b

% <Cond>

% <Connective>

b

semantic_check_predicates(op(and,T,Ts), op(and,T1,Ts1), E1, E3) -
I

3

semantic_check_termi( T, Ti1, E1, E2 ),
semantic_check_predicates( Ts, Tsl, E2, E3 )

semantic_check_predicates(op(or,T,Ts), op(or,T1,Ts1), E1, E3) -
[}

semantic_check_termi( T, T1, E1, E2 ),

semantic_check_predicates( Ts, Tsl, E2, E3 )
semantic_check_predicates(R, R1, E1, E2) -

semantic_check_termi( R, R1, E1, E2 )

<Term1> <Connective> <Connective> <Terml>
and | or

% <Action> = ’tau’

h | <Variable>

h | <1lid>

% | >¢ <Action>
I

<Func> ’(° <Term> <Term> ’)°
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A

% Note

%

h

%

/A
semantic
semantic
semantic

semantic

semantic

semantic_check_action(func(lid(A),N,Ts), func(l1id(A),N,Ts1), E1, E2)

h

% <Eqns>
% <Eqn>

% <Actio
h

b

semantic_check_eqns( op(’=’,Id,Val), Env, [Id=Vall|Env] )

semantic

actions_
actions_
actions_

pure_act

Output <Action> 1s not allowed to introduce new
<Variable>

An <Action> may also be a higher-order variable
<Func> must be lower case 1identifier

_check_action(tau , tau , E, E) -1
_check_action(1l1d(A), 11d(A), E, E) - !

_check_action(var(X), V, E, E) - % higher-order action
member( X=V, E ), !

_check_action(var(X), _, E, E) -
% higher-order action, but undefined
1

errormsg(’Undefined action variable ’, X),
fail
_check_action(op(’¢’,A), op(’¢’,T), E1, E1) -

semantic_check_action(A, T, E1, E1) % see note above

semantic_check_term(Ts, Tsl, E1, E2)

= <Eqn> ’and’ <Eqgn> ’and’ <Eqgn>
= <Id> ’=’ <Actions>

ns> = >’ <Id> <Id> *}?
| > [ <Id>’/’°<Id> <Ig>’/°<Id> ’]°

1dentifier( Id ),
actions_set( Val ),

non_member( Id=_, Env ), ! % should not have been defined

_check_eqns( op(’and’,Eqn,Eqns), Envi, Env3 )
semantic_check_eqns( Eqn, Envi, Env2 ),
semantic_check_eqns( Eqns, Env2, Env3 )

set( [11d4(_)|As] ) - pure_actions( As ), !
set( [op(’/’,12d4(_),12d(_))|As] ) - rename_actions( As ),
set( T ) - errormsg( ’Invalid action set ’, T)

1ons( [1 )

pure_actions( [11d(_)|As] ) - pure_actions( As )
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rename_actions( [] )

rename_actions( [op(’/’,11d(_),11d(_))|As] ) - rename_actions( As )

new_var( [], [x=v], X, V)
new_var( [X=U|E], [X=UIE], X, U) -
new_var( [Y=U|E1], [Y=U|E2], X, V)

X \==Y,

new_var( E1, E2, X, V)

%% disjoint(+Env1,+Env2,+Env3)

% holds 1f (Envi-Env3) and (Env2-Env3) are disjoint environments
)

disjoint_env([],_,_) - !

disjoint_env(_,[]1,_) - !

disjoint_env( [X=_|E1], [X=_|E2], E3 ) -

member (X=_, E3),
]

| 2

disjoint_env( E1, E2, E3 )
disjoint_env( [X=_|E1], E2, E3 ) -
\+ member (X=_, E2),

disjoint_env( E1, E2, E3 )

1dentifier( uid(_) )
identifier( 1ad( ) )

h

% Module stmt

h

% Written by Philip J Wiebe (July, 1993)

% Modified by Mantis H M Cheng (August, 1993)
% Modified by Philip J Wiebe (October, 1993)
/)

)

% Description

% This module parses a list of tokens into an nested operator
%  expression
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A

% operator declarations

statement(op_defn(0,T,A,P)) -—=>
op_type(T), op_assoc(A), [num(P)],
{P>=0,P=<1200,'}, op_name(0), [end]

statement(end_of_file) -=> [end_of_f1ile]

% any other input expression defined by operators
statement (E) --> expression(E), [end]

°/° __________ —_—— - —— ———— —— ————————

% Treating terms as ops, an op 1s declared as
h op(N,T,0)
% where N 1s the precedence between 0 and 1200,

9% T 1s the type of operator fx, fy, xf, yf, xfx, xfy, yfx, and
h 0 1s name of the op

% ________

h

expression(T) --> term(1200,_,T)

term(N,M,T) --> term1(N,M1,L), term3(N,M1,L,M,T)

h

% non left-recursive terms

A

termi(_,0,func(F,N, [A|As])) -=>
function_name(F), [’*(’], term(999,_,A), arguments(As), [’)’],
{', length([AlAs],N)}

termi(_,0, PT ) --> [°C1, {'}, expression(PT), [’)’]
term1(_,0, [AlAs] ) —=3
[°{’], term(999,_,A), arguments(As), [’}’], {'}
term1(_,0, prolog(T)) --> [prolog(T)]
termi(_,0, num(T)) =-=> [num(T)]
term1(_,0, [1) ==> [*[1%]
term1(_,0, const(T)) -=> [const(T)]
term1(_,0, uid(T)) -=> [u1d(T)]
term1(_,0, var(T)) -=> [var(T)]
term1(_,0, 11d(T)) --> [11d(T)]

term1(_,0, bool(true)) --> [true]
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term1(_,0, bool(false)) -=> [false]
term1(_,0, T) --> [T], {keyword(T)}
termi(_,0, [E|Es]) -—>

[’[’], expression(E), expression_list(Es), [’]’]
term1(B,N,T) --=3> 8],

{op_decl(0,fx,N), N=<B,N1 1s N-1},
term(N1,_,T1), {check_sign(0,T1,T)}
termi(B,N,T) --> [0],
{op_decl(0,fy,N),N=<B},
term(N,_,T1), {check_sign(0,T1,T)}

pA

% left recursive terms

term3(N,LLP,LLPT,M,PT) -—>
term2(N,LLP,LLPT,LP,LPT),
term3(N,LP,LPT,M,PT)

term3(_,M,PT,M,PT) -3 [

term2(N,M1,LPT,M,op(O,LPT)) -=> [0],
{op_decl(0,xf,M) ,M1<M,M=<N}

term2(N,M1,LPT,M,op(0,LPT)) --> [0],

{op_decl(0,yf,M), Ml =< M, M =< N}

term2(N,M1,LPT,M,op(0,LPT,RPT)) --> [0O],
{op_decl(0,xfx,M) ,M1 < M, M =< N, N1 1s M - 1},
term(N1,_,RPT)

term2(N,M1,LPT,M,o0p(0,LPT,RPT)) --> [0O],
{op_decl(0,yfx,M), M1 =< M, M =< N, N1 1s M - 1},
term(N1,_,RPT)

term2(N,M1,LPT,M,0p(0,LPT,RPT)) --> [0],
{op_decl(0,xfy,M), M1 < M, M =< N},
term(M, _,RPT)

arguments([A|As]) --> [?,’], term(999,_,A), arguments(As)
arguments([]) ~=3 []

function_name (uid(F)) -=> [w1d(F)]

function_name(11d(F)) --> [11d(F)]

v

expression_list(E) -=> [*1’], {'}, expression(E)
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expression_list([E|Es]) --> [’,’], {'}, expression(E), expression_list(Es)
expression_list([]) ==» []

op_type(anfix) --> [11d(anfi1x)]
op_type (prefix) --> [lid(prefix)]
op_type(postfix) --> [11d(postfix)]
op_assoc (non) --> [1lid(non)]
op_assoc(assoc) --> [lad(assoc)]
op_assoc(left) --> [11d(1left)]
op_assoc(right) --> [11d(right)]
op_name (0) -=> [u1d(0)]
op_name(0) --> [11d4(0)]
op_name (0) --> [const(0)]

A

% change the internal sign of a number 1f necessary

b

% N B IfT is a variable then we could get definitions of the form
/4 op(’-?,X) that would have to be evaluated at the time X

h becomes known

b

check_sign( 0 , T, op(0,T) )
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