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1. Intr oduction

The crl tool set[BFG* 01] is a collection of tools for analysing systemsof communicating processes
dexribed in crl  (micro Common Represeriation Language). An overview of the tool set is given in
Fig. 1.

mcrl cheds whether a speci cation in (timed) crl iswell formed,
linearisescertain crl speci cations.

msim allows interactiv e simulation of a system descibedin crl .

instantiator gererates a nite transition system from a linearised crl
speci cation.

pp pretty prints a linearised crl speci cation.

rewr normalisesthe data termsin a linearised crl speci cation.

constelm removes from a linearised crl speci cation the data param-
etersthat are constant throughout any run of the process.

parelm removes from a linearised crl speci cation the data param-
eters and sum variablesthat do not in uence the behaviour of
the system.

structelm expands the composite data types of a linearised crl speci-
cation.

sumelm replacesin a linearised crl speci cation the sum variables

that must be equd to a certain data term by that data term.

Figure 1: Overview of the crl tool set

crl [GP95] is a language to describe communicating proceses. It is based on the proces algebra
acp [BW90, Fok00] extended with equaionally specied data types[LEW 96]. Despite its simplicity
it is quite adequate to specify and analyse (large) distributed systems and algorithms. crl hasbeen
extended with features to expresstime [Gro97], but the tools do not support this extension, excefd
for the possibility to ched the static semantic constraints.
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The tool set is constructed around a redricted form of crl , namely the linear processoperator
format (Ip 0) [BG93].1 The tool mcrl cheds whether a certain speci cation is well formed crl and
attempts to transform it into a linearised (i.e. Ip 0) form. This linearised form is stored in binary
form (more precisely in binary aterm format, also called tool bus format (.tbf )). All other tools use
this linearisedformat astheir starting point.

Thesetools comein four kinds:

1. atool (msim to step through a processdescribedin crl

2. atool (instantiator ) to gererate a transition systemin a format (.aut ) that can be read by
the model checker C sar Al debaran .

3. sewral tools to optimise the linearised speci cation:

(a) rewr, normalisesthe data termsin a speci cation by performing the rewriting sit speci es,
(b) constelm, removesdata parametersthat are constant throughout any run of the process,

(c) parelm, reducesthe state spaceof the transition system by removing the data parameters
and sum variablesthat do not in uence the behaviour of the system,

(d) structelm , expands variables of compound data types,
(e) sumelm replacessum variables that must be equd to a certain data term by that data
term.
4. atool (pp) to print the linearised speci cation.

An overview of the relations betweenthe tools in the tool set is sketched in Fig. 2.

This is a typical simple sessio with the tool set:

1. Write the speci cation with your favourite editor:
Vi spec
2. Ched well-formednessand linearisethe speci cation with mcrl :

mcrl -tbfile  -regular spec
(seeSection 3.1 for an explanation of the ags)

3. Generate a state space with instantiator
instantiator -i spec
(seeSection 3.3 for an explanation of the ags)

4, Study the state space with Csar Al debaran :
xeuca &

This manual aims to provide enough information to use the tools of the tool set. It assumesa basic
knowledge of processalgebra and abstract data types. You are now readng the introductory secion
of this manual (Chapter 1). Chapter 2 descrbesthe language crl asit isrecogrised by the tool set
in an informal way. Chapter 3 descrbesthe functionalities, options and shortcomings of each tool.
Appendix | contains a formal speci cation of timed crl . Appendix Il sketchesthe Ip o format and
the linearisation procedure. Appendix |11 discusses the rewriting method. Appendix 1V providesthe
text of the licenseagreemenm that coversthe use of the tool set.

More information:

1see Section I1.1.
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Specification (MCRL)

i mcrl -tbfile

Linearized specification (.tbf) mcrl -linear

rewr, constelm, parelm,
structelm, sumelm

instantiator pp

Simulation finite transition system (.aut) Readable linearized specification

Model checking

Figure 2: The main relations betweenthe toolsin the crl tool set

The lecture notes of Wan Fokkink, Michel Reniers, & Jan Friso Groote (Modelling Concurrent
Systems: Protocol Verification in crl ) at

<http://www.cwi .nl /~warll ecturenotes. ps>provide abasicintroduction to the useof crl .
Thesenotesinclude crash coursesin processalgebra, abstract data typesand protocol veri ca-
tion, as well as a handful of examples of protocol speci cations.

The crl tool setis developed by the Embedded Systems group of the Dutch Centre for Math-
emaics and Computer Science(cwi ). The crl home pageat <http://www.cwi. nl/ ~nerl />
providesinformation about the languageand the tool set The tool set is freely available from
<http://www.cwi .nl /~mcid/ mutool. html> .

The Csar Al debaran Development Packageis developed by the va sy (Validation of Systems)
group of inria (France). Thecadp home pageisat <http://www.inri  alp es.fr /v asy/c adp/>.

About the tool set

The tool set is developed by Jan Friso Groote (JanFriso.Groote@c wi.nl ) and Bert Lisser (Bert.
Lisser@cwi.nl ). If a problem is detected it is appreciated if a bug report is sert to the authors. The
report should include a description of the problem (including the exact error message)and information
neeckd to repeat the error (such as the version number of the tool set, name and version number of
the operating system, exact command line usedto invoke the tool (including all ags), and a copy of
the input le).

The version numbering policy is this: the number behind the point changesif only a bug is xed,

the number befare the point changes if the functionality is extended or the structure of the code
improved.
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Version history

Version 1.0, (for tool set version 1.10) Tutorial and Reference Guide for the crl  tool set, by
Jan Friso Groote and Bert Lisser,distributed with the tool set

Version 2.0 (for tool set version 1.11), Manual for the crl tool set, August 2000, by Arno
Wouters.

Version 3.0 (for tool set version 2.8.2), Manual for the crl tool set, 14 Decenber 2001, by
Arno Wouters. This manual.

Acknowledgements The author thanks Wan Fokkink, Jan Friso Groote, Izak van Langewlde, Bert
Lisser,Alban Ponseand Yaroslav Userko for their comments on earlier drafts of this manual.

2.

crl

This chapter summarises crl asit is recognisedoy the tool set. The chapter is meart asa reference
for peoplewho know the basicsof crl and want to usethetool set to specify and analyse systems. It

isnot meart asatutorial, neitherisit meant as a formal speci cation of crl . A formal speci cation
of the syntax of crl isgiven in appendix | of this manual.

2.1 The basics
Basic structure A crl speci cation consists of two parts. The rst part speci es the data types
(Section 2.2), the secondpart the processegsection 2.3).

Names In crl thereare vekinds of ertitiesthat have names, namely: sorts, functions, variables,
actions, and processes.T he following conditions apply to the use of hames:

Namesmay consist of letters (a-z, A-Z), digits (0-9) and the special characters » '- .
All namesmust be declared?

Each sort, function, action and processmust be declaredexactly once.

Functions, actions, processesnd variables may have the same name as a sort.

Di erent functions, actions and processescan not have the same combination of name and
domain sorts.

Variables can not have the same name as function constants, parameterlessactions or parame-
terlessprocesses.

Names of variables must be unique within their declaration (this means that it is allowed to
use the same variable name for di erert sortsin di erert equation sections, processdeclarations
and sum-operators).

Comments Comments start with a % character and end at the end of the line.

2.2 Specification of data

Data arerepresened asterms of some sort, for exanple S(S(0)) , cos(pi) , and concat(L1,L2) could
be terms of sorts natural number, real number, and list, respectively. Fig. 3 givesan overview of a
data speci cation, Fig. 4 an example.

2In the format descriptions of this manual capitalised words are used to indicate that the corresponding name is

being declared at that point.
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sort  Sortname

func Functionname : domain -> sortname
map Functionname : domain -> sortname
var Varname, Varname :.: . sortname
rew data-term = data-term

Figure 3: Data speci cation format

sort Bool
func T,F: -> Bool
map not: Bool -> Bool

and, or: Bool # Bool -> Bool

var bool -> Bool

rew not(F) =T
not(T) =F
and(T, bool) = bool
and(F, bool) =F
and(bool,F) =F
and(bool,T) = bool
or(T,bool) =T
or(bool,T) =T
or(F,bool) = bool
or(bool,F) = bool

Figure 4. An exanple data speci cation

Sorts  Sorts are declared with the keyword sort, followed by a name or a list of names (space
separated). Each declared sort represens a non-empty set of data. The elements of that set are
repreented as functions.

Functions Functions are declared with the keywords func or map:
func | map Functionname-lis t : domain -> sorthame
For example:

func T, F: -> Bool
map and: Bool # Bool -> Bool

The keyword func is used to declare the functions that construct a certain sort (the functions
that de ne the elemerts of that sort).

The keyword map is used to declare operations on the elements of an already de ned sort.
The functionname-list is a comma separated list of names
The domain is a list of declaredsort namesseparated by hashes(#). Domains can be empty.

It is allowed to overload names of functions, aslong asthe sort of eat term can be determined
uniquely. This means that the combination of the function name and the sorts of its domain
must be unique. It is, for example, allowed to de ne two functions maxin the following way:
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mapmax: Nat # Nat -> Nat
max: Real # Real -> Real

but not in the following way:

mapmax: Nat # Nat -> Nat
max: Nat # Nat -> Real

A function can not have the same combination of name and domain sorts as an action, process
or variable.

If a sort Dis declared without a constructor function that sort is assumed to be arbitrarily large.
In particular D can contain elemers that cannot be denoted by terms. Asiit is not possibleto
generatestate spacesof processeswith in nite data sorts, speci cations with arbitrarily large
domains are not practical.

It is not allowed to de ne empty sorts. For example, the following de nitio n of Dwill be rejected:

sort D
func f:.D->D

According to this de nition every elemert of D can be written as an application of f onto an
elemen in D. This meansthat the only elemert in D can be written as an in nite sequenceof
applications of f. Astermsare nite objects Dmust be empty, which is forbidden.

There are no pre-de ned data typesin crl . In other words, all data types must be speci ed.

The sort Bool must be declared and it must have two constructors, namely T and F.

Data-terms Data-terms can have the following formats:

functionname
functionname ( data-term-list )
varname

Data-term-lists are comma separated lists of data-terms. T he following conditions apply:
The names of functions and variables must be declared.

Data-terms must be well typed with respect to their declaration.

For example, given the following declarations:

sort Real Point

func 3: -> Real
point.: Real#Real -> Point
map cos: Real -> Real

some data-terms are: 3, cos(3) , cos(cos(3)) , point(3,3)

Equations The additional propertiesand relations declared with the keyword map are de ned by
means of equations. An equation speci cation consists of an optional variable-declaration (starting
with the keyword var) followed by an equaion-section (starting with the keyword rew).
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Variable-declaration ~ Variable-declarationsconsist of the keyword var followed by a (spaceseparated)
list of typed variables:

var Varname-list : sortname
Varname-list : sortname

The varname-list is comma separated.

The sorts must be declared.

Variables can not have the same name as function constants, parameterlessactions or parame-
terlessprocesses.

The names of variables must be unique within the declaration. This means that it is allowed
to usethe same name in di er ent equaion speci cations for di er ert sorts, as in the following
example:

var x: Bool

rew and(T,x) = X
and(Fx) =F

var X\y: Nat

rew eq(0,0) =T
eg(O,succ(x)) =F
eg(succ(x),0) =F

eqg(succ(x),succ(y )) = eq(x,y)

It is not allowed to usethe same name more than once in an equation speci cation, asin the
following example:

var Xx: Bool
X,y: Nat

Equation-section  The equation-sectionconsistsof the keyword rew followed by a seriesof equations:

rew data-term = data-term

Both data-termsin an equaion must be of the same sort.

If the data-terms in an equation section contain variables, thesevariables must be declared
immediately before that equation-section.

Thetools apply the equations asrewrite rulesfrom left to right. However, this way of using the
equaions s not prescribed in the de nitio n of crl itself.

More information about the rewrite processand hints for writing equations can be found in
Appendix I11.

2.8 Specification of processes
A crl specication describessystemsof communicating processewith data. Processesre viewed
asseqencesof atomic activitiescalled “actions'. Processesre represetied by mears of process-erms.
Data can be introduced in processspeci cations as parameters of actions and processesA condi-
tional (if-then-else construct) allows data to in uence the course of a proces.
Fig. 5 givesan overview of a processspeci cation.
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act Actionname, Actionname ::: : domain

proc Processmame (Varname: sortname, Varname: sortname ::: ) = process-erm
comm action-name j action-name = action-name

init process-erm

Figure 5: Processspeci cation format

Actions  Actions are represerned by mears of action-terms. Examples of action terms are a, a(3)
and a(T,F,3,f(g(x)))

Declaration of actions  Actions are declared by mears of the keyword act, followed by a (space
separated) list of action declarations:

act Actionname-list : Domain
For example:
act abc % simple actions
read, write : Data %read / write a datum

send, receive : Data # NAT %send / receive package consisting
% of a datum and a frame number

The Actionname-list is comma separated.

The domain is a list of declared sort names separated by hashes(#). This list de nes the
parameters of the action. For example, if an action read is declaredas:

act read: D # Bit

two possble action-terms are: read(d1,0) and read(d1,1) .

It is allowed to overload names of actions but the combination of the name and the sorts of
its domain must be unique (excefd that a parameterlessaction and a sort may have the same
name).

Predefined actions There are two prede ned action namesin crl :
delta  deadlock
tau the internal action

Action-terms  Action-terms consist of an action name possbly followed by a parameter-list (i.e. a
comma separated list of data-terms betweenbrackets). All action names must be declared and the
sorts of their parameters must be the same asthe sortsin the domain of the declaration.

Processes  Processesare represetied by meansof process-terms. Process-termsdescribe the order
in which the actions can happen. Process-erms consist of basic process-erms combined by mears of
operators.

Declaration of processes  Processesre declared by mears of the keyword proc followed by one or
more process-@clarations:

proc Processname (list of typed variables) = process-term
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It is allowed to overload names of processedut the combination of the name and the sorts of
its variablesmust be unique (excep that a parameterlessprocessand a sort may have the same
name).

The list of typed variablesis optional.

The list of typed variables consists of one or more comma separated declarations of the form:
Varname: sortname

The sortnames must be declared.

Variables can not have the same name as function constants, parameterlessactions or parame-
terlessprocesses.

A variable name may occur only once within each list.

Recursion is allowed.

Same basic examples

1. The rst exampledeclaresa simple process,Xthat performs an a action followed by a b action;
proc X=a.b

2. The following declaration recursively de nes a processthat carriesout in nitely many a actions:
proc X=a . X

3. Thethird exanmple usesparametersto de ne a counter:
proc Count(n: Nat) = announce (n) . Count(succ(n))

Basic process-terms  Basic process-erms are names of actions or processegossilly followed by a
parameter list (i.e. a comma separated list of data-terms betweenbrackets). All basic process-erms
must be declared and the sorts of their parameters must be in accordancewith their declaration.

Operators  Fig 6 gives an overview of the processoperatorsof crl .
Action-lists are comma separated lists of action names.
The priority of theseoperators: @., <<, || , <| ::: |>, +

The crl de nition doesnot distinguish di erent kinds of operators and allows arbitrary nesting
of all operators. For practical purposesit is useiil to group them asin Fig 6:

The operators +, ., <| ::: |>, and sumare used in the proc sectionto specify the component
processe®f a possibdy complex system.

Theoperators|| , encap, hide, and renameare usedto glue thesecomponents together (usually
in the init section). Be advised, that the lineariseris not able to linearise processesn which
theseoperators occur within the scope of +, ., <| ::: |>, and sum If one triesto linearisesuc
processthe lineariser will produce the error messageMixing pCRLwith mCRloperators .

The time operators << and @and the parallel operators |- and | are allowed by crl , but,
except for the parser, the tool set does not handle processesn which these operators occur.



3. The Tools

process-erm . process-term
process-erm + process-erm
process-erm <| boolean|> process-erm
sum(variable, processterm)

10

sequettial composition
alternate composition
conditional

sum

process-&rm || process-erm
encap(f action-listg, process-erm)
hide (faction-listg, process-erm)
renamg(f rename-listg process-term)

parallel composition
encapsulation

hide

rename

process-erm << processterm
process-erm @data-term

time shift
at

process-erm | _ process-erm
process-erm | process-term

left merge
communication

Figure 6: Overview of processoperators

Communication —~ The keyword comm can be usedto specify which actions can synchronise. A
communication speci cation consists of the keyword comm followed by one or more declarations of
the following form:

commaction-name | action-name = action-name
For example:
comms2 | r2 =c2
The namesin the action-terms must be appropriately declared.

The sorts of parameters of the three action terms must match.

The initial behaviour The initial behaviour of the system can be speci ed with the keyword init
followed by a process-tem:

init  process-term

For example:

init  Count(zero)

would causethe counter to count from zero onwards.

The crl de nitio n doesnot requirea speci cation to havean init section, but the instantiator
can not instantiate uninitialised state spaces.

3. The Tools

3.1 The tool: merl

The tool mcrl cheds whether a speci cation iswell-formedtimed crl . In addition, it can transform
certain crl speci cationsto a linear processoperator format.

General description
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Well-formedness check  The tool mcrl cheds whether a speci cation is well-formed (timed) crl as

de ned in [Gro97]. Roughly spoken, ‘well-formed mears that the following conditions are satis ed:
The speci cation is syntactically correct.

All namesin the speci cation (of sorts, functions, variables, actions, and processesyre appro-
priately declared. This means that there are sort names where there should be sort names
function names where theseare required, and soon. It also mears that every sort is declared
only once, that there are no functions, actions and processeshat have the same combination of
name and domain sorts and that the namesof variables are unique within their declaration and
di erent from the namesof constart functions, unparameterisedactions and unparameterised
processes.

There are no empty sorts.

The sort Bool is declared, asare the two constructors (T and F) of this sort.

If the sort Time is declared,both timeO and le are declared as functions of this sort.
All data-terms conform with the declarations (i.e. they are type correct).

Both data-terms of eat equation are of the same sort.

All conditions are of sort Bool.

The term at the right-hand side of every @operator is of sort Time.

If an action a is renamedto b, bis declaredwith respect to all the domains of a.
The sorts of all communicating actions match.

The communications are de ned in such way that communication is associative and commuta-
tive.

Thereis not more than one initial processdeclared.

Linearisation  The tool mcrl can also be usedto translate a well-formed crl speci cation to a
linear processoperator format® provided that the speci cation meetsthe following requiremeris:

The processdescriptions do not refer to time (i.e. neither the @nor the << operator is used).
The left merge(]| _) and the communication merge (| ) are not usedto specify processes.
Every processdeclaration must belong to one of the following syntactic categories:

1. declarationsin which action and processnamesare glued together by means of the operators
., +H<| i |>,and sum

2. declarationsin which processnamesare glued together by means of the operators|| , hide,
encap, and rename

If this requirement isviolated thelineariserwill respond wit h the somewhat cryptic error message
Mixing pCRLwith mCRloperators .

The operators || , hide, encap and renameare not used within the scope of the operators .,
+,<| ::: |>, and sum If this requirement is violated the lineariser outputs the error message
parallel operator in the scope of pCRLoperators .

3DetaiIs of the linear process operator format and an impression of the linearisati on algorithm are given in appendix 11
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Recursionis guarded?

There is no recursion at the level of the || , hide, encap and renameoperators.

The lineariser may needthe following functions:
the function not of type Bool -> Bool,
the functions and and or of type Bool# Bool -> Bool,
the function eq with target sort Bool for pairs of certain sorts.

If the lineariser arrives at a point where it needs one of thesefunctions and that function is not
declaredit will produce an error messageand exit subsequenly. It is the responsibility of the author
of the speci cation to provide appropriate rewriting rules for thesefunctions. The rulesfor not, and
and or should correspond to the logical operators with the same name (seefor example Fig 4); eq is
supposedto be a function that speci es of each pair of constructors of a certain sort whether they are
the same or not. For example, for the sort Bool the rewrite section of eq might read:

rew eq(T,T) =T
eq(T,F) = F
eq(F,T) = F
eq(F,F) =T

The lineariser does not handle terminating processescorrectly. In most casesit exits with an
appropriate error messagef a processterminates, but it might also produce erroneous out put without
any warning. To avoid di culties one should put a delta behind proceses that terminate. T his
shauld not be done carelessly Consider, for example the following processspeci cation:

proc P=aP.c +b

This speci cation speci es a processthat executeszero or more a actions, followed by a b action,
followed by as many c actions as there were a actions. One cannot simply put a delta behind the ¢
and/or the b. One may not put a delta behind the b asthis would reault in a proces with a di er ent
behaviour (no c's will be performed). However, putting a delta behind the ¢ but not behind the b
will not solve the problem as this means that P may terminate by executing b. In many cases,the
problem might be sdvedin the init section:

proc P=aP.c +b
init P . delta

As this works only if there are no proceses put in parallel® a better solution is reached by adding a
processname:

proc X = P.delta
P=aPc +b

Format mcrl [ -linear | -tbfile | -stdout [-regular | -regular2]
[-cluster  [-binary] | -nocluster] ] infile | [-help] | [-version]
Options

4The notion of guardedness is explained in Section 11.2.3.
5if there are parallel processes, a delta in the init section will elicit the Mixing pCRLwith mCRLoperators error
message
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Output format If mcrl is invoked with a lename, infile, and without one of the output format
options (-linear , -tbfile , -stdout) it will perform a well-formednessched on infile, and write the
resut to stdout .

If an output format option is speci ed mcrl will attempt to linearisethe speci cation in infile after
the well-formednessched (but only if the speci cation is indeedwell-formed).

-linear output iswritten in text format to infile .lin
-tbfile output iswritten in tool bus format to infile .tbf
-stdout  output iswritten in tool bus format to stdout

Regularity  When mcrl is invoked with the a g -regular or -regular2 it attempts to generate an
Ip o by applying a reguar linearisation method.® The tool does not ched in advancewhether such a
translation exists. If such a translation does not exist mcrl will end up in a loop, and will ultimately
crashdue to lack of memory.

When mcrl is invoked without aregularity a git will usestacksto linearisethe speci cation.” Suc
a translation does always exist.

As speci cationswith stacksaredicult tounderstand or analyse, it is recanmendedto use regular
linearisation right away. If the state spaceassaiatedwith a speci cation is nite, reguar linearisation
is always possible. This means that one needsstacks only to linearise speci cations with an in nite
state space. As the instantiator  of the tool set is not yet able to instantiate in nite state spaces
one might conclude that, currently, in practice, there will seldam or never be a reason to use stacks.

The di erencebetweenthe ags-regular and-regular2 isexplainedin Section 11.6.3. It in uences
the way in which parameters of internally created processnamesare gererated. Both methods have
advantagesand disadvantages. In practice one should try both methodsto nd out which one gives
the bed reallts. The use of -regular often leads to substantially less data parameters than the
use of -regular2 , which increasesthe speed of the lineariser and the instantiator. The -regular2

ag is useful when there are a lot of similar structured processexpressbnsin a speci cation. In this
case-regular2 might generate smaller state spacesthan -regular . Finally, there are casesn which
-regular2 terminatesand -regular not.

Clustering  If a processterm has seweral summands with the same action they might be packed
together with the help of a sum operator. For example, the processterm a(T).X+a(F).X can be

written as the single summand sum(b:Bool,a(b) . X). Thisiscalled clustering.
The cluster a gsin uence clustering during linearisation:
[none] summands are clustered before putting two processesin
parallel
-nocluster summandsare not clustered exceptin very simple cases
-cluster summands are clustered before putting two processesin
parallel and a secord time at the end of linearisation pro-
cesses.
Tool info -help provides a short desciption of the tool with all its ags

-version print version info
Error messages  The tool mcrl may produce several kinds of error messages.

Command line errors  Theseerrors concern incompatible options such as Options -tbfile  and
-linear cannot be used together and the I/O errors Cannot open file for output (doesthe
le existin the relevant directory?) and Cannot open file for input (does there exista le with
the same name, of which you lack the privilegesto changeit?).

6See Section 11.6 for an explanati on.
"Details of this method are given in Section 11.5.
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Syntax errors  After invocation mcrl will try to parse the speci cation. If it reachesa point where
it doesnot know how to parsea certain string it exits immediately and producesthe error message
line %n: parse error, near string %s Thiserror messagendicates the string that could not be
parsedand the number of the line in which that string occurred. As is usual with parseerrors, the
error is always before the string mertioned in the error messageand often not near the indicated line.

Other well-formedness errors  Next, thetool mcrl cheds non-syrtactic well-formednesgequiremerts
(seeSection3.1). If it nds an error it exits immediately and tells you what's wrong. For example, if
mcrl for the secor time bumps on a declaration of sort S (which violates the requiremen that sort
names must be unique) it will stop and say that

Sort 'S' appears more than once.

Most error messagesspeak for themselves. Here are some hints regardng the more di cult ones.

The wording of the messagess not always consistent. For example, if mcrl for the secand time
bumps on a declaration of a certain function name, it will say something like

Function 'f' appears twice
(even if f is declared four times!).
Some error messagesefer to the order in which the well-formednessis chedked. Thisorderis not

necessarilythe same as the order in which the terms appear in the speci cation. For example,
if a speci cation states:

act a
sort A
func a:->A

mcrl will complain that
Action name'a’ is already in use,
degite the fact that in the speci cation act a appears before func a.

The complaint that a certain function is “badly' or “incorrectly’ used may indicate:

1. that the checker has bumped at an undeclared name at a position where it expects the
name of a function or a variable, or

2. that one of the parameters of the function about which the checker complains is of the
wrong type

For example,if f isnot declared, the processdeclaration
proc X(bl: Bool) = sum(b2: Bool, a . X(f(b1,b2)))

will evoke the error message:

The function f in action or process X(f(bl1,b2)) in Xis
incorrectly  used

The same message will be producedif f isdeclared, but if its actual parametersare of the wrong
type. For example,if f is declaredas:

mapf. Nat # Nat -> Bool
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On the other hand if the name of one of the actual parameters of f is undeclared, mcrl will
complain about that name. For example,if b2 is not declared, the declaration

proc X(bl: Bool) = a . X(f(bl,b2))

will evoke the complaint:

The function b2 in action or process X(f(b1,b2)) in Xis
incorrectly  used.

If the checker complains that a certain variable is "already declared as function/v ariable' this
means that the name of that variable is also declared as the name of a (constant) function,
another variable in the same declaration, or of an (unparameterised) action or process.

For exanmple, the following declaration

act a b
proc X(b: Bit) = a . X (invert(b))

will provoke the error message
Variable 'b' is already declared as function/variab le.
becauseb is declared both as a variable and as an action.

Memory problems  The well-formednesschedker of mcrl attempts to avoid core dumps. This means
that it will exit with an error messageif there are memory problems. Examples of this kind of error
messagesare:

Too manyfunctions while storing function '%s'
Out of memorywhile storing function '%s'

The rst messagendicatesthat in an internally createdtable there is no room left to store the name
of a function; the secand message indicates that mcrl has not enough memory to store the function.

Error messages of the lineariser  If one of the output a gsis speci ed mcrl will chedk whether or not
the speci cation meetsthe requiremerts for linearisation (seeSection3.1). This ched takesplaceafter
the well-formednessched. If mcrl discovers a violation it will exit immediately with an appropriate
message. If the requiremerts are met it will attempt to linearisethe speci cation. The lineariser may
needthe functions eq, and, or, or not of sort Bool. If the lineariserarrives at a point where it needs
one of thesefunctions and that function is not declaredit will produce an error messageand exit
immediately.

Known problems

1. Processeghat terminate are not linearised correctly, but a warning is not always given. This
doesnot apply to intermediate termination, where one proces terminates and another contin ues
The geneml sdution is to put a delta behind processego prevent them from terminating.

2. For the enumerated types that are gererated when clustering, there are no equality functions
eq de ned. This means that linearising an already linearised system may fail due the absence
of these functions.

3. It is not chedked whether the functions and, or, not and eq that are sometimes requiredin the
processare de ned in accordancewith the normal interpretation of thesefunctions. So, it would
not be noticed if not would be de ned by not(T)=T and not(F)=F . The resut of the lineariser
depends on the correct de nitio n, and becaneswrong in this case.
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4. When mcrl is invoked with the -regular or -regular2  ag, and the cortrol of the processis
not nite state,then mcrl will loop, and crash after a while due to lack of memary.

5. The lineariser has not beenoptimised. It usesthe general, but not extremely e cien t, level 1
aterm functions (with some exceptions). Furthermore, its internal data structures are rather
basic. This may explain that for very large systems, or systems with a lot of parallelism it may
take some time to nis h linearisation.

3.2 The tool: msim
The tool msimcan be usedto single step through a processdescribedin  crl (text or .tbf format).

Overview A typical sessionwith msim consist of the following steps:
1. start msim by typing msim file.tbf (Fig. 7),
2. initiate the simulation by clicking the Start button (Fig. 8),
3. continue the simulation by selecting actions in the Menudisplay (Fig. 9),

4. nish the simulation by clicking the Quit button.

Start msim  The simulator msimis invoked by:

msim[ file]

The simulator will presen a window that allows interactiv e simulation of the system descibed in
the argument file (Fig 7).

The argument file must be a well-formed crl speci cation in text format or an Ip o in .thf
format. If the argument file is omitted msim will simulate the processdescibed in share/abp .2

=1 TR 8 — |5

Figure 7: The msimwindow - immediately after start up

Initiate the simulation  To start the simulation click the Start button. The simulator will translate
the data typesto C code and load themin the program. If all goeswell the simulator presens a list
of actions in the Menudisplay window (seeFig 8). Otherwise an error messagewill appear in the
message window (botto m of the screen).

8T his path is relative to the mcrl top directory



3. The Tools 17

If the argument file isin text format msimwill r st generatea .tbf le. It doesso by automatically
invoking the command mcrl -tbfile  file. Note, that the default method of linearisation is used.
In order to get regdar linearisation (the state description of which is much more easyto interpret)
one must linearisethe speci cation before invoking msim(mcrl -tbfile  -regular file) and one must
invoke msimwith the .tbf le (mcrl file .tbf ).
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Figure 8: The msimmain window after pressing start
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Figure 9: The msimmain window

Continue the simulation The msimmain window (Fig. 9) o ers the following possibilities (seealso
table 1):
You can single step through the system by selecting actions in the menudisplay .

The program maintains a trace that can be saved in text(Print ) or binary format (Save).
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Start Return to the initial state

State Display the state vector desribing the current state
Term Display the value of a function in the current state
Undo Back to the previous state in the trace

Redo Forward to the next statein the trace

Print  Save thetracein text format

Save Savethetracein binary format

Load Load atracein binary format

Quit  Quit msim

Table 1: The butto ns of the msimmain window

You may retur n to the previous state in the trace by clicking the Undobutton. It is possible to
undo the whole sequenceof chosen actions up to the initial state.

You may redo undone actions by clicking Redao

To display a deription of the current state click State (the interpretation of this description
requiresboth experienceand knowledge of the linearisation process).

To display the value of a certain function click Term A term window pops up (Fig 10). Enter
the function and click OK It is possble to display more than one term window.

You may changethe size of the fonts in the Menudisplay by clicking on Font size

Bl ] | %

BEAtir Funct 1o i

Msptng Clcus

Figure 10: A term window

Finish and Restart
To nish the simulation click Quit .
To restart the simulation click Start .

To restart the ssimulation with another speci cation, change the File and /or Directory and
click Start .

To load a saved trace in binary format click Load.
References  The tool msimis described in [Kor].
Known problems There are no known problems with msim

3.8 The tool: instantiator

The tool instantiator readsa lein aterm internal format (a .tbf  le) and generatesa transition
system. By default, the gererated transition systemisin aut format. This transition system can be
read and manipulated by seweral tools among which the Csar Al debaran Development Package.
The instantiator can also produce transition systems in svc format [Lan01]. This is a new, compact
format, the tool support of which is rather limit at the momert.
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General description

The .aut format A .aut le isatext le that describesa state spaceby meansof alist of transitions.
Each transition consists of the number of the starting state, the name of an action, and the number of
the resudting state (in that order). The rst linein the .aut le describesthe state spaceas a whole
(initial state, number of transitions, number of states) Here is an exanmple of a very smple .aut le
which describesthe spacepictured in Fig. 11:

des (0,5,4)
(0,"a",1)
(0,"b",2)
(1,"c",3)
(2,"c",3)
(3,"d",0)

State space generation  The instantiator readsa lewith alinear processin aterm internal format
and exploresthe state space. The exploration starts with the initial state (which must speci ed by
means of an init clause). The instantiator  traversesall summands of the linear processoperator.
If the condition of a summand applies, a transition is addedto the .aut le. This transition consists
of the number of the state being explored, the action label of the summand, and the number of the
resulting state. The initial state has label zero. If a realting state occurs for the r st time it gets
the next freenumber. The instantiator  lists all resuting statesfor further exploration. The initial
state plus all known resuting states (known at a certain point in the exploration process)together
are called 'visited states'. If a state is completely exploredthe instantiator proceedsto the next state
on the list (i.e. to the next visited state), until all statesare explored.

ONE N0

Figure 11: A simple state space

Format instantiator  [-svc | -svc-num] [-i] [-nohash | -simple] [-case | -order label ]
[-rewr] [-monitor] [-deadlock] infile | -help | -version

Options
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Overview

-sve output in svc format; states labeled with state vectors
-svc-num  output in svc format; states labeled with numbers

-i print the internal action asi instead of "tau”

-nohash don't use a hash table during rewriting

-simple another instantiator is run which does not use a hash table during
rewriting ,

-case start with the super cial variables when evaluating sum variables
in conditio ns (useful after applying structelm ),

-order specify the order in which sum variables in conditions are evalu-

ated (for experimertal useonly),
-monitor print to stdout how many states have beenexplored
-deadlock  print the deadlock statesto a .dlk le (no.aut le generated)
-help print a short description of the tool and its ags
-version print version info

Output format By default instantiator  outputs a.aut le. If the -svc or-svc-num a gisenabled,
the output isin svc format. In the rst case(-svc) the statesare labeled with aterms, specifying the
state vector; in the secondcase(-svc-num) the statesare labeled with numbers.
The Csar Aldebaran tool set assumes that the internal action is denoted by i, whereas
instantiator by default produces"tau" . The -i ag causes instantiator  to producei. This
ag is necessaryif one wants to reduce the .aut le modulo branching bisimulation or modulo weak
bisimulation with C sar Al debaran .

Hash table during rewriting By default the instantiator  chedks during each rewriting step if the
-no-hash agisset. If this agisnot set thena hashtable containing normalisedtermsis presert and
the rewriting stepsuse this hash table. If the -no-hash ag is set then the rewriting stepsdon't use
a hashtable. The repeated chedking of the ag consumestime. Thisis the reasonwhy the -simple
ag isintroduced. If this ag is set another piece of code is run in which there are no chedks and
which does not use a hash table during rewriting. This instantiator runs faster on small speci cations
in which the bene ts of hashtables do not outweight the disadvantagesof an extra ched.

Enumeration order  As is explained in the appendix (Section 111.3) the instantiator ~ has a compo-
nent, the enumerator, which determineswhich instancesof a combination of sum variables satisfy a
condition. T he speedof this componernt depends to a large extend on the order in which the di erent
sum variables are evaluated. This order is a ected by the -case and -order ags.

By default, sum variables of enumeratedtypes® are evaluated before other variables and within each
classthe variables are evaluated in the order of the frequencywith which they occur in the condition.

After applying structelm followed by rewrite -case, the conditio ns contain many case functions*®
and there are no casefunctions within non-casefunctions
(e.g. c(e-1,C(e-2,C(e-3,£(i),g(j)),C(e-4),h(k),h(1)), C(e-5,f(k),g(1)))). In this caseit is faster
to start with the most super cial variables. This is accamplished by the -case ag.

It isalsopossbleto specify the order in which sum variables are evaluated by meanrs of the -order

ag. This ag is for experimental useonly. Possble orders are: no, enumbig _freq , big _freq , and

min_depth:

9Enumerated types are sorts that have only constants as constructors
10T he term “case function’ is explained in Section 3.9.
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-order no the sum variables are evaluated in the order in
which they appea in the conditions

-order enumbig freq  thesum variablesof enumeratedtypesare evalu-
ated before other variables and within each class
the variables are evaluated in the order of the
frequencywith which they occur in the condi-
tion (this is the same as the default order)

-order big _freq the sum variables are evaluated in the order of
the frequencywith which they occur in the con-
dition

-order min_depth the sum variables are evaluated in the order of

their depth (from super cial to deep) (this is
equivalert to -case)

The -prerewr flag If the -prerewr ag is enabled the conditions are reduced (by applying the
rules speci ed in the rew section), before they are submitted to the enumerator. This speedsup the
enumeration processconsiderably However, it isrecommendedhat a speci cation is rewritten before
it isinstantiated and in this casethe -prerewr agis superuo us.

Dealing with large state spaces The .aut format israther ine cient and may grow very large. The
-monitor and -deadlock options asskt in dealing with large state spaces.

The -monitor  ag prints every 1000explored states a messageto stdout. This messagesays how
many stateshave beenexplored, how many states have beenvisited, and how many transitions there
currently are in state space.

If the -deadlock a g is enabled instantiator  explores the state space but does not generate a
.aut le. Instead it printsthe deadlock statesto a .dlk le.

Tool info  The -help a g provides a short de<ription of the tool, and the -version ag described
its version.

Known problems

1. The current size of state spacesis restricted to approximately 3 10’ states but this g ure
depends highly on the processfor which the state spaceis generated. Such a large state space
needs approximately 1.5 Gb of memory.

2. You get problems if you try to instantiate several lesin the same directory at the same time
or if you run msim instantiator , rewr, constelm, and/or parelm at the same time on les
residing in one directory. These tools produce produce and use two les caled AUXTERM.and
REWRITERALTwhich contain C-code for reducingdata terms. T he problemsoccur becauseone
instantiation will overwrite (or use)the code of another instantiation.

References  The instantiator is descibed in [DG95].

3.4 The tool: pp
The tool pp pretty prints a linear processoperator in .thf format.

General description  The pretty printer pp reads an LPO in .tbf format and transformsit to asci
format. Output iswritten to stdout .

Format  pp [-ascii] [infile] | [-help] | [-version]
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Options

By default pp outputs a format similar to that of the tool mcrl with the -linear option. This
output is human readable and can also serve as input for the tool mcrl.

If the -ascii agisused, pp outputsthe asci represertation of the aterm in infile. This can be
useful to transform a binary represeried aterm (.tbf format) to a slightly more readable form.

If infile is omitted, pp reads from stdin .
-help providesa short description of the tool and its ags.

-version prints version info
Known problems There are no know problemswith the pretty printer, pp.

3.5 The tool: rewr
The Iter rewr normalisesan LPO.

General description  This lter reducesan LPO in .tbf format by applying the equations of the
data types. A summand is removed if its conditio n tur ns out to be false. Output is written to stdout .

Format  rewr [-ascii] [-hash] [-case] [infile] | [-help] | [-version]
Options

By default rewrites outputs binary aterm format (.tbf format).

If the -ascii agisused, the output is an aterm in ascii representation.

If the -hash a g isused, rewr usesa hashtable for storing normalised terms.

If the -case ag is used, rewr usesimplicit rewrite rules handling case functions. Theserules
pulls the case functions outwards. The command rewr -case must be used after the command
structelm , becausestructelm gereratesa lot of (new) casefunctions. Information about case
functions and their implicite rewrite rulescan be found in [LGO1].

If infile is omitted, rewr reads from stdin .

-help providesa short description of the tool and its ags.

-version prints version info
Known problems Seeitem 2 of Section 3.3 for the only known problem with rewr.
3.6 The tool: parelm

The tool parelm remaovesfrom an LPO thosedata parametersand sum variablesthat do not in uence
the behaviour of the system. This may reducethe state space considerably.
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General description  The lter parelm readsan LPO in .tbf format and removesthe data parameters
and sum variables that do not in uence the behaviour of the system. For example, if proces P is
de ned as

P(x: Nat) = a . P (succ(x))

x is super uo us and will be removed by parelm.

The tool carriesout the following algorithm:
1. Select the parametersthat occur in the conditions and/or in the action arguments of the LPO,
2. Extend the selection with all parametersthat depend on parameterswhich are already selected,
3. Repeat step 2 until no parametersare added to the sekection,

4. Remove all parametersthat are not selected,

5

. For each summand: remove all the sum variables that occur neither in the condition, nor in the
action argument, nor in the arguments of the new state.

The output is written to stdout .
Format parelm [-ascii]  [infile] | [-help] | [-version]
Options
By default the output is in binary aterm format (.tbf )
If the -ascii agisused, the output is an aterm in ascii representation.
If infile is omitted, parelm reads from stdin .
-help providesa short description of the tool and its ags.

-version prints version info
Known problems  There are no known problems with parelm.

3.7 The tool: constelm
The lter constelm removes from an LPO thosedata parametersthat are constant throughout any
run of the process. This may speedup state space gereration considerably. It may alsoimprove the
readabilit y of the LPO.

General description  The tool constelm reads an LPO in .tbf format, looks for data parameters
that are constant throughout any run of the processand replacesthem by this constant value. For
example, in the following speci cation the value of y is constant

proc P(x: Nat, y: Nat) = a(x,y) . P(succ(x),3)
init  P(x,3)

and constelm will replace y by 3. Output is written to stdout .

Format constelm [-ascii] [infile] | [-help] | [-version]
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Options
By default constelm outputs binary aterm format (.tbf ).
If the -ascii agisused, the output is an aterm in ascii representation.
If infile is omitted, constelm reads from stdin .
-help providesa short description of the tool and its ags.

-version prints version info
Known problems There are no known problems with constelm.

3.8 The tool: structelm

The tool structelm replacesterms with a constructor function as head symbol by the name of the
constructor and its arguments. In this way variables occurring in subterms are better exposedand
more amenable to be eliminated by one of the tools.

General description  The Iter structelm -expand sortname reads an LPO in .tbf format and
replacesterms of sort sortname with a constructor function as head symbol by the name of the
constructor and its arguments. For instance, a list expresson in(v;l) is split into the value in, and
termsv and |, and a list expressbn nil is replacedby the value nil. Consequertly, a variable of sort
List is replaced by three variables. The rst one to indicate whether the head symbol of the term
represened by the variable starts with in or nil and two to represens the two arguments in casethe
term startswith in. This expansionmethod is called structelm , short for structure elimination. The
application of structelm itself doesnot optimise a speci cation, the tool is useful only in combination
with parelm and/or constelm. Thelatter tools might nd more parametersthat can be eliminated or
replaced by constantsif the sortsin the summands are r st split up by structelm . Output is written
to stdout .

Format structelm [-expand sortname] [-depth number] [-torewr] [-binary] [-ascii] [ infile]
| [-report] | [-help] | [-version]

Options

What to expand

The -expand a g allows you to specify which sorts must be expanded. If the ag -expand is
omitted then all sorts are taken which have at least one constructor with at leastone argument.

The -depth ag can be usedto specify the depth of the expansion.

Method

The -binary a gtranslatesthe name of the constr uctor which is considered by structelm asa
valueinto a row of binary values. An advantageof the useof this agisa more compact storage
of terms.

Input and output format
By default structelm outputs binary aterm format (.tbf ).
If the -ascii agisused, the output is an aterm in ascii represntation.

If infile is omitted, structelm reads from stdin .
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Info
-report returns alist of composite sorts
-help providesa short description of the tool and its ags.

-version prints version info
Known problems  There are no known problemswith structelm .
References  structelm is described in [LGO01].

3.9 The tool: sumelm
The Iter sumelmsimplies an LPO by replacing sum variables that must be equal to a certain data
term with that data term. This might improve the speed of the instantiator  and the e ect of
constelm and parelm.

General description  The tool sumelmlooks for summands that have a conditio n which statesthat a
sum variable (i.e. avariable bound by the sum operator) must be equal to some dataterm and replaces
that variable by that data term. An example is the following summand of the proces P(e:Nat) :

sum(d:D, sum(f:Nat, read(d,f) . Q(d,e) <| eq(fe)|> delta))
The tool sumelmwill replace this by
sum(s:D, read(d,e) . Q(d,e))

The tool will replace sum variables that occur in conditio ns consisting of a single eq function as
well as in conditio ns in which the eq function occurs directly within one or more and, or, or case
functions. So, if d is a sum variable, it will be replacedif the condition is and(eq(d,e), eq(f,g)) ,
but not if the conditio n is fancyboolean(eq( d,e), eq(f,g))

A certain function (say f) of a certain sort (say S is a case function if it satis es the following
conditions:

in regard to its signature

— The rst argument is of an enumerated sort (i.e. a sort with a nite number of constructors
that have no arguments), say E with n constructors.

— This rst argument is followed by n arguments of sort S.
in regard to its rewriting system:

— There is an equation of the form
f(Ci V1 ... Vn) =V
in which
¢ is a constructor of E
Vi .... Vp aredi erent variables of sort S
v; isone of the variables vy .... v

for each constructor of E
— The right hand side of all thes equaions dier from each other.

Output is written to stdout .

The application of sumelmcan be useill for two reasons:
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It speedsup theinstantiator  becausethis tool neednot try all possible valuesof the eliminated
sum variable.

After application sumelmto an LPO tools such as constelm and parelm might do a better job.
Format  sumelm[-ascii] [infile] | [-help] | [-version]
Options

By default sumelmoutputs binary aterm format (.tbf ).

If the -ascii agisused, the output is an aterm in ascii representation.

If infile is omitted, sumelmreads from stdin .

-help providesa short description of the tool and its ags.

-version prints version info.

Known problems There are no known problems with sumelm
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Appendix|
The syntax of timed pcrl

In this section the syntax of timed crl specicationsis given. It is de ned in the Syntax De nitio n
Formalism (SDF) [HHKR89]. According to the corvertion in SDF we write syntactical categories
with a capital, and keywords with small letters. The r st LAYOUT rule says that spaces(" '), tabs
(\t ) and newlines(\n) may be used to gererate some attractive layout and are not part of the crl
speci cation itself. The secand LAYOUT rule says that lines starting with a %sign followed by zero
or more non-newline characters (~[\n]* ) followed by a newline (\n) must be taken as comments and
are therefore alsonot a part of the crl syntax.

A Names an arbitrary string over a-z, A-Z, 0-9 and the special characters » - . By a default
SDF convention keywords cannot be a Nameat the sametime. In the context freesyntax most items
are sef-explanatory. The symbol + stands for one or more and * for zero or more occurrences. For
instancef Name"," g+ is alist of one or more Nameseparaed by commas, wit hout a trailing comma.

The phrasefright gmeansthat an operator isright-assaiativeand f assocg meansthat an operator
is assaiative. The phrase f bracket g says that the de ned construct is not an operator, but just a
way to disambiguate the construction of a syntax tree.

The prioritiessay that the operator “@ has highest and + has low est priority when parsing process
terms with ambiguous bracketing .

exports

sorts Name
Name-list
Domain
Sort-specification
Function-specification
Function-declaration
Equation-specification
Variable-declaration
Variables
Data-term
Equation-section
Single-equation
Process-term
Renaming



Variable
Process-specification
Process-declaration
Action-specification
Action-declaration
Communication-specification
Communication-declaration
Initial-declaration

Specification

lexical syntax
[ \t\nl] -> LAYOUT
"% “[\nl* "\n" -> LAYOUT
[a-zA-Z0-9"_’\-]+ -> Name

context-free syntax
{ Name ","}+ -> Name-list
{ Name "#"}+ -> Domain
"sort" Name+ -> Sort-specification
"func" Function-declaration+ -> Function-specification
"map" Function-declaration+ -> Function-specification
Name-list ":" Domain "->" Name -> Function-declaration
Name-list ":" "->" Name -> Function-declaration
Variable-declaration

Equation-section —> Equation-specification

"var" Variables+ -> Variable-declaration
-> Variable-declaration

Name-list ":" Name -> Variables

Name -> Data-term

Name "(" { Data-term "," }+ ")" -> Data-term

"rew" Single-equation+ -> Equation-section

Data-term "=" Data-term -> Single-equation

Process-term "+" Process-term -> Process-term {right}

Process-term "||" Process-term -> Process-term {right}

Process-term "||_" Process-term -> Process-term

Process-term "|"  Process-term -> Process-term {right}

Process-term "<|" Data-term " |[>"

Process-term -> Process-term
Process-term "." Process-term -> Process-term {right}
Process-term "Q@" Data-term -> Process-term
Process-term "<<" Process-term -> Process-term {left}
"delta" -> Process-term
"tau" -> Process-term
"encap" "(" "{" Name-list "}" ","

Process-term ")" -> Process-term
"hide" "(" "{" Name-list "3}" ","

Process-term ")" -> Process-term
"rename" "(" "{" { Renaming "," }+

"}mv on " Process-term ")" -> Process-term

"sum" "(" Variable ","
Process-term ")" -> Process-term
Name "(" { Data-term "," }+ ")" -> Process-term
Name -> Process-term
"(" Process-term ")" -> Process-term {bracket}
Name "->" Name —> Renaming
Name ":" Name -> Variable

30



"proc" Process-declaration+ -> Process-specification

Name "(" { Variable "," }+ ")" "=t
Process-term -> Process-declaration
Name "=" Process-term -> Process-declaration
"act" Action-declaration+ -> Action-specification
Name-list ":" Domain -> Action-declaration
Name -> Action-declaration
"comm" Communication-declaration+ -> Communication-specification
Name "|" Name "=" Name -> Communication-declaration
"init" Process-term -> Initial-declaration
Sort-specification -> Specification
Function-specification —-> Specification
Equation-specification -> Specification
Action-specification -> Specification
Communication-specification -> Specification
Process-specification -> Specification
Initial-declaration -> Specification
Specification Specification -> Specification {assoc}
priorities

Process-term "@" Data-term -> Process-term >
Process-term "." Process-term -> Process-term >
Process-term "<<" Process-term -> Process-term >
{ Process-term "||" Process-term -> Process-term,

Process-term "|" Process-term -> Process-term,

Process-term "||_" Process-term -> Process-term } >

Process-term "<|" Data-term "|>" Process-term -> Process—-term >
Process-term "+" Process-term —-> Process-term
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Appendixll
Lineaisation

This chapter descrbesin an informal style the linear processoperator format (Ip o) and the lin-
eaisation proces as it is implemerted in the tool set. The tool set implemerts three methods for
linearisation: the default method and two regular methods. A formal tr eament of the default method
of linearisation is given in [GPUOL]. There is no formal treatment of regular linearisation in crl
yet.

The rst section (I1.1) of this chapter describes the linear processoperator format (i.e. the output
of the linearisation proces). The secand section (I1.2 discusses the required input of the linearisation
process.The remaining sections(11.3{ 11.7) discussthe linearisation processitself.

This chapter requiressomeexperiencewith speci cation in crl .

[1.1. The linear processoperator format (I po)
An Ip o describes a system as a processthat consists of a series of summands; each summand gives
a condition, an action that can be performed if that condition applies, and the modi ed processthat
resuts from that action.

As an example, considera simple bu er that canreceiw a datum with the action read and deliver
it with the action send. T he following speci cation of that bu er is not linear, because there are two
actions before the recusive call of the processBuffer :

proc Buffer = sum(d:Datum, read(d).send(d). Bufe r)

The speci cation can be linearisedby dividing the Buffer procesin two phases. In phase 1 a datum
is received, in phase?2 the datum is delivered. The linearised Buffer needs two parameters: one to
keeptrack of a read datum and one to keeptrack of the phase.

proc Buffer(dl:Datum, phase:Phase) =
sum (d2:Datum, read(d2).Buffer (d2,s) <| eq(phase,r) |> delta
+ send (d1).Buffer(d1,r ) <| eq(phase,s) [|> delta

[1.2. The input of the linearisa tion process

11.2.1 Owverview of requirements

As said in Section 3.1, the lineariser of the tool set requiresas input a crl speci cation that meets
the following criteria:
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There are no referencesto time.
Every processdeclaration belongsto one of the following syntactic categories:

1. declarationsin which action and processnamesare glued together by means of the operators
., + <] i |>,and sum

2. declarationsin which processnamesare glued together by means of the operators|| , hide,
encap, and rename

The processnames occuring in a declaration of the rst type are declared by mears of a
declaration of the rst type.!

Processnamesdeclared by a declaration of the secom type are not usedrecusively.
Recursionis guarded.

The rst requrement (no time operators) speaks for itsef. The next three requirements amount
to the requiremert that pcrl and parallel pcrl are neatly separated. This is discussedin the next
subsection(11.2.2). The last requiremert (guarded recursion) is discussedin subsection1.2.3.

11.2.2 Separating pcrl  from parallel perl

Due to the secor requiremert, the set of processdeclarations to be linearised can be divided into
two parts. Theseparts are treated di erertly during linearisation. These parts are called the pcrl
and the parallel perl  part:?

The pcrl  part consists of the declarationsin which action and processnamesare glued together
by means of the operators ., +, <| ::: |>, and sum All processhamesoccurring in the pcrl
part must be declared in the pcrl part. Recursion is allowed (provided it is guarded).

The parallel pcrl part consists of the declarations in which processnames are glued together
by means of the operators || , hide, encap, and rename The processnamesoccurring in this
part are de ned in either the pcrl part or in this part. Recusion is not allowed.

proc S(c:Nat) = sum(d:D, accept(d).send( d,c). S(succ(c)) )
R(e:Nat) = sum(d:D, read(d,e).deliv er( d).R(succ(n)))
System(c:Nat, e:Nat) = S(c) || R(e)

Figure I1.1: A simple Sender/Receiver system

Consider for example the processspeci cation of g. I1.1. This speci cation species a system
consisting of two processesn parallel:

a sender (S) which acceptsa datum from an application, adds a frame number and sendsit to
the network

a receiver (R which reads a datum from the network (if it hasthe appropriate frame number)
and, sends it to an application

The declrations of Sand Rtogether form the pcrl  part, the declaration of Systemformsthe parallel
pcrl  part.

Lin other words: the operators || , hide, encap and rename must not be used within the scope of the operators ., +,
<| ... |», and sum

2perl is short for pico crl , a subset of ucrl (micro CRL).
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11.2.8 Guardedness
A processname, X, depends on another processname, Y, if Yis usedto declare X For example, if Xis
declaredas X = a.Y + Zthen Xdependson Y and Z

An occurrence of a processname is guarded if there is an action before that occurrencein the
sequenceahat cortains that occurrence. For example,Xand Y are guardedin X = a.X.Y + Z(by the
action a before Xand Y in the sequencea.X.Y) but Z not (there is no action before Z in the sequence
2).
The lineariser requiresthat recursionis guarded in the sensethat there are no cyclic unguarded
dependenciesin the speci cation.® For example, the following speci cation will be not be linearised:

proc X=aX +Y
Y=hY +2Z
Z=cZ+ X

becauseof the cycle: X depends on an unguarded Y, Y depends on an unguarded Z, Z depends on an
unguarded X. Similarly,

proc X=X 4¢F|>ayY
Y =aY

will not belinearised,becauseXis unguardedin X An example of a speci cation that will belinearised
is:

proc X =Y
Y = aX

X depends on an unguarded Y but Y is completely guarded (i.e. Y has no unguarded dependencie$.

[1.3. Overview of the linearisa tion process
The linearisation processconsists of two main steps:

1. The perl  part is transformed into a single Ip o, and the parallel pcrl part is appropriately
updated.

2. Thetwo parts are integrated into one single Ip o.

The tool set providesthree methods for performing the rst main step:
A general method
Two regular methods, described in Section 11.6

The general method appliesto all speci cations that satisfy the requiremerts. The regular methods
do not apply in all cases.

Both the general method and the regular methods have an important sub step, namely combining
processes.This sub step isintroducedin Section|l.4. Sectionll.5 describesthe general method (for
the rst main step), Section 1.6 the regular methods (for the rst main step). The secor main step
is discussedin Section 11.7.

[1.4. Combining processes
The two main stepsin linearisaion can each be divided in sewral sub steps. One important sub step
(both in gereral and in reguar linearisation) is the combination of two or more processesnto one

SNote that thi s noti on of “guarded recursion' di er s slightly from the one used in [Fok00]
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processwithout changing the system. This can be done by mears of a state parameter that indicates
which of the original processeghe combined processshould execute.

As an example of this sub step, considerthe two processesS and P of g. Il.1. Thesetwo pro-
cessegan be combined into one process(Combined without changing the system, provided that the
declaration of Systemis properly updated (see g. 11.2). In order to achiewe this, a new sort State
is introduced The constructors of this sort are S and P. A parameter of this sort is introduced in
the processCombinedto indicate whether Combinedmust behave asthe original S process o as the
original R process.

proc Combined(X:State, c:Nat, e:Nat) =
sum(d:D, accept(d).send( d,c). Canbined(S,s ucc(c), €))
<| eq(X,S) |> delta
+ sum(d:D, read(d,e).delive r( d).Combne d(R,c,s ucc(e)) )
<| eq(X,R) |> delta
System(c:Nat, e:Nat) = Combined(S,c,e) || Combined(R,c,e)

Figurel1.2: Combined processhat actsasa Sender or asa Receiver depending on the State-parameter

The lineariser of the tool set represent statesby means of numbers in a kind of binary notation:

sort State

func one: -> State %the value 1

func x2p0: State -> State % multiply by 2

func x2pl: State -> State % multiply by 2 and add 1

The function one represerts the value 1 and the functions x2p0 and x2p1 represert the functions
‘multiply by 2', respectively ‘multiply by 2 and add 1'. One can think of a subterm of sort State as
a binary number with the most signi cant bit at the right (which is the reverse of the normal order).
For example, x2p0(x2p1(one))) correspondsto 110; (1 for one, 1 for the x2p1 and 0 for x2p0).

I1.5. Linearisa tion of the pcrl part - general method

By default, the lineariser of the tool set applies the method desribed in [GPUOL]. This method

transforms the declarations into a ‘pre-linear' normal form, the FEztended Greibach Normal Form

(egnf ) before combining them in the manner described above (Section 11.4). The single process

operator resuting from the combination of seweral declarationsin egnf form is subsequetly linearised.
Hence,the entire default linearisaion processconsists of the following steps:

1. The perl is transformed into one Ip o, while the secord part is appropriately updated. This
step consists of the following sub steps:
(a) The declarations of the pcrl part are transformed into egnf .

(b) The declarations of the pcrl part (now in egnf ) are combined into a single processand
the secondpart is appropriately updated (as described in Section|1.4).

(c) The perl part (now consisting of a combined process,the parts of which are in egnf ) is
linearisedand the parallel pcrl part is appropriately updated.

2. The pcrl part (now consisting of a single Ip 0) and the parallel pcrl are integrated into one
single Ip o.

A declaration in egnf resenblesalineardeclaration, excep that instead of asingle recusive process
call one can have a sequertial composition of processcalls. The summands of an Ip o all have the
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forma.X <| condition |> delta . The\t hen" part of declarationsin egnf can also have formslike
a.xX.Y.Z,aY.Z,and a.Y.Z.X . However, forms like a.b.Y.Z and a.Y.b.Z arenot allowed.

The default method usesstadks to linearise the single processequation that results from combining
sewral declarations in egnf .

As an example considerthe following processspeci cation:

proc Y=aYb +c¢

This speci cation describesa processthat can do zeroor more a actions, followed by a ¢ action after
which as many b actions are executedas there were a actions.
In order to linearisethis processit is rst brought into egnf (step 1a):

proc Y = a
Z=b

Next, the two declarations are combined into a single declaration (step 1b):

X(state: State) = (a.X(Y).X(Z) + c) < eq(state,Y) |> delta
+ b <| eq(state,z) [|> delta

In order to linearisethis declaration (step 1c) it isimportant to note that the state of the processcan

be described as a sequencef processnames. For example, X(Y) canperform an a actionto changeinto

X(Y).X(Z) , which can perform another a action to changeinto X(Y).X(Z).X(Z) etc. This sequence
of processnamesis represertied by meansof a sort Stack. On this stack ertities of sort State are

pushed. The functions getstate , pop and isempty behave as indicated.*

sort Stack
func push:State#Stack ->Stack
emptystack: ->Stack
map getstate:Stack ->State %the state on the top of the
% stack
isempty:Stack ->Bool %true if and only if the stack
% is empty
pop:Stack ->Stack %the stack without the top state

Now, the speci cation can be linearised, with the following result:

X(s: Stack) =
a . X(push(Y,(push(Z ,emptyst ack))))
<| isempty(s) |> delta
+cC <| isempty(s) |> delta
+a . X(push(Y,(push(Z ,pop(s)))))
<| and(eq(getstate( s), Y),not( isempy (s))) |> delta
+ ¢ . X(pop(s))
<| and(eq(getstate( s), Y),not( isempy (s))) |> delta
+ b . X(pop(s))
<| and(eq(getstate( s), Z),not( isempy (s))) |> delta

In the example above the processto be linearised (X(state:State) ) does not have parameters
other than the State . If there are parameters the values of all these parameters must be pushed on
the stack. The speci cation of the data type Stack is appropriately modi ed.

4These names are the names used by the tool set.
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[1.6. Linearisa tion of the pcrl part - regular methods

In the gereral method the declarations of the pcrl  part of a speci cation are rst brought into egnf ,
then combined into a single processdescription, which is subsequetly linearised with help of a stack
sort. The use of stacks has a considerable disadvantage: as all data parameters are distributed over
di erent stack framesthe Ip o is dicult to understand and analyse. However, in many cases a
processspeci cation can be linearised straight away. If the declarations that make up a linearised
speci cation are combined (in the manner described in Section|1.4) the resultisan Ip 0. Thereis no
needto introduce stacks. This method of linearisaion is caled regular linearisation.

Reqular linearisdion consists of the following steps:

1. The perl part is transformed into a single Ip o, while the parallel pcrl part is appropriately
updated. This is done by means of the following sub steps

(&) Thepcrl part islinearised

(b) The (now linear) declarations of the pcrl part are combined into a single Ip o, and the
parallel pcrl part is appropriately updated.

2. Thepcrl part (now consisting of a single Ip 0) and the parallel pcrl part are integrated into
one single Ip o.

Regular linearisation resuts in an Ip o that is much easer to analyse (by tools such as parelm
and constelm) than an Ip o resuting from a linearisation with stacks. However, in contrast with the
default method the regular linearisation is not guaranteedto succeedif the speci cation meets the
requiremerts.

In the next sub Section (I1.6.1) the notion of a linear specication is described. An example
illustratesthat combination of the declarations of a linear speci cation results in an Ip o (step 1b).
Sectionl1.6.2 discussegwo methods to linearise a speci cation (step 1a). Section 11.6.3 addresseghe
guestion which method is to be used.

11.6.1 Linear specifications
A processspeci cation is linear if every processequation hasthe form X=a <| condition |> delta
or x = a.X <| condition |> delta (the condition is not required).

Asdiscussedin Section [1.5 if a speci cation in egnf is combined into a single processthat process
must subsequetly be linearised in order to get an Ip 0. In contrast, a linear speci cation can be
converted into an Ip o simply by combining its processdeclarations in the manner descrbed above
(Section 11.4).

Consider, for example, the following linear speci cation:

proc A=a.B
B=b.B+b.A

Combining Aand Binto X gives:

proc X(state: State) = a . X(B) <| eq(state,A) |> delta
+ b . X(B) <| eq(state,B) [|> delta
+b.

X(A) <| eq(state,B) |> delta

This is indeedan Ip o.

11.6.2 Linearisation of regular specifications

In basic processalgebra (bpa), a processspeci cation is called regular if the assaiated state spaceis
nite. [MM94] describes a method to transform a reguar speci cation into a linear speci cation.
Consider the following example:
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proc P
B

a.B.P
b.B+b

This speci cation describesa processthat repeatedly performs an a action followed by one or more b
actions. In order to linearisethis speci cation rst replace B.P in P by X

proc P =a . X
B=b.B+b
X=B.P

In order to guard the declaration of X Bis expanded. This resultsin X = (b.B + b).P which can be
rewritten as X = b.B.P + b.P (by axiom A4 of bpa). As X = B.P, B.P can be replacedby X which
resutsin: X = b.X + b.P. This givesthe following linear speci cation:

proc P = a . X
B=b.B+b
X=b.X+Db.P

If bpa is extendedwith data (asin crl ), regular linearisationis morecomplicated. Thelineariserof
the tool set providestwo methods for regular linearisation, -regular and -regular2 . Thes methods
di er in the way in which the parameters of the newly created processnamesare gererated:

With the -regular method the parameters of the newly introduced processnames are the
variables of the part to be replacedby that new process.

With the -regular2 method a new parameter is gererated for each parameter of the part to be
replaced.

Consider for example the following processspeci cation:

proc R(b: Bit, queue: List) =
sum(d: D,
read(b,d) . ack(b) . R(invert(b), add(d,queue)))
<| not(is-full(que ue)) | >
delta

This speci cation de nes a processthat reads a frame consisting of a an alternating bit and a datum,
acknowledgesthe receipt of that frame and adds the datum to a bounded queue.

In order to linearisethis speci cation ack(b).R(invert(b ), add(d,qu eue)) is to bereplacedby a
processX The ag -regular will usethe variables b:Bit , d:D, and queue:List as parameters of X
and invoke X as X(b,d,queue) :

proc R(b: Bit, queue: List) =
sum(d: D,
read(b,d) .X(b,d,queue))
<| not(is-full(que ue)) |>
delta
X(b: Bit, d: D, queue: List) =
ack(b) . R(invert(b), add(d,queue))

The ag -regular2 will introduce parameters b1:Bit , b2:Bit , and q3:List for respectively b,
invert(b) and add(d,queue) and will invoke X as X(b, invert(b), add(d,queue)) :

proc R(b: Bit, queue: List) =
sum(d: D,
read(b,d) . X(b, invert(b), add(d,queue)))
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<| not(is-full(que ue)) |>
delta
X(bl1l: Bit, b2: Bit, @3: List) = ack(bl) . R(b2,q3)

In crl thereare many casesn which regular linearisation can be successiilly applied to processes
that have an in nite state space. For example, if, in the speci cation above, the bounded queue is
replaced by an unbounded one the associated state spaceis in nite, but it can be linearised with the
-regular and -regular2 methods in the same way as in the example above. The same is the case
if the alternating bit is replaced by a frame number. The opinions di er on the issue whether or not
such processeshould be called regular'.®

11.6.3 Regular versus regular?
The -regular and the -regular2 methods each have advantagesand disadvantages:

1. Typically, the use of the -regular ag resultsin a speci cation with substantially lessdata
parameters than the use of the -regular2 . This is an advantage becawse both the lineariser
and the instantiator proceedfaster.

2. The-regular2 method is especidly usefulwhena speci cation containslotsof similar structured
proces expressions that only dier in the data expressions they contain. Under this conditio ns
linearisation with -regular2 may resultin a speci cation with a smaller assciated state space
(smaller than the state spaceresulting from -regular ).

3. Thereare casesn which linearisation with the -regular2  a g terminates and linearisation with
the -regular ag not.

I'll discusseach of thesepoints in the given order.

Ad. 1 — the number of parameters Typically, many parameters are used in more than one data
expressbn. As a resut -regular linearisaion will usudly generate an Ip o with substantially less
parametersthan -regular2 linearisation.

There are, however, casesin which -regular2 linearisation resutsin an Ip o with lessparameters
than -regular linearisaion, as is shown by the following example:

proc P = sum(d: D, sum(e: D, a . b(f(d,e) . P)

-regular will introduce an X with two parametersd and e; -regular2 will introduce one parameter
vl.

Ad. 2 — structural similarities In gereral, if a speci cation contains several similar structured sub-
terms linearisation with -regular2 may resultin an Ip o with a smaller assciated state space than
an Ip o gererated by -regular .6 The following speci cation is a casein point:

proc R(b: Bit) =
sum(d: D, read(b,d) . deliver(d) . ack(b) . R(invert(b))
+ read(invert(b),d ) . ack(invert(b)) . R(b))

This speci cation de nes a proces that reads a frame consisting of an alternating bit and a datum.
If the expected frame arrives, the datum is deliveredto an application, after which the receig of that
frame is acknowledged. If an unexpected (i.e. previous) frame arrives, it is acknowledged and the
processcontin ues unaltered.

Linearisation starts by replacing deliver(d).ack(b) .R(invert( b)). As will be clea from the
discussionabove, -regular doesso by meansof X(d:D, b:Bit)

SIntui tively, regular linearisati on is possible if the control of a process is ni te (no matter whether or not there are
inni te data). Unfortunately, up to know all attempts to formalise this intuition and prove it failed.
6We found reducti ons by 10{15%
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proc R(b: Bit) =
sum(d: D, read(b,d) . X(d,b)
+ read(invert(b),d ) . ack(invert(b)) . R(b)
X(d: D, b: Bit) = deliver(d) . ack(b) . R(invert(b))

Linearisation with -regular2 will introduce a processX(d1:D, b2:Bit, b3:Bit) for the same pur-
pose:

proc R(b: Bit) =
sum(d: D, read(b,d) . X(d, b, invert(b))
+ read(invert(b),d ) . ack(invert(b)) . R(b))
X(d1l: D, b2: Bit, b3: Bit) = deliver(dl) . ack(b2) . R(b3)

Next, ack(d).R(invert(b )) , respectively ack(b2).deliver(d 3),isto bereplaced. T he -regular
agreallts in:

proc R(b: Bit) =
sum(d: D, read(b,d) . X(d,b)
+ read(invert(b),d ) . ack(invert(b)) . R(b)
X(d: D, b: Bit) = deliver(d) . Y(b)
Y(b: Bit) = ack(b) . R(invert(b))

The -regular2 ag gives:

proc R(b: Bit) =
sum(d: D, read(b,d) . X(d, b, invert(b))
+ read(invert(b),d ) . ack(invert(b)) . R(b))
X(d1l: D, b2: Bit, b3: Bit) = deliver(dl) . Y(b2,b3)
Y(bl: Bit, b2: Bit) = ack(bl) . R(b2)

Next, ack(invert(b)).R (b) is to be replaced. Note, that this subterm is similar in structure to
the subterm replacedin the previousstep. In order to replacethis subterm -regular hasto introduce
a new processname Z(b:Bit)

proc R(b: Bit) = sum(d: D, read(b,d) . X(d,b)
+ read(invert(b),d ) . Z(b))
X(d: D, b: Bit) = deliver(d) . Y(b)
Y(b: Bit) ack(b) . R(invert(b))
Z(b: Bit) ack(invert(b)) . R(b)

The -regular2 method needsa Z(b1:Bit, b2:Bit) = ack(bl).R(b2) . There is already such a
processdeclared,namely Y, and -regular2 will usethat:

proc R(b: Bit) =
sum(d: D, read(b,d) . X(d, b, invert(b))
+ read(invert(b),d) . Y(invert(b), b))
X(d1: D, b2: Bit, b3: Bit) = deliver(dl) . Y(b2,b3)
Y(bl: Bit, b2: Bit) = ack(bl) . R(b2)

It is easyto seethat the state spaceassaiated with the speci cation generatedwith -regular2 has
a smaller state space than the one associated with -regular (g . 11.3). Assume that thereis only one
datum (d). Starting with R(0), aread(0,d) canbeexecutedresultingin X(0) (-regular ) respectively
X(0,1) (-regular2 ). From this state a deliver(d) , can be executed(resulting in Y(0), respectively
Y(0,1) ), followed by a ack(0) resulting in R(1) in both cases.At this point, if aread(0,d) isexecuted
-regular will enter state Z(0), but -regular2 will return to Y(0,1) . Similar considerations apply
to what happensif read(1,0) is executedfrom state R(0).
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Figure 11.3: The state spaceswith -regular (left) and -regular2 (right)

Ad. 3 — termination  There are casesin which linearisation with the -regular2 method terminates
and linearisation with the -regular ag not. Hereis an example:

proc P(n: Nat, m: Nat) = a . B(succ(n)) . P(n,succ(m))
B(n: Nat) = b . B(succ(n)) +c

Linearisation with the -regular ag will start by introducing an X(n:Nat, m:Nat) to replace
B(succ(n)).P(n,s ucc(m)) :

proc P(n: Nat, m: Nat) = a . X(n,m)
B(n: Nat) = b . B(succ(n)) +c
X(n: Nat, m: Nat) = B(succ(n)) . P(n, succ(m))

Next B(succ(n)) of X must be expanded in order to guard the declaration of X After application of
axiom A4 this gives:

proc P(n: Nat, m: Nat) = a . X(n,m)
B(n: Nat) = b . B(succ(n)) +c
X(n: Nat, m: Nat) = b . B(succ(succ(n))) . P(n, succ(m))
+ ¢ . P(n, succ(m))

In the next step B(succ(succ(n))) .P(n, succ(m)) will have to be replaced. As there is no suitable
X, a new processname, sa Y(n:Nat, m:Nat), is introduced, which must be guarded subsequetly,
and so on ad in nitum.

However, linearisation with -regular2  will terminate. First B(succ(n)). P(n,succ(m)) will be
replacedby X(nl:Nat, n2:Nat, n3:Nat) :

proc P(n: Nat, m: Nat) = a . X(succ(n), n, succ(m))
B(n: Nat) = b . B(succ(n)) +c
X(nl: Nat, n2: Nat, n3: Nat) = B(nl) . P(n2,n3)
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Then Xis guarded by expanding B(nl). After application of axiom A4 this gives:

proc P(n: Nat, m: Nat) = a . X(succ(n), n, succ(m))
B(n: Nat) = b . B(succ(n)) +c
X(nl: Nat, n2: Nat, n3: Nat) = b . B(succ(nl)) . P(n2,n3)
+ ¢ . P(n2,n3)

Note that B(succ(nl)).P(n2, n3) = X(succ(nl), n2, n3). The application of this equdity to
replace B(succ(nl)).P(n 2,n3) in the declaration of Xresults in the following processspeci cation:

proc P(n: Nat, m: Nat) = a . X(succ(n), n, succ(m))
B(n: Nat) = b . B(succ(n)) +c
X(nl: Nat, n2: Nat, n3: Nat) = b . X(succ(nl), n2, n3)
+ ¢ . P(n2,n3)

This speci cation is linear.

In theory, the situation that linearisation with -regular doesnot terminate whereaslinearisation
with -regular2 does occurs only if the associated state spaceis in nite. If the state spaceis nite
there will be some point in the replacemen cycle where a suitable processname already exists.
However, as the speci cation is not rewritten during linearisation the lineariser may not recogrise
this. Thismearsthat in practiceit is always worth to try whether -regular2 terminatesif -regular
doesnot. For example,if in the exampleabove the sort Nat is replacedby a data type Mod-2de ned
in the following way:

sort Mod-2
func 0,1: -> Mod-2
map succ: Mod-2 -> Mod-2
rew succ(0) =1
succ(l) =0

the associated state spaceis nite but -regular will not terminate as the lineariserwill not recaynise
that succ(succ(0)) is the same as 0. Similarly, if the function succ is replaced by some func-
tion succ-mod2:Nat->Nat which computes n mod 2 the associated state space is nite but lin-
earisation with the -regular ag will not terminate as the lineariser does not recanise that e.g.
succ-mod2(succ-mod2(s ucc-mod2(0)) ) equalsto 0.

[1.7. Parallel composition

After the pcrl part is transformed into an Ip o and the parallel pcrl part is properly updated the

two parts are integrated into a single Ip 0. This transformation is usually called parallel composition.
One of the advantagesof Ip os is that parallel composition of two Ip os comes down to the con-

catenation of the list of summands of each proces. To see this, suppose Z(S) isan Ip o and Z and

P=2(X) || Z(Y) areto be integrated into a single Ip 0. In order to do so a new processname

U(S1,S2)=7(S1)|| Z(S2) is introduced. Now P can be written as U(X,Y). By axiom CM1

ux.y) = z(X) I Z(Y)
+ Z(Y) lI- Z(X)
+Z(X) | Z(M)}

Consider the rst summand (Z(X) || - Z(Y)). As Zis linear Z(X) consists of summands the \ then-
par" of which have the form a.Z(K) or a. According to axiom CM4 each of these summands can be
left merged separately to Z(Y). So, the rst summand (Z(X) || - Z(Y)) can be replacedby a seriesof
summands each has either the form a.Z(K)|| _Z(Y) or a|| _Z(Y). According to axiom CM3 summands
of the rst type equal to a.(Z(K)|| -Z(Y)) which can be rewritten as a.U(K,Y) . Summands of the
secondtype equal to a.Z(Y) . Similar considerations apply to the secand ((Y) || - Z(X)) and the
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third summand (Z(X) | Z(Y)). The reallt at this point is a series of summands each consisting of an
action followed by Uor Z In order to transform thisinto an Ip o, Uand Z must be combined into a
new process,say V, in the manner described in Section|l.4.
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AppendixIll
Rewriting

The equationsspeci ed with the keyword rew are applied by msim instantiator ~ and rewr to rewrite
(reduce)the speci cation. These tools use the equaions to generate c-code for reducing data terms.
This code is compiled using the gnu c-campiler (gcc) and dynamically linked to the relevant tool.

This chapter descibeshow the equaions are applied (Section 111.1), and discussessome problems
related to the rewriting method (Section 111.2) and to the way in which the rewriter is used by the
instantiator  (Section 111.3).

I1l.1. Met hod
Currently, the rewriter applies the equaions of rew secions asrewrite rulesfrom left to right.

Therewriter attempts to rewrite the arguments of a function before it rewritesthe function as
a whole (this is called innermost rewriting).

If more than oneargument can be rewritten by application of the rewrit e rules the rewriter will
choose the leftmost argument.

If morethan onerewrite rule appliesto the same term the rewriter will usethe onethat appea's
r st in the speci cation.

This way of using the equaions is not prescribed in the de nitio n of crl and it may changein
the future. More than that, a change is planned for the last two usagerules. It is therefre highly
recanmendedthat a speci cation is written in such a way that the results of the application of the
rewrite rules depend neither on the order in which the terms appea nor on the order in which the
rules appear.

[11.2. Innermost rewriting
Some algelraic equations do not terminate when applied as rewrite rulesin innermost rewriting. For
example, the modulo function modcan be speci ed algebraically as

mod(m,n) = i f (ge(m,n),mod(sub( m,n), n),m)

However, if this equaion is usedas a rewrite rule, innermost rewriting will not terminate. To under-
stand this, assumethe following speci cation:
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sort Nat
func 0: -> Nat
s: Nat -> Nat

mapge: Nat # Nat -> Bool %greater than or equal to
var n,m: Nat

rew ge(n,0) =T %ge-1
ge(0,s(0)) =F % ge-2
ge(s(n),s(m)) = ge(n,m) %ge-3

mapif: Bool # Nat # Nat %if(Bool,m,n) is mif Bool is T

% n if Bool is F

var n,m: Nat

rew if(T,m,n) =m % if-1
if(F,m,n) =n % if-2

mapsub: Nat # Nat -> Nat % sub(m,n) meansm minus n

var n,m: Nat

rew sub(n,0) =0 % sub-1
sub(s(n),s(m)) = sub(n,m) % sub-2

mapmod: Nat # Nat -> Nat % mod(m,n) meansm modn

rew mod(m,n) = if(ge(m,n),mod(s ub(m,n),n),m) % mod-1

and consider what happens if mod(s(s(s(0))),s( s(0))) (3 mod?2) is rewritten (the sub term that
will be rewritten in the next step is underlined):

1. The rewriter will start by applying mod-1 to rewrite
mod(s(s(s(0))),s(s(0)))
asa whole as:

if(ge(s(s(s(0))) » 8(s(0))),  mod(sub(s(s(s(0))),s(s(0))),s(s(0))), s(s(s(0)))

2. The leftmost argument of this function can be rewritten to T (applying ge-3 and ge-1). This
results in the following term:

if(T,  mod(sub(s(s(s(9))).s(s(0))) S(s(0)),  s(s(s(0)))

3. Algelraically, this whole term can be replaced by mod(sub(s(s(s(0 ))) , s(s(0))) (equation
if-1), but as the rewriter works innermost, it will not do this. Instead, it will try to rewrite
the secord argument (the function mod(sub(s(s(s(0)) ),s (s(0))) ,s(s( 0))) ). Rule mod-1
applies to this term, but as one of its sub terms (sub(s(s(s(0))),s(s (0))) ) can also by
rewritten (applying sub-1and sub-2) the innermost rewriter will do that. The result is:

if(T,  mod(s(0).s(s(0))) . s(s(s(0)))
4. The secord argument can be rewritten once more (applying mod-1). The resut is:
if(T,  if(ge(s(0).s(s(0))) »mod(sub(s(0),s(s(0)))).s(s(0))), s(s(s(0))))

5. Theleftmost sub term of the secorl argument can be rewritten to F (using ge-3and ge-2). The
result is:

if(T,  if(F,mod(sub(s(0),s(s(0))) ,5(s(0)))), s(s(s(0))))
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6. Algehraically if(F,sub(s(0),s( s(0)) ),s (s(0))) could be replacedby s(s(0)) (if-2), but
as rewriting is innermost the rewriter will now apply sub-2 to replace sub(s(0),s(s(0) ) by
sub(0,s(s(0))) . Thereareno rulesto reducethis further. The result is:

if(T,  if(F,mod(sub(0,s(s(0))),s(s(0))) ,5(s(0))), s(s(s(0))))

7. The underlined function can be rewritten again using mod-1:

if(T, if(F, if(ge(sub(0,s(s(0))), s(s(0))), mod(sub(sub(0,s(s(0))), s(s(0))), s(s(0)))
s(s(0))),  s(s(s(0)))

8. Rule mod-1 can be applied to the result (note that ge(sub(0,s(s(0))) , s(s(0))) cannot be

rewritten):
if(T, if(F, if(ge(sub(0,s(s(0))),s(s(0))), if(ge(sub(sub(0,s(s(0))), s(s(0)))),
mod(sub(sub(sub(0,s(s(0))), s(s(0))))).s(s(0))) ,s(s(0))),  s(s(s(0)))

9. and so on.

The function modis replacedby a term that contains the function modas one of its sub terms, this
sub term in turn is replacedby a term that contains modas one of its sub terms, and so on. Note
that, mod-1 doesnot put any limitation on the form of the arguments of mod every (well-typed) mod
can be rewritten. As a work around one might limit the possibility to rewrite mod preferably, in such
way that it can not be rewritten after the point were the answer is known (step 6). This can be done
by replacing mod-1 with the following rules:

rew mod(0,n) =0 % mod-2a
mod(s(m),n) = if(ge(s(m),n),m od(sub(s(m), n), n),s (m))
% mod-2b

Now, modcanonly berewritten if the rstargument is0 or s(m). This precludesthe enddess rewriting
of mod(sub(n),m) .

Rewriting of mod(s(s(s(0))),s (s (0) )) will proceedin the sameway asabove, up to and including
6 (mod-2b is applied instead of mod-1). This reallts in:

if(T,  if(F,mod(sub(0,s(s(0))),s(s(0))),s(s(0))) , s(s(s(0))))

But then a di er enceoccurs. This time there is no rule to replace mod(sub(0, s(s(0))),  s(s(0)))
Instead, the rewriter will apply if-2 on the underlined function. This resultsin:

if(T, s(s(0))),  s(s(s(0))))

To this term the rewriter will apply if-1:
s(s(0))

which is the desred reault.

[11.3. Rewriting of open terms

Altho ugh a mapping is completely speci ed by equaions telling how the mapping applies to the
constructors, it it is often uselul or even necessaryto add rulesfor boolean open terms. An example
of such aruleis:

var b: Bool
rew and(b,not(b)) =F
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In order to understand why such an addition might be useful one must delve into the inner workings
of the instantiator.

As said, in Section 3.3 the instantiator generatesthe state space reachable from the initial state
de<ribed in the speci cation. One main component of the instantiator is the stepper. The stepper
acceptsan input state and a linearised speci cation and retur ns a list of (action,state) pairs, repre-
senting stepsthat are possible from the input state. In order to determine which stepsare possible the
stepper evaluatesthe condition of eadh summand. If a summand contains a sum operator the stepper
will passthe condition (an open terms of type boolean) to another component, the enumerator. This
component enumeratesthe data terms for which the condition is tr ue.

For exanple, supposethat a summand contains a sum operator with sum variable n of type Natural
and a condition le(n,s(s(0))) (n < 2). The stepper will passthe open term le(n,s(s(0))) to the
enumerator (together with the speci cation of the relevant data types). The enumerator will try to
evaluate this term and if it does not succeedit will try to evaluate all terms in which the variable
n is replaced by a constructor of its type (Natural ) applied to a fresh variable. Suppose le(n,m) is
speci ed as follows:

maple: Nat#Nat -> Nat
var n,m: Nat

rew le(0,0) =F
le(0,s(n)) =T
le(s(n),0) =F
le(s(n),s(m)) = le(n,m)

Let's seewhat happens

The enumerator will r st try to evaluate le(n,s(s(0))
As there is no rule for this openterm it will not succeed.

Next, the enumerator will try to evaluate le(0,s(s(0))) and le(s(n"), s(s(0))) (which are
all terms resuting from replacing n by one the constructors of Natural (0 and s(n) ) applied to
the freshvariable n').

The evaluation of le(0,s(s(0))) will result in T and the enumerator will return 0 as a data
term that satis esthe condition

The secondterm (le(s(n"),s(s(0)) )) can berewritten asle(n’,s(0)) , but no further reduc-
tion is possible. Hencethe attempt to evaluate le(s(n"),s(s(0)) doesnot succeed.

Therefore, the enumerator will now try le(s(0),s(s(0))) and

le(s(s(n")),s( s(0)) ).
The rst term (le(s(s(0)),s(s(0) )) ) can be rewritten to T and is returned to the stepper.

The attempt to evaluate the secand term (le(s(s(n")),s(s (0) )) ) does not succeedas this
term reducesto le(n",0)

Therefore, the enumerator will now try le(s(s(0)),s(s(0) ) and

le(s(s(s(n™)) ),s (s(0,0)).
The rst term evaluatesto F.
The secondterm can be reducedto le(s(n™), s(s(0))) which evaluatesto F as well.

Hence, the enumerator is done.
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It canoccurthat certain conditionals have a value but that it cannotbe evaluated by the enumerator.
Asan exampleconsiderthe condition and(even(n),not( even(n)) ). Obviously, this conditio n is false.
However, in abserce of the equation and(x, not(x)) = Fthe enumerator will not be able to evaluate
it and will return the error messageCondition %s does not evaluate to T or F.

Assumethe following speci cation of even and odd

mapeven, odd: Nat -> Bool

var n: Nat

rew odd(s(0)) =T
even(s(0)) =F
odd(s(s(n))) = even(s(n))
even(s(s(n))) = odd(s(n))

The enumerator will r st try to evaluate and(even(n),not( even(n) )) . It will not succeed.It will
then try the terms and(even(0),not (even(0))) and and(even(s(n’)), not even(s(n’))) . As,
there are no rules for these terms, neither will succeed. The enumerator will now try the terms
and(even(s(0)), not(even(s(0)))) and and(even(s(s(n") )), not(even(s(s(n" ))))). The
r st term reducesto F. The secand term will be reducedto and(odd(s(n")), not(odd(s(n"))))
which cannot be evaluated. For that reason, the erumerator will try
and(even(s(s(0)) ),n ot(even(s(s( 0)))) ) (which reducesto F) and
and(even(s(s(s(0 ))) ), not(e ven(s(s(s( 0))) ))) (which doesnot succeed). And soon :::. After
a certain number of trials the enumerator will give up as a result of which instantiator  will exit
with the error Condition and(even(zero), not(even(zero))) does not evaluate to T or F.

However, if the equation and(x,not(x)) = F is added to the specication, the rst attempt will
succeedasand(even(n),not(e ven(n)) ) will bereducedto F. The enumerator will inform the stepper
that there are no substitutions that satisfy the condition and all goeswell.

Here are some exanples of other equations that are worth adding:

if(b,x,x)=x (b is of sort Bool)
not(not(b)) =0Db
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AppendixIV
License

The software of the crl tool set may be usedprovided the following licenseagreemet is obeyed.

IV.1. Pre amble

The crl tool setversion 1.xx (where xx stands for any one or two digit number) is a set of programs
to transform and analyze crl speci cations. Thislicerseisintended to make clear that the software
may be used freely, both for commercial and hon commercial purposes, provided that when it is used
in part or asa whole it must be made clear that

1. the crl tool set version 1.xx, developed at the theme SEN2 of the Centrum voor Wiskunde
en Informatica (CWI), Kruislaan 413, Amsterdam, The Netherlands, deweloped by Jan Friso
Groote and Bert Lisser

2. the aterm library version 0.xx, developed at the faculty of mathematics, computer science, phys-
ical science and of the University of Amsterdam, Kruislaan 409, Amsterdam, The Netherlands
developed by Hayco de Jong and Pieter Olivier.

have beenusedto deliver certain product or service.
Furthermore, this licenseexcludesany liabilit y causedby direct or indirect useof the software, and
any obligation to provide support or updates in any form.

IV.2. License Agreement

Hereinafter \ LICE NSEE" refers to the person or institutio n who has made a copy of the le mcrl-
1.xx.tar.gz which contains analysis and transformation programs and documentation and a copy of
this License Agreemert.

Hereinafter \ LICENSOR" refers to

The Stichting Mathematisch Centrum, existing under the laws of The Netherlands, and having o ces
at the

Kruislaan 413 Amsterdam T he Netherlands

WHEREAS
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LICENSOR has developed a body of computer programs and assaiated documentation, referred to
as\t he crl tool setversion 1.xx" by the authors, and hereinafter referred to as the SOFTWARE,

LICE NSOR has made available the SOFTWARE in a le mcrl-1.xx.tar.gz which contains the SOFT-
WARE and a copy of this Academic License Agreemet,

LICE NSEE desresto use the SOFTWARE for any purpose,
LIC ENSEE agreesas follows:

The LICEN SOR grantsto the LICEN SEE a non-exclusive, non-transferable, licenseto use the SOFT -
WARE subject to the following conditio ns.

1. LICENSEE'S RIGHTS. LICE NSEE shall have the right to use the SOFTWARE for any pur-
pose. In particular LICENSEE may use the sotware for the commercial or non-commercial
analysis or transformation of crl specications, the constr uction of commercial or non com-
mercial software basedon (parts of) the SOFT WARE, or the construction of commercial or non
commercial software analysis packages.

2. RESTRICTIO NS ON USE. LICENSEE takes care that whenewer the SOFTWARE is used,
either directly or indirectly, asawhole or in part for delivering servicesof any kind, construction
of new software or sotware analysis packagesit is made clear that the service or sotware makes
use of:

(@) the crl tool set version 1.xx, developed at the theme SEN2 of the Centrum voor Wiskunde
en Informatica (CWI), Kruislaan 413, Amsterdam, The Netherlands, developed by Jan
Friso Groote and Bert Lisser

(b) the aterm library version 0.xx, developed at the faculty of mathematics, computer sck
ence, physical science and astrophysics of the University of Amsterdam, Kruislaan 409,
Amsterdam, The Netherlands developed by Hayco de Jong and Pieter Olivier.

(This can for instance be done by mertioning 1. and 2. above in a README le, an \ab out”
section, or by referring to the softwarein an accomparying paper. For serviceso ered,it su ces
to make clear either verbally or in writing that above mentioned software has beenused)

3. LICEN SING FEE. There is no feefor this license.

4. NO SUPPORT. The LICENSEE recogrizesthat the LICENSOR is not obligated to provide
support, maintenance, consulting, or revison of the SOFTWARE. If the LICE NSOR choosesto
releaseto the LIC ENSEE updates of, additions to, or modi cations of the SOFTWARE, this
agreemett shall apply to them as though they were part of the original SOFTWARE.

5. NO PRODUCT WARRANTY. The SOFTWARE isreleased on an \asis" basis. Thereis no
warranty whatsoever as to functioning, performance or e ect on hardware or other software,
express or implied. By way of an example, but not limita tion, the LICE NSOR makes no rep-
resenations or warranties of merchantability or tnessfor any particular purpose or that the
use of the licensed SOFTWARE will not infringe any patents, copyrights, trademarks or other
rights.

6. OWNERSHIP. The LICE NSEE agreesthat the SOFTWARE, including any updates additio ns,
and modi cations, is, and shall at all times remain, the property of the LICENSOR, and that it
has been copyrighted by the LICE NSOR. The LICE NSEE shall have no right, title or intereg
therein or thereto excef as expressly set forth in this agreenert.
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7. CREDITS. All credits and copyright notices in the SOFTWARE, both in listings and/ or docu-
mentation, whether names of individuals or organizations, shall be retained in place. Publica-
tions referring to the SOFTWARE, or to other SOFTWARES cortaining the SOFTWARE in
whole or in part, shall refer to it asthe CcRL tool setversion 1.xx and the aterm library version
0.xx, and shall specify that the SOFTWARE was obtained under license from the Stichting
Mathematisch Centrum in Amsterdam.

8. NO LIABILITY. Neither the LICENSOR nor any individual or any legal ertity involved in
creding, modifying, updating, or supplemerting the SOFTWARE, shall be liable for damages
arising out of the failur e or malfunctio ning of the SOFTW ARE. T he LICE NSEE herehy assumes
the risk of and releasesand forever dischargesthe LICENSOR, their employeesand any other
individual or legalentity referred to in the foregoingsertencewith respectto any expense,claim,
liability, lossor damage, direct or indir ect, including any incidertal or consequetial damages,
whether made or su ered by LICEN SEE or by third parties obtaining accessto the SOFT-
WARE through LICENSEE in connection with the failure or malfunction of the SOFT WARE.
LICE NSEE acknowledges that the SOFTWARE is in the proces of development and is not
error-free, that the foregoing exclusion of liabilit y is therefore an essenial term of this Agree-
ment without which exclusionthe LICENSOR would not be willing to enter into this Agreemert
and to make the SOFTWARE available for free.

9. ACCEPTANCE. Installing or using of any part of the SOFTWARE implies acceptanceof the
terms and conditio ns of this agreemet.



