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ABSTRACT This paper describes the Process Algebra Compiler (PAC), a 
front-end generator for process-algebragbased verification tools. Given de- 
scriptions of a process algebra's concrete and abstract syntax and semantics 
as structural operational rules, the PAC produces syntactic routines and 
functions for computing the semantics of programs in the algebra. Using 
this tool greatly simplifies the task of adapting verification tools to the anal- 
ysis of systems described in different languages; it may therefore be used 
to achieve source-level compatibility between different verification tools. 
Although the initial verification tools targeted by the PAC are MAUTO 
and the Concurrency Workbench, the structure of the PAC caters for the 
support of other tools as well. 

1 Introduction 

The past  ten years have seen the development of a variety of automat ic  
verification tools for finite-state systems expressed in process algebra; ex- 
amples include MAUTO [6], the Concurrency Workbench [10], TAV [14], 
and Ald~baran [11]. In general, these tools support  a specific language, such 
as CCS [19], Meije [1], or Basic Lotos [5], for describing systems and provide 
users different methods,  such as equivalence checking, preorder checking, 
model checking, random simulation, and abstract ion mechanisms, for ana- 
lyzing their behavior. The utility of these tools has been demonstra ted via 
several case studies [7, 18]. However, the impact  on system design practice 
of such tools has been limited by the fact tha t  the languages they support ,  
while possessing nice theoretical properties, are not widely used by system 
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engineers. In addition, as each tool in general supports a different language, 
it is difficult to compare the tools and to investigate approaches to using 
them in collaboration with one another. 

This paper presents the Process Algebra Compiler (PAC), a system that 
substantially simplifies the task of changing the language supported by ver- 
ification tools. The PAC is a "front-end generator"; given a description of 
me syntax and ,ema,,~l~'̂ ~ of a ~ansuage, It produces . . . .  ~ ~  for . . . .  ~,~ 
and unparsing programs in the language and for computing user-defined 
semantic relations. By providing users with high-level notations for defining 
languages and managing the difficult and technically tedious development 
of syntactic and semantic functions, the PAC provides the research com- 
munity with a useful tool for expanding the repertoire of languages their 
tools can support. 

The remainder of the paper is organized along the following lines. The 
next section sharpens the motivation for the PAC by presenting two ver- 
ification tools, MAUTO and the Concurrency Workbench (CWB) , and 
the common semantic framework underlying the (different) languages each 
supports. The section following presents an overview of the architecture of 
the PAC and describes the specification language used for defining algebras 
and their semantics, while Section 4 discusses issues in generating semantic 
functions from their PAC specifications. Section 5 then gives experimen- 
tal results obtained from PAC-produced front ends for the Concurrency 
Workbench; somewhat surprisingly, the PAC-generated code significantly 
outperforms existing hand-produced code built for this tool. The final sec- 
tion contains our conclusions and directions for future work. 

2 Verification Tools and Structural Operational 
Semantics 

This section presents an overview of two verification tools, MAUTO and 
the Concurrency Workbench. Although similar in intent, the tools differ 
markedly in terms of the analyses they support~ however, at the moment 
there is no way for a user to use the tools collaboratively. On the other 
hand, the languages supported by the two tools have a semantics that is 
given in a very similar style, which we also discuss at the end of this section. 
These observations provided the impetus for the development of the PAC. 

2.1 Verification tools 

Both MAUTO and the Concurrency Workbench provide utilities for veri- 
fying finite-state systems expressed in process algebra. The specific process 
algebras supported differ, however, as do the supported analyses. The fol- 
lowing provides more detail about the systems. 
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MA UTO. 

MAUTO is a system for analyzing networks of finite-state systems. MAUTO 
builds automata from programs in the Meije process algebra and is capable 
of reducing and comparing them with respect to various bisimulation-based 
equivalences. It also provides a novel facility that enables users to define 
abstract transition relations on a given automaton and obtain a new sys- 
tem, usually smaller and more tractable, that highlights specific behaviors 
of the original system. Much attention has also been devoted to issues of 
efficiency. In particular, the building of automata from terms is mixed with 
the reduction of the automata using congruence properties of the semantic 
equivalences, thereby ensuring that automata are kept as small as possible. 
Facilities axe also provided for explaining the results of analysis and for 
drawing the resulting automata in a graphical editor [21]. 

The Concurrency Workbench. 

The Concurrency Workbench (CWB) is an extensible tool for verifying 
systems written in the process algebra CCS . In contrast with other pro- 
cess algebra tools, the CWB supports the computation of numerous differ- 
ent semantic equivalences and preorders; it does so in a modular fashion 
in that generic equivalence- and preorder-checking routines are combined 
with suitable process transformations (see, e.g., [8]) in order to compute 
different relations. The CWB also includes a flexible model-checking facil- 
ity for determining when a process satisfies a formula in a very expressive 
temporal logic, the propositional mu-calculus. Recently the CWB has been 
extended to deal with a discrete-time version of CCS (TCCS), and with 
the synchronous algebra SCCS. 

2.2 Structural Operational Semantics 

MAUTO and the CWB are similar in that they analyze systems by con- 
verting them into finite automata and then invoking routines on these au- 
tomata. However, the languages and forms of analysis they support, and the 
approaches they take to construct automata from systems, differ markedly. 
In the last case in particular, MAUTO adopts a "bottom-up" approach, 
with automata recursively constructed for subsystems and then assembled 
into a single machine for the entire system. The CWB, on the other hand, 
uses an "on-the-fly" approach, with transitions of components calculated 
and then combined appropriately into transitions for the over-all system. 

One characteristic shared by MAUTO and the CWB, however, is that the 
languages they support have operational semantics given in the Structural 
Operational Semantic (SOS) [20] style; this fact motivates our inclusion in 
the PAC of capabilities for generating routines from SOS descriptions. A 
SOS for a language consists of rules for inferring the execution behavior of 
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programs written in the language. Rules have the following general form. 

premises . 
( szde condition) 

The intuitive reading of the rule is that if one is able to establish the 
premises, which typically involve statements about the execution behav- 
ior of subprograms of the one mentioned in the conclusion, and the side 
condition holds, then one may infer the conclusion. As an example, the fol- 
lowing describes the synchronizations allowed by the parallel composition 
operation in CCS. 

p _~ pt q b q, 
(a, b inverses) 

plq z, pqq, 

The rule states that if p can engage in an action a and evolve to p' and q 
can engage in b and evolve to q~, and a and b are inverses (i.e. constitute 
an input/output pair on the same communication channel), then p[q can 
execute an internal action, T, corresponding to the synchronized execution 
of a and b. 

The SOS style has evolved in many ways since the Plotkin's seminal 
paper [20] and has been applied to many areas of language semantics. 
The SOS style is very flexible, as numerous languages with widely varying 
features have been given semantics using this framework. Recent work has 
focused on the metatheory of SOS [4, 17, 12, 2, 22]; in particular, researchers 
have shown that when SOS rules conform to different syntactic formats, the 
resulting languages have nice properties; in particular, certain operational 
equivalences are guaranteed to be congruences. 

3 Using the PAC 

This section provides an overview of the PAC architecture and indicates 
how users specify process algebras for processing by the PAC. 

3.1 P A C  O v e r v i e w  

Figure 1 sketches the organization of the PAC. The system takes as input 
files containing the syntactic and semantic description of a process algebra 
as well as libraries containing the definitions of any necessary auxiliary 
functions. It then produces two (sets of) files: 

�9 A YACC/LEX 1 specification of the language's syntax. 

1 Using YACC/LEX provides an easy way of guarantee/ng the compatibility of parsers 
generated for a given algebra by different back ends. Other parser-generators may also 
be used at the discretion of the back-end writer. 
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FIGURE 1. Architecture of the PAC 

�9 Semantic routines to analyze programs written in the language. 

To specialize a target verification tool to the given language, the PAC user 
must run YACC/LEX on the first set of files to produce a parser and then 
insert the parser and the semantic routines into the verification engine. 
Provided that the target tool separates the syntactic analysis of programs 
from their verification, the language-independent part of the verification 
tool (its kerne/) need not change at all. It should be noted that the PAC 
is in fact a "compiler": it takes a PAC specification of a language as input 
and produces source code which is compiled along with the kernel of the 
target verification tool. There is no PAC run-time system that becomes 
part of the target verification tool. The PAC can also be viewed as a "com- 
piler compiler" since the generated code is a "compiler" which accepts a 
process algebra program as input and produces a labeled transition system 
as output. 

The PAC itself is organized into several components centered around an 
internal representation of the syntax and semantics of the language being 
processed. This internal structure is produced by the PAC parser from files 
provided by the user. From it, back ends produce the required routines 
for the target systems. As target verification tools are typically written in 
different languages (MAUTO in Lisp, the Concurrency Workbench in SML, 
Alddbaran in C, for example), there will in general be several back ends in 
the PAC. The initially targeted systems are MAUTO and the Workbench; 
accordingly, the existing prototype includes back ends that generate Lisp 
and SML, respectively. 

The PA C parser. 

The PAC parser tries to factor out as much of the back-end-independent 
work as possible from the processing of user-supplied algebra descriptions; 
in particular, it checks the PAC input for syntactic correctness and performs 
certain consistency checks. If user files satisfy these criteria, the parser then 
produces an intermediate representation of the input which contains: 
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�9 A representation of the abstract syntax of the process algebra. 

�9 A structured description of the concrete syntax from which specifica- 
tions for scanners, parsers, and unparsers may be generated. 

�9 A representation of the sets of SOS rules used for defining the seman- 
tics of the operators in the algebra. 

Back ends. 

The back ends build the actual routines to be included in the verification 
tools. They accept as input the intermediate format generated by the PAC 
parser and generate as output a YACC/LEX specification together with 
routines that compute the semantics of a system from its abstract syntax. 
The routines typically differ from one verification tool to another; typi- 
cal examples include those for computing the single-step transitions of a 
process, generating the composition of several automata by a given compo- 
sition operator, computing sufficient syntactic conditions for a process to 
be finite-state [17], and calculating whether or not a process is divergent, 

Implementation. 

The PAC is implemented in Standard ML (SML). The system, which cur- 
rently consists of roughly 15,000 lines of code, is batch-oriented; it processes 
inputs and either generates output files or reports error messages. 

3.2 PA C Process Algebra Specifications 

A PAC process algebra specification consists of two components. The 
ALGEBRA module contains descriptions of the concrete and abstract syn- 
tax of actions, processes and semantic relations. The RULE_SET modules 
contain SOS rules defining the relations used to define the semantics of 
processes. Users may also provide library files containing code that directly 
implements auxiliary structures (such as sets or environments) and oper- 
ations (such as set membership or lookup functions) used in defining the 
semantics and for which users do not wish to provide SOS definitions. Back 
ends directly insert this code into the files they generate; consequently this 
code must be written in a language compatible with that of the target tool. 
The remainder of this section discusses each of these modules using as an 
example the CWB-6.0 version of Milner's CCS . 

ALGEBRA Modules 

ALGEBRA modules consist of several sections. 
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�9 In the s o r t s  section, users define the syntactic categories for their 
language. 

�9 The cons section defines the term constructors (i.e. the abstract  syn- 
tax) to be used to build elements in the different syntactic categories. 

The funs  sections introduces the names and "types" of functions that  
may be applied to elements of sorts. The  implementations of these 
functions must be supplied by the PAC user. 

The r e l s  section defines the names and "types" of the semantic re- 
lations to be defined by SOS rules and for which the PAC will gener- 
ate an implementation. The i npu t s  section then indicates what type 
the generated functions computing these relations should have (i.e. 
which positions in the relation should be "inputs" and which should 
be "outputs").  

The pragmas section contains back-end-specific directives, such as 
locations of library files and names to be assigned to functions gen- 
erated by back ends. 

The SYNTAX and RULE_SYNTAX sections contain descriptions of the 
concrete syntax of both the process algebra and of the relations used 
to define the algebra's semantics. 

To illustrate what appears in these sections, consider the (elided) ver- 
sion of an ALGEBRA module for CCS in Figure 2. The s o r t s  section declares 
the kinds of objects that  appear in the definition of the algebra, including 
a c t  (actions), agen t  (CCS processes), ' a  eqn (equations), and ' a  f rame 
(t~ames, or mappings from identifiers to values). Note that  sorts may be 
polymorphic: in the case of ' a frame, for instance, the ' a may be instanti- 
ated with any well-formed sort. The PAC also includes three built-in sorts: 
s t r i n g  for character strings, boo l  for booleans, and ' a l i s t  for polymor- 
phic lists. 

The next section of the example introduces the constructors used in CCS 
and their sorts. For example, Tau is introduced as a constructor taking 
no arguments and producing a value of sort ac t ;  that  is, Tau is an action 
constant. Inpu t  and Output take an identifier (intuitively, a channel name) 
as an argument and produce an action. In the CWB version of CCS, users 
may bind identifiers to sets of actions and then use these identifiers in place 
of sets in the restriction operator. To cater for this possibility, the algebra 
introduces a sort r e s t r i c t i o n  and two constructors, Res_set  and Res_var, 
permitting sets of identifiers (i.e. a label set, in CCS terms) or a single 
identifier (a variable name bound to a set) to be viewed as "restrictions". 
Eqn is used to construct equations from identifiers and values, while the 
remaining constructors are used to build agents. Note that  the Fix  operator  
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ALGEBRA CCS 

sorts 

i d ,  a c t ,  i d _ s e t ,  r e s t r i c t i o n ,  ( ' a  e q n ) ,  a g e n t ,  
( ' a  f r a m e ) ,  ( ' a  env)  . . . .  

c o n s  

Tau 

I n p u t  
Ou tpu t  
R e s _ s e t  
R e s _ v a r  
Eqn 
Nil 

Bot tom 
Ag_var  
P r e f i x  
P l u s  
R e s t r i c t  i o n  
Fix 

f u n s  
i d _ p a r s e  
i d _ e q  
i n v e r s e s  
m k _ i d _ s e t  
member 
ink_frame 
m k _ f r a m e _ i n v :  
empty 
p u s h _ f r a m e  
. . .  

r e l s  
t r a n s i t i o n  

a c t  
i d  ->  a c t  
i d  ->  a c t  
i d  s e t  ->  r e s t r i c t i o n  
i d  ->  r e s t r i c t i o n  
i d  * ' a  ->  ( ' a  eqn)  
a g e n t  
a g e n t  
id -> agent 

act * agent -> agent 

: agent * agent -> agent 

: agent * restriction -> agent 

agent * (agent frame) -> agent 

: s t r i n g  -> i d  
: i d  * i d  ->  boo1 
: a c t  * a c t  -> b o o l  
: ( i d  l i s t )  -> i d _ s e t  
: i d  * i d ~ s e t  -> b o o l  
: ( (~a  eqn)  l i s t )  ->  ( ' a  f r a m e )  

( ' a  f r a m e )  ->  ( ( ' a  eqn)  l i s t )  
: 3 a  e n v  

: ( ' a  f r a m e )  * ( ' a  env)  ->  ( ' a  env)  

d i v e r g e s  
i n p u t s  

t r a n s i t i o n  i s  [ 1 , 2 , 3 ]  
d i v e r g e s  i s  [ 1 , 2 , 3 ]  

pragmas  
C~B " p a r s e r  e n t r i e s :  

SYNTAX 

RULE_SYNTAX 
. , ~  

end 

: ( a g e n t  env)  * ( i d _ s e t  env )  * 
a g e n t  * a c t  * a g e n t  -> b o o l  

: ( a g e n t  env)  * ( i d _ s e t  env)  * a g e n t  ->  b o o l  

a c t ,  a g e n t ,  i d _ s e t "  

F I G U R E  2. A n  ALGEBRA m o d u l e  for CCS 
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takes an agent and an agent frame as arguments; intuitively, the frame 
contains bindings for the free variables tha t  may appear  in the agent. 

The f u n s  section introduces operations tha t  may  be applied to elements 
of given sorts. These operations differ from constructors in tha t  the PAC 
will generate implementations for the lat ter  but  not for the former; users 
must  provide routines for these. This feature permits  users to re-use existing 
code and to program efficient implementations of low-level da ta  structures 
as appropriate.  2 Thus, to generate a CWB front end on the basis of the 
example algebra module a user would neet to provide implementat ions in 
Standard ML (the language in which the CWB is written) for operations 
such as id_parse ,  mk_id_set and mk_frame. 

The r e l s  component  of the example introduces two semantic relations: 
t r a n s i t i o n  and d i v e r g e s .  In this version of CCS, the transitions and 
potential  for divergence of an agent depend on two environments: one to 
resolve free agent variables, and one to resolve free variables used in restric- 
tions. Thus each relation includes an agen t  env i ronment  and an id_se t  
env i ronmen t  argument.  

For each relation the i n p u t s  section indicates the form the PAC-genera- 
ted function for computing this relation should take. In the case of 
t r a n s i t i o n ,  for example, the input specification indicates tha t  the gen- 
erated function should have three inputs corresponding to the first three 
positions of the relation (here, two environment arguments and an agent). 
Given such a triple, the function will return the set of all action-agent pairs 
which, when combined with the triple, yield a quintuple in the relation. In 
the case of d i v e r g e s ,  all places are mentioned in the input list; in this case, 
the PAC will generate a function taking three arguments and returning a 
boolean. 

The pragmas section includes miscellaneous directives for specific back 
ends. In the above example, the given pragma indicates tha t  the parser pro- 
duced by the PAC back end for the CWB should have entries for agents, 
actions and identifier sets. These are needed since the CWB supports  com- 
mands  requiring users to provide information from these sorts. Other  prag- 
mas might  be used to rename sorts appropriately (some tools might  require 
a type p r o c  ra ther  than agen t ,  for example) or supply names of l ibrary 
files. 

Samples of the syntax sections of the CCS algebra specification appear  
in Figure 3. The SYNTAX component contains information needed to gener- 
ate the parsers and unparsers to be used by the target  tool; this currently 

2PAC back ends also generate implementations of sorts having constructors declared 
for them; it relies on users to speci .fy implementations of sorts for which no constructors 
have been specified. For example, act would have a PAC-supplied implementation, since 
three constructors have act as their return sort. The sort 'a  frame, on the other hand, 
does not have constructors defined for it; consequently, a user must supply code defining 
the data structure to be used to represent frames. 
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SYNTAX 

tokens  
" n i l "  
"where" 
"and" 
"end" 

=> NIL 
=> WHERE 
,~> AND 
=> END 

p r i o r i t i e s  
. . ~  

n o n t e r ~ n a l s  
agen t  of  agen t  
a g _ e q n _ l i s t  of  (agent  eqn) l i s t  

~ T m r  �9 

agent  : NIL ( N i l ( ) )  
I agent  WHERE agent_frame END ( F i x ( a g e n t ,  agent_frame))  
. . .  

agent_frame : a g _ e q n _ l i s t  (mk_frame(ag_eqn_l ie t ) )  

l i s t s  
a g _ e q n _ l i s t  is non_empty_l i s t  FM~TY_STR AND EMPTY_STR 

of ag_eqn 
. o o  

RULE_SYNTAX 
~176 

g r ~ m m ~ r  

r e l a t i o n  : 
eq~ent_env COMMA id_se t_env  COLON 
agent  DASHDASH ac t  ARROW agent  
( t r a n s i t i o n  (aEent_env , i d_se t_env ,  a g e n t l ,  a c t ,  agent2) )  

F I G U R E  3. A SYNTAX and RULE~YNTAX section for CCS 
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takes the form of a YACC-like grammar whose semantic actions consists 
of "sort-correct ~ expressions built using the constructors and functions de- 
dared previously. In the example, the syntax of the fixpoint agent opera- 
tor is defined to be a where el and . . .  and en end, where each ei is an 
equation. Note that PAC grammars extend YACC grammars by permit- 
ting list specifications; the nonterminal ag_eqn_list ,  for example, yields 
lists of ag_eqn (agent equations) whose beginning and ending delimiters 
are the empty string and whose separator is the token AND (and in con- 
crete syntax). The RULE_BYITrAx section enriches this syntactic specification 
with information needed to parse the SOS rules that define the semantics 
of processes; in particular, it includes definitions of the concrete syntax of 
relations. This example defines the syntax of the t r a n s i t i o n  relation to be 
a e ,  s e  : p - - a - - >  q. The PAC fits this information into a general "rule 
template" in order to produce a grammar which is processed and then used 
to parse the user-supplied rules. 

RULE_SET Modules 

The second part of a PAC process algebra specification consists of the SOS 
rules needed to define the semantics of processes. In general, a user must 
supply a collection of rules for each relation introduced in the hLGEBRa mod- 
ule. Each rule in turn consists of four components: a name, a list of premises, 
a s ide  condi t ion ,  and a conclusion.  In general, premises and conclusions in- 
volve relations, while side conditions can be any expression generated using 
the following grammar, 

be : : =  true I not be I be and I be I P( t , ,  . . . , t , )  

where P is a predicate: any boolean-sorted function declared in the funs 
section or any relation in the r e l s  section all of whose positions are input 
positions. The tl should be terms in the appropriate sort, based on the 
definition of P. A fragment of the rules for the t r a n s i t i o n  relation for 
CCS appears in Figure 4. Note that premises appear above, and conclusions 
below, a line of hyphens, with the side condition appearing in parentheses 
after the hyphens. All expressions in the rules are written using the concrete 
syntax declared in the ALGEBRA module; this enables the rules to look very 
close to what appears in the literature. In addition, functions defined in 
the ALGEBRa module may be used in the rules; for example, pa ra l l e l_3  
contains a reference to the inverses  predicate, which intuitively should 
hold when the given actions represent an input and output on the same 
channel (note that t is the concrete syntax that has been defined for the 
CCS internal action). Rule sets can refer to relations defined in other rule 
sets, although no such reference is made in this example. 
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RULE_SET t r a n s i t i o n  

v a t s  

a~ b : a c t  

p ,  p ' ,  p l ,  p l ' ,  p2 ,  p 2 '  : a g e n t  
s : i d _ s e t  
ae  : ( a g e n t  env )  
se : (id_set env) 

o.. 

rules 

p r e f i x  

......................... (true) 

ae, se: a.p -- a --> p 

parallel_l 

ae, se: p1 -- a --> pl' 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ( t r u e )  
a e ,  s e :  p l  I p2 - -  a - - >  p l '  I p2 

pazallel_2 

ae, se: p2 -- a --> pR' 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ( t r u e )  
ae, se: p l  I p2 - -  a - ->  p l  I p2 '  

p a r a l l e l _ 3  

ae ,  s a :  p1 - -  a - - >  p l ' ,  a e ,  s e :  p2 - -  b - - >  p 2 '  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ( i n v e r s e s ( a , b ) )  

a e ,  s e :  p l  J p2 - -  t - - >  p l '  I p 2 '  
o o .  

end 

F I G U R E  4. A ItULE_SET m o d u l e  for t h e  CCS t r a n s i t i o n  re la t ion  
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4 PAC Back Ends 

The PAC currently includes back ends dedicated to the CWB and to 
MAUTO. The former generates code in SML, the language in which the 
CWB is written, while the latter, which is still under construction, produces 
LeLisp, the programming language in which MAUTO is implemented. In 
each case, the produced code contains a parser, some unparsing functions, 
and a number of semantic functions encoding the SOS rules of the alge- 
bra. The parsers (generated using respectively LeLisp-Yacc and SML-Yacc) 
are fully compatible, meaning that PAC-generated front ends for MAUTO 
and the CWB handle the same syntax. As Section 2 indicated, however, the 
analysis functions of the target tools are different, as are the semantic func- 
tions. The following discusses what semantic functions the different back 
ends must produce and how they are generated from SOS specifications. 

4.1 The C W B  Back  End  

In addition to various parsing and unparsing routines, the CWB requires 
that its front end include implementations of types act  and agent and 
functions t r a n s i t i o n ,  diverges and sor t .  The functions each take an 
agent and return a set of action-agent pairs, a boolean, and a set of ac- 
tions, respectively. This section describes how the CWB back end generates 
code from the SOS definitions of semantic relations. Generally speaking, 
given a rule set for a particular semantic relation, the technique constructs 
a function whose inputs correspond to the places in the relation declared 
as inputs in the inputs  section of the ALGEBRh module. On a given in- 
put, the generated routine produces a set of tuples as outputs; the idea 
is that each output tuple, when combined with the input tuple, yields an 
element in the relation. As an example, in the case of the t r a n s i t i o n  
relation defined in Section 3.2, positions 1, 2 and 3 of t r a n s i t i o n  are 
declared as inputs; the procedure that is produced will therefore accept 
an (agent env, id_set env, agent) triple as input and produce a set of 
(action, agent) pairs as output with the property that if the input is 
(ae, se,p), then pair Ca, q) is in the set of outputs if and only if (ae, se,p, a, q) 
is in relation t r a n s i t i o n .  

In order for the procedure described below to work, the rules used to 
define semantic relations must obey certain syntactic restrictions. Recall 
from Sections 2.2 and 3.2 that SOS rules have the following general form: 

premises . 
( s~de condition) 

where conclusion is an element of the relation being defined, premises is a 
list of elements of the relation being defined or of other relations declared 
in the r e l s  section, and side condition is a boolean expression that may 
involve predicate expressions of the form P(t l , . . .  ,tn), with the ti being 
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terms that may involve variables. For the code produced by the CWB back 
end to compile, each rule must satisfy the following constraints. 

1. All variables appearing in the input positions of the premises must 
appear in the input positions of the conclusion. 

2. All variables appearing in the output positions of the conclusion or 
in the side condition must appear either in the input positions of the 
conclusion or in the output positions of a premise. 

3. All variables appearing in the input positions of the conclusion or the 
output positions of a premise are distinct. 

These constraints place restrictions on the "flow of data" through a rule: 
information flows from the inputs of the conclusion to the premises, and 
the outputs of premises flow (together with inputs of the conclusion) to 
the side condition and the outputs of the conclusion. Note also that pat- 
terns of arbitrary depth can appear in the input or output positions of the 
conclusion or premises. It should be noted that this rule format subsumes 
the positive GSOS format of [4] while being incomparable to the tyft/ tyxt 
pattern of [12] and the path scheme of [2]. However, restriction 1 can be 
relaxed withouttoo much difficulty to allow variables appearing in the out- 
put positions of premises to appear in the input positions of other premises; 
with this generalization, our format would subsume pure and well-founded 
tyft/ tyxt and path. Other formats allow negative premises [4, 22] and are 
incomparable to ours. 

The basic strategy used by the code generated from rules involves pattern 
matching: given a tuple of inputs, a generated function in essence deter- 
mines which rules have conclusions whose input positions match the input 
tuple. Using the premises of these rules, appropriate (recursive) calls are 
issued, and the results which satisfy the side condition are combined into a 
set of result tuples using the form of the conclusion. To illustrate this idea, 
consider the rules given for CCS in Section 3.2, and suppose that the gen- 
erated semantic function is given an input of the form (ae, se, plq ). In this 
case, three rules are applicable---parallel_l,  para l le l_2  and paral le l_3.  
Each of the rules mentions the transitions ofp  or q in the premises; conse- 
quently, the generated code would include recursive calls to calculate the 
transitions for (ae, se,p) and (ae, se, q). On the basis of the first rule, tran- 
sitions of p would be combined appropriately with q, while the second rule 
would transform transitions of q by combining them with p. The final rule 
combines transitions of the form (a,p') and (b,q') into (v,p'[q') provided 
t~at the predicate inverses(a ,  b) is satisfied. The results of these combi- 
nations are collected into one set and returned. 

To improve the performance of the generated code, the CWB back end 
also employs several optimizations. For example, in order to minimize 
matching overhead, rules with the same input pattern in their conclusions 
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are grouped and processed simultaneously. Also, the generated routines 
cache results of recursive calls in a hash table; before issuing a recursive 
call, this table is consulted to determine if the call has been made before. To 
demonstrate the savings from this technique, consider how the CWB would 
compile the agent Ptq into a labeled transition system. First, a call is made 
to the generated CCS transition function with (ae, se,plq ) as input (ae and 
se are the current agent and set environments). After making the recursive 
calls to compute the transitions ofp and q, the generated t r a n s i t i o n  func- 
tion saves the results of these calls in a table. From par_rule1, it follows that 
Plq has a transition (a,pJlq) for every transition (a,p ~) ofp. The next step 
in compiling the labeled transition system for Plq will include computing 
the transitions of each P~lq; but, in this case instead of making recursive 
calls to recompute the transitions of q, t r a n s i t i o n  would simply look this 
up in the transitions table. This strategy leads to significant time savings 
when computing the finite-state representation of a system; somewhat sur- 
prisingly, it can also lead to substantial space savings as well, since sharing 
becomes possible in the computation of output tuples. 

4.2 The MA UTO Back End 

MAUTO uses a "compositional" (bottom-up) approach to building au- 
tomata; language constructs are interpreted as automaton transformations, 
and thus it is not in general possible to use directly the transition function 
described in the previous section. Instead, the same SOS rules that yield 
the transition function for the CWB are interpreted as specifying these au- 
tomata transformers. Thus, the semantic functions generated by the PAC 
for MAUTO encode transition system transducers in the sense of Larsen 
and Xinxin [15]. Computing the automaton for Plq, for example, involves 
computing separately the finite automata describing the full behaviors of 
p and q, eventually reducing each of them according to any congruence at 
hand, then combining them using the transducer for parallel composition. 
In practice, the rule format required by this interpretation is more restric- 
tive than the one in the preceding section: it ensures that the transducer 
generated for any context expression is finitely represented, and that the 
combination of finite automata always yields a finite global automaton. 
The structure of the functions produced for MAUTO is also very different 
from the structure of those produced for the CWB. In general, there are 
two functions for each operator, one describing the recursive structure of 
the bottom-up traversal, and one describing how to combine the transitions 
of a tuple of argument automata. 

A static analysis of the structure of the SOS rules of the transition re- 
lation allows us to classify the process operators in the algebra. This is 
used to produce optimized automata-constructing routines, to ensure the 
finiteness of the produced transducers, and to guarantee a priori the ter- 
mination of automata construction. The classification is a generalization of 
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the notions defined in [17], and distinguishes between: 

�9 Combinators ,  which are typically operators used for parallel composi- 
tion. The format ensures that they do not generate infinite transition 
systems from finite arguments. 

�9 Swi tches ,  which have only one process argument active at a time, and 
v.~.!! eventually select one of them (s-tim, sequence). They are used for 
defining static conditions for finiteness of recursive definitions. 

�9 Sieves,  which have exactly one process argument and act as action 
transformers, keeping their structure unchanged (hiding, restriction, 
relabeling). Identifying sieves enables various run-time optimizations 
to be employed that avoid some intermediate automaton construc- 
tions. 

We have produced code using these ideas that has proved to be very 
efficient and flexible, and easy to integrate with other compositional ap- 
proaches. 

5 Results 

The current prototype of the PAC includes an algebra description parser 
and a back end for the CWB, with the development of the MAUTO back 
end in progress. In this section we describe our experience with using the 
PAC to generate front ends for the CWB. The experiments take two forms. 
In the first, we compare the efficiency of a PAC-generated front end for 
CCS with existing hand-coded front ends for CCS, while in the second we 
investigate the performance of front ends produced by the PAC for other 
languages. Our initial results suggest that the PAC does indeed ease the 
task of changing the language supported by the CWB and that the gener- 
ated interfaces perform well. Our tests used a version of the Concurrency 
Workbench under development at North Carolina State University and 
were run on a Sun Sparc 5 with 128 megabytes of BAM. The functionality 
of this version of the CWB is similar to the Edinburgh CWB [10], but the 
NCSU version includes more efficient graph-construction and equivalence- 
checking routines. 

Table . 1 compares the performance of a PAC-generated front end with 
two hand-coded front ends for CCS. The first of these is the front end 
included with Version 6.0 of the CWB, while the second is a hand-tuned 
version of the first one developed at NCSU. The numbers describe the 
amount of processor time in seconds (time needed for system activities and 
for garbage collection have been omitted) needed by the NCSU CWB to 
build finite-state automata from different CCS sample programs using the 
transitions function supplied by the given interface. The example programs 
we used to test the interfaces included: 
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Example Number 
of states CWB 6.0 

ABP 57 0.12 
Jobshop 77 0.14 

Semaphore-2 

Inter~ace 

NCSU CWB 
0.13 
0.14 

PAC- 
generated 

0.14 
0.12 

Dekker-2 127 0.38 0.35 0.39 
802-2 331 1.67 1.33 1.83 

468 2.66 2.44 2.25 
Mml-system 1616 9.12 8.68 7.59 
ABP I Jobshop 4389 18.82 13.76 10.73 

59436 522.82 288.19 101.88 Dekker-2 I Semaphore-2 
ABP I Mml-system 92112 * 
Dekker-2 I Mml-system 205232 * 

* 340.90 
* 779.03 

TABLE .1. Program time in seconds required by the different interfaces to con- 
struct automata for various CCS examples. A * indicates insufficient memory to 
construct the graph. 

�9 Two communications protocols: an implementation of the Alternating 
Bit Protocol (ABP) and an implementation of part  of the data  link 
control layer of IEEE 802.2 (802-2). 

�9 Two solutions of the two-process critical-section problem: an imple- 
mentation of Dekker's algorithm (Dekker-2) and an implementation 
using semaphores (Semaphore-2). 

�9 Milner's Jobshop example [19] (Jobshop). 

�9 A specification of the Edinburgh mail system (Mail-system). 

In addition, we tried some examples consisting of the parallel composition 
of these examples in order to assess the performance of the front ends on 
systems with large state spaces. In the table these examples have the form 
Systemll System2. As the table indicates, the PAC-generated CCS interface 
actually performs substantially better  than existing CCS interfaces while 
using less memory; the main reason for this lies in the caching of recursive 
calls outlined in Section 4.1. 

We have also used the PAC to generate CWB front ends for several other 
languages as well. Examples have included a simple language of regular ex- 
pressions and a version of CCS in which actions take priority [9]; the latter 
is noteworthy in that  its semantic account requires the use of  auxiliary se- 
mantic relations. In general, the amount of effort required has been much 
less than what would be required to generate interfaces by hand, although 
more experience with the tool is necessary to substantiate this claim. How- 
ever, the fact tha t  the notations the tool provides for expressing semantic 
and syntactic specifications of languages are more abstract than  those pro- 
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II S a es/8 c II 119.66 1211.101 532.31 I 65.47 II 

TABLE .2. Average number of states generated per second for four different 
interfaces. 

vided by standard programming languages lead us to believe that the PAC 
will greatly simplify the production of front ends for verification tools. 

Our most involved example has been the generation of a CWB front end 
for Basic Lotos, which is more complex, both syntactically and semanti- 
cally, than the others we have tried. We have analyzed a number of Basic 
Lotos examples with the generated interface. Since no Basic Lotos inter- 
face existed previously for the CWB it is harder to evaluate the efficiency 
of the generated code than it was in the case of CCS. One crude measure, 
however involves comparing the states generated per unit time from LO- 
TOS programs against a similar figure for the CCS front ends described 
previously. The states-per-second measures for the CCS front ends were 
computed from the first eight examples in the table above (the ones that 
all interfaces were able to handle), while the figure for the Basic Lotos in- 
terface was calculated based on timing results from the compilation of 8 
examples ranging in size from 20 states to 45,000 states. The results are 
shown in Table .2, which shows that the front end generated for Basic Lotos 
is roughly 8 times slower than the one generated for CCS. This difference is 
not necessarily due to the inadequacy of the code-generating scheme used 
by the PAC, but rather arises from the fact that Basic Lotos is syntactically 
and semantically more complex than CCS. 

6 C o n c l u s i o n s  

In this paper we have presented the Process Algebra Compiler, a tool for 
generating front ends for verification tools. The PAC allows users to specify 
the syntax and semantics of a language they wish their verification tool to 
support; the system then produces the syntactic and semantic routines 
needed to specialize the given tool for the language. Experimental results 
indicate that PAC-generated routines exhibit performance that can in fact 
improve on that of hand-coded routines. 

Regarding future work, our most immediate goal is to complete the 
MAUTO back end so that it and the CWB may become source-level com- 
patible. Back ends for other verification tools could also be built and our 
experiences in building the CWB and MAUTO back ends would certainly 
ease this task. We anticipate that this will be possible for most tools based 
on transition system semantics, although some reorganization of the target 



A Front-End Generator for Verification Tools 171 

tools may be necessary. 
We would also like to investigate the addition of features in the PAC 

specification language. In particular, the lexical specifications supported 
by the PAC can be made more flexible, and providing some facility for 
modularity in the algebra section would be desirable. We have experimented 
with the latter; defining concrete syntax in a modular way, however, appears 
to be very difficult. We have also experimented with a less flexible, but much 
easier to use, format for expressing concrete syntax and plan to study this 
issue more. We have also worked on and would like to investigate further 
routines in the PAC for analyzing a rule set and reporting to the user 
whether it satisfies rule formats, such as those mentioned in Section 2.2. 

We also would like to explore the possibility of using the PAC for ac- 
tivities other than generating front ends for verification tools. Given the 
widespread use of SOS rules for defining the semantics of languages, it 
might be possible to use the PAC to automatically generate interpreters 
and compilers. We are also examining the feasibility of using the PAC as 
an implementation engine for generating on-the-fly verification routines, as 
these may often be formulated using SOS-style rules [3]. Obviously, these 
uses are greatly different from the PAC's initial purpose, and it remains to 
be seen if they are indeed practical. 

Related Work. 

Other verification tools have also aimed at providing some parametricity 
with respect to the language analyzed. The ECRINS system [16] permitted 
users to specify the SOS semantics of their algebra, and to prove algebraic 
laws of their operators. MAUTO allows users to extend the syntax of the 
language it supports, although semantic routines must be altered by hand. 
As a compiler for syntactic and semantic specifications, the PAC is closely 
related to the CENTAUR system, and in particular to its semantic com- 
ponent TYPOL [13]. TYPOL provides a general t~amework for defining 
languages, interpreters, and compilers, using SOS rules. The more restric- 
tive PAC rule format allows for the generation of simpler and more efficient 
code. 
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