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Chapter 1 

Introduction 

A concurrent system 1s regarded as a set of processes vvh1ch mteract vv1th each other 

dnd then cnvir011ment to achieve a well-defined goal Some e).amples mclu<le mult1-

comp11tcr real-time systems, commumcat10n protocols, process control systems, d1s­

tnhutrd mfonnat1on systems, and the man-machme mterface of many kmdc; of c;oft­

\\ cne Due to issues such as resource content10n, non-detcrmm1sm, and commumca­

t10n aud sy nchromzat10n between processes, concurrent systems are often much mor<' 

compleA than sequential systems Smee "' e arc mterested m the process of compu­

ta.t10n, not Just the rcsultc;; , 1t can be difficult to ach1e\e sufficient confidence m the 

correctness of a concurrent system through ngorous testmg 

Many forrndhsms have been mtroduced to aid m the design and venficat10n of concm­

rcnt systems, one of vvh1ch 1s process algebra Process algebras use algebraic e).pI"Cf,­

c;1011s to e\.press both the architectural and behav10ral spec1ficat10ns of concurre11t 

systems They pro\ 1de spec1ficat10ns for \anous le\ els of abstract1011 and hav(' ,l 

sound algebraic semantic There are a vanety of process algebras The prmc1pal oncc; 

arc Commumcating Sequential Processes (CSP) by Hoare [Hoa78, Hoa85], Algebra 
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of Communicating Processes (ACP) by Bergstra and Klop [Bh:85], and Calculus of 

Communicating Systems (CCS) by :vfilner [:-.11180, :-.11189] 

PurP process algebras do not 111clude any notion of data or the values bcmg passed ; 

they simply specify the signals or synchromzations that occur At certa111 levels of 

ahstrc1chons this 1s acceptable, but at some po111t the data does become crucial to the 

vahcht:r of the specification In [~i189], ~11lner defines a simple e"\.tension to CCS \\ 1th 

,,alue-pass111g, but defines the semantics 111 terms of a translation to the pure CCS For 

hcrnd proofs tlus translat10n IS acceptable , howevC'r, It IS mc1,dcquate for autornrttcd 

wnficat10n and analysis Other e ... amples of vah1e-passing process algebras mcluclc 

1-1,CRL[GP90, GP91] and Bruns ' e"\.tension to CCS [Bru93] In [Bru93], Brun e"\.tcrnls 

CCS 'A-1th e"\.phcit data types and e ... press10ns µCRL 1s based on ACP, and combmes 

the notions of abstract data types usmg equationc1J specifications and process algebra 

\Ve mtroduce a ,alue-passmg process algebraic language, called Algebra of Com­

municating Systems (ACS) , and provide an operational semantics duectly on the 

value-pctss111g synta::-. ACS 111corporates features from CCS and ACP, 111 addition to 

111troducmg user-definable operators 

ACS overcomes several l11111tations of CCS and ACP 

1 \cmable scopmg and b111d111g, 

2 pattern-match111g of action and agent parameters, 

3 sequential composition of processes, and 

4 user-definable operators 

Variable scopmg and binding. In current value-passmg CCS ([~il89], [Bru93], 

[HL93]) , van ables are given a scope by forcmg all parameters of mput act10ns to he 
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,,ariables The scope of the variables is then the agent e)..pression followmg the prefix 

combmator For example, the CCS eApress10n 

a(.1:) b(.1:) 0 1 

is 111trrpreted , us111g lambda notat10n , as 

Ax a(x) (-Xx b(x) 0) 

The problem hes 111 try111g to e)..press a process descript1011 of the form , 

where V is some ,.alue doma111 \Ve ~ould hl"e to eApress this 111 value-pass111g synht\. 

as 

a(x) b(x), 

\v hcre the variable x 111 b(x) is bound by the previous x 111 a(x) [Bru93] overcomes 

t lns problem by rntroducmg a not10n of mdexed act10ns , where the doma111 of the 

mdeA must be fimte [{\11189] and [HL93] cannot CA.press such a specification In our 

spenficat10n language ACS , the scope of a ,,ariable is the entire e)..press1011 The first 

occurrence of a variable provides a b111d111g for all other occurrences 

Pattern-matchmg m the parameters of mput/output actions and agent 

1dent1fiers In current value-pass111g process algebras, mput variables may only 

1 In CCS notat10n, a( x) and b( x) are mput act10ns, x 1s a variable, and ' ' 1s the prefix combmator 
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ha,v<' distinct variables ac.; actual parametus For eAample, the eApress10n 

a(l) I' 

rn not allm\ed Therefore, an 111put act10n can sv nchromze and commumcate with 

any s11111lar output act10n Sometimes 1t 1s desirable to restn ct what output act10nc., 

\\ 1th wluch an mput act10n may synchromze, ab 111 the above e:>..ample Tluc.; abo 

holdc., for the parameterc.; with agent 1dentifierc.; used m drfin111g equat10nc., In A.CS, 

mput actions and agent 1dent1fiers are allovved to have arbitrary express10ns els formal 

parameters 

Sequential compos1t1on of processes CCS only allov.s c:1ct10n prefi:>..111g, not 

general process sequencmg Therefore, the simple concept of a Jori,, and Join cannot 

be debcnbed succmctly Consider the simple ordering of tasks - task a 1s performed 

befm e task b and c, both c and b occur before task cl , tasl'-s b and c are performed 

mdepcndcnt ly Even this simple descript ion cannot be v.,ntten directly without addmg 

e:>..tra synchro111zat10ns In ACP, tlus can be described succ111ctly as 

a (b il e) d, 

where 1c.; the 5equential composition combmator (meanmg that the processes or taste; 

are performed 111 sequence), and 'II' 1s the merge comb111ator (mean111g that the pro­

cesbes arr performed 111dependentl1 and concurrently ) Vie adopt this sequential com­

p oc.,1t10n 111 ACS 

User-definable operators It 1s often desirable to capture a certa111 process tem­

plate or functionality m one reusable ynta,-x In ACS , users are allowed to define' 
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operators bmlt on top of ACS base combmdtors 

The system descnpt10n language ACS 1s used to descnbe how a specification ii-, 

aclncved The general techmque 111 design111g systems is to start with an abstract 

modcl and then 1teratrvely refine it At each iterat10n, the design must be eq'lliva­

lent to the prev10us, more abstract, design Equ1valence is an often-used critcrion 

for a correct refinement of a specificat10n Therr are a variety of not10ns of eqm,c1.­

lc11cr, some of which are summarized and compared 111 [vG90 , vG93] Ho,,cver , tlus 

type of wnficat10n <;imply venfics that both design"> perform the same ful1( t1on It 

does not e"\.tcnd to "hether or not the design satisfies such criteria as be111g free of 

deadlock , event'llally reach111g a certa111 state or performmg a certa111 action, or the 

e"\.1<;tence of race condit10ns A synta"\. is reqmred to specify what criteria a system 

must satisfy \Ve 111corporate a path e"\.pression-bke synta"\., called Conc'llrrent Path 

E1:pre,.swns (CPE) CPE is snmlarto the Data Path Expresswns111troduced m [Hh:90] 

for modcl111g concurrency 111 parallel debugg111g CPE specificat10ns can be used to 

test properties that ACS descnpt10ns must satisfy 

The lai-,t contnbut10n of this thesis is a tool wluch unplernents the language of ACS 

and CPE and provides an extensive set of commands to run, trace, and 'lmmlatc 

de..,ign5 

In &mnmary, this thesis presents three mam contnbut10ns 

1 an algebraic descnpt10n language, ACS, for design111g systems, 

2 a concurrent path express10n specificat10n language, CPE, for specify111g prop­

erties that ACS designs must satisfy, and 

3 a tool to venfy and analyze ACS designs 

Chapter 2 111troduces the algebraic descnpt10n language ACS and provide5 a con­

crete operat10nal semantics Chapter 3 111troduces the path e-xprcss10n specificat10n 
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lauguag<' CPE Chapter 4 gives detailed c"\.amples illustratmg the usage of ACS and 

CPE Chapter 5 presents an implementat10n of ACS and CPE m Prolog Chapter 6 

condudc'> the theSI~ with a summary of its marn contnbut10ns , and provide'> ~ome 

m~ights for future \\or1. 
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Chapter 2 

The Language 

2.1 The Basics 

ACS 1c:; an amalgamat10n of M1lner's full value-passmg CCS ([M1189]) , sequentul com­

pos1t10n of ACP, and user-definable operators The prefix combmator of CCS 1s 1e­

placed \\ 1th the more general sequential composition combmator of ACP ACS 1s an 

e"\.ampk of a very high-level language (VHLL) as descnbed by Krueger m [Krn92] 

The emphasis m [Kru92] 1s on softvvare re-use, whereas our emphasis 1s on dcs1g11 

abstract10ns , and the e).._ecut10n , venficat10n and analysis of t hese designs Although 

the descnpt1on of ACS m this chapter 1s complete, vve do not provide any detailed 

explanat10n of CCS, ACP or process algebras m general For an mtroduct10n to pro­

cess algebraic spec1ficat10n, see [Che92, Che94, vVal87] For more mformat10n about a 

particular process algebra, see [Yhl89] for CCS and B1~85] for ACP , [BW90] provide& 

more ms1ght on process algebras m general vVe now mtroduce the notat10ns of ACS 

and their mtmtive meanmgs by e:> .. amples, and e\.amme the syutaA and semantics 

more formally 
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A process or agent 1s any (concurrent) system that performs some set of discrete ,lc­

hons An action 1s either an mteraction Vv 1th another agent or with its environment 

The sunplest processes are the degenerate agents SKIP and STOP SKIP denotes a pro­

cess th,1t 1s capable of only termmatmg successfully, v. 1thout pcrformmg any ,lction 

Conversely, STOP denotes the process that I'> not capable of performmg any action . 1t 

repn''>ents a deadlock SKIP and STOP differ 111 that SKIP allows e}.ecution to contnm<' 

111 a 5equential composition , STOP does not 

In ACS, there are &IX combmators for constructrng agent e}.pressionc, - scquentrnl. 

mmmatwn, parallel, restriction, relabeling, and ronditional combmators 

A gas station Consider an automated gas station that accepts only credit card'> 

and sells three types of fuel - regular premmm and diesel A possible spec1ficat10n 

could be as follows 

Gs = card,('regular + 'premium+ 'diesel), 'receipt,SKIP 

The constant Gs denotes a ga5 station defined by the followmg process exprcs5ion 

after acceptmg a credit card, 1t delivers either regular , premium, or diesel fuel 

fo llowed by a receipt There are tv.o types of actions - an m p'llt action ( <' g 

card), and an oidput action (e g 'receipt ) The actions receipt and 'receipt 

,m' con<i1dered to be complementary actions Every action 1s also a process, '>O a 

smgk action a 1s eqmvalent to a, SKIP The e}.pression P, Q (called a sequential 

compos'ltwn), denotes a process that behaves hke P , then if P termrnates successfully, 

1 t behaves hkc Q The CApre&sion P+Q , called a summation, denotes a proce5s th,1t 

behaves hle P or hh.e Q If the first action<; of P and Q are the same, the choice 1s 

no11-determ1111st1c, as soon as P (or Q) performs its first action , Q (or P ) 1s discarded 

A dcfimtion of the form A =P states that the comtant A behaves hh.e the eApre'>s1011 

P \\re use the romention that all lo'\ver case names represent actions, and capitalized 



CHAPTER 2 THE LANGUAGE 9 

nctmes represent agent 1dent1fiers 

Actions may take parameters Consider a process that requests two 1dent1cal vctlucs 

and outputs a smgle value 

Process = 1n(x),1n(x) , 'out(x) 

The scope of x 1s the v\ hole eApress10n The first occurrence provides a bmdmg for 

t he rest For e'\.amplc, after rece1vmg a \alue 2 , ia the first 1n act10n , the proce<is 

becomes 1n (2), 'out (2) We use the convention that lower ca&e 11ctmes as arguments 

represent ,,alue van ables 

Agent identifiers may also take arguments Consider a simple nonnegative counter 

with operat10ns zero , inc , and dee vvh1ch test for 7,ero, mcrement the counter , and 

decrement t he counter, respectively A plausible defim t1on could be as follm\s 

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

+ 1nc,Counter(x+1) 

+ ((dec,Count er(x-1)) 1f x>O) 

The c1ge11t 1dent1fier Counter(x) denotes a counter with current value x If an me 

oc.cnrs, the counter state 1s mcremented by one, 1f a dee occurs, the counter E>tatr 1s 

decremented by one The eApress1on P 1f E denotes the process that 1f thr boolrcm 

e'Cpress10n E evaluates to trne then 1t behaves hl\.e P The scope of x· m A(x) = P 

1s simply P 

A defimt10n for an agent identifier may consist of multiple defi111t10ns For e'Cample, 

the above counter could also be defined as fo llows 

Counter(O) = zero,Counter(O), 

Counter(x) = 1nc,Counter(x+l), 

Counter(x) = (dec,Counter(x-1)) 1f x>O 
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~oticc that the parameter of the first defim t1011 contams the constant 0 , other valuc­

pasbmg proce'3s algebras do not allow this This enables pattern-matchmg hetv,een 

the actual and formal parameters of the agent identifier :\Iultiplc defimt10ns of the 

'>anw agent identifier arc considered to form a chmce and condit10nal based on the 

matchmg of the actual to formal parameters 

A buffer of size 2 A buffer of bize t\.\o can be defined 111 terms of t\\O smgk 

huffrr'> 

Cell = 1n(x), ' out (x),Cell, 

Buffer = (Cell#[comm/out] I Cell#[comm/1n])\{comm} 

The agent identifier Cell denotes a smgle element buffer The agent identifier Buff er 

denotes a bounded FIFO buffer of size tvvo Figure 2 1 illustrates hm\ the tv\O cell '3 

are connected The rounded boxes, called nodes, represent actual proce'3s e"\.prcs­

'3IOn'3 The unduected edge connectmg t\\-o or more nodes represents a plausible com­

mnmcat10n and synchromzat10n bet\\een processes, and unconnected edge& represent 

mteract10ns \\ i th the external environment 

Ill 
Ill 'out comm 

in ' out ◄, ' out 

Cell Cell 

Figure 2 1 Buffer of size 2 

The e}.press10n P, I P2 , called a parallel composition, denotes a process that behaves 

like P 1 and P2 concurrently and mdependently P1 and P2 may commumcate ( or 
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f>y11cluomze) \vhen they are able to perform complementary actions A commu111cc1t1011 

1s regarded as a silent or unobservable action (tau) The eJ-.pression P # f , called a 

relabeling, denotes a process that behaves like P , e"\.cept that the actions are renamed 

by the relabelmg function f of the form [b1 / a 1, , bn l an ], vvhere a 1, , a,,, b1, , b,, 

ctre actions, and v\here b,/a, means f(a .1 ) = b,, and J( ' a1 ) = ' b,, 1 < i < n The 

rclabclmg combmator 1s a means of reusmg processes vvhere tv\O mstances ha\ e smular 

hehavHH"f> but different actions In the agent Buffer, the expression Cell# [comm/out ] 

llcls the two actions in(x ) and 'comm(x) , and the c,,._prcs5ion Cell# [comm/in] has the 

tvvo actions comm(x ) and 'out (x) T l11s enables the two expressions to commumcatc 

vv luch each other via the action comm 

The t,vo eJ-.press10ns m Cell# [comm/ out] I Cell# [comm/ rn] are not forced to com­

mumcate, they may select to perform the actions ' comm(x ) and comm ( x ) mdepcn­

<lently The eJ-.pression P\ L , called a restriction, denotes the process that behave~ 

h l-.c I' e"\.cept that the actions and their complements m L are not allovved The 

rcstnction rombmator mternahzes actions and forces commu111cat1on For eJ-.ample, 

m the agent Buffer , the actions comm ( x ) and ' comm(x ) cannot occur mdependeuth , 

forcmg the commu111cat1on ( comm(x ) , ' comm (x) ) 

U ser-definable operators Operators are s1m1lar to agent 1dent1fiers , eJ-.cept that 

the parameters are process variables rather than value variables The t\vo-elemcnt 

buffer could be defined as follows 

LINK ( $X , $Y) = ($X#[comm/out] I $Y#[comm/rn])\{comm}, 

Buffer2 = LINK(Cell , Ce l l ) 

LINK ( $X,$Y) 1s an operator that takes h\o arguments , process variables $X and $Y, 

and cJ-.pands mto a process e>..press10n _ ot1ce that Buff er2 1s s1m1lar to t he prcv10us 

Buff er defi111t10n after eJ-.pans10n A defi111 t10n of the form O = P states thc1t 
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the operator O beh<1ves hke the process e:>..press10n P , vvhere O may contam <1gent 

vanc1,bles \Ye use the convent10n that all capitc1,hzed names represent operators , and 

all upper case names preceded by the $ sign represent agent (process) vanablec; 

A three-element buffer could be descnbed as follovv s 

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

or 

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

Gencialmng to a genen c FIFO buffer of size N, as depicted m F igure 2 2, a plc1,uc;ihk 

defilllt10n could be descnbed recursively as follovvs 

BufferN(l) = Cell, 

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

:-Jote that the comm act10ns are not visible outside of the agent BufferN, but are 

observed as a commulllcat10n , tau 

Ill Ill 'out comrr Ill 'out comm comrr Ill 'out ... 'out . 
' -Cell Cell Cell 

N 
<--- ---- --------------------------------> 

BufferN 

Figure 2 2 Buffer of size :-J 

So far , t he not10n of operators has been abservcd as a te:>..tual macro expans10n , but 

they are much more po\verful than t hat Consider the case where an act10n 1s to be 

repeated n times (an) A simple recursive defilllt10n 
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A(1) = a, 

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

could be defined to capture that reqmrcment . ow consider the general case ,, here 

we reqmre a process to be repeated mult iple time& I\_ recursive defi111t10n could be 

defined to repeat the reqmred number of times This must be done for every rccursn,e 

defimt1011 A general repeat operator could be defined as 

REPEAT ($X, O) 

REPEAT ($X , n) 

= SKIP, 

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

thctt repeats a given process express10n $X, n times Hence, the above defi111t1011 could 

be redefined as 

A(n) = REPEAT(a,n) 

From navv on, \ve assume the precedence of the combmators (m decreasmg order of 

bmdmg power ) is as follavvs restriction and relabelling ( tightest bmdmg), seq'Uential 

compositwn, parallel composition, S'Ummatwn, and conditional ( vveakest bmdmg) The 

e\.prcs&ion 

mcaus 

2.2 Syntax 

Let £ denote the set of val'U e expressions ,vith typical element e (See AppenchJ\. A 

for a detailed description of all the value eJ-..press10ns and the base data types ) 

Let £ be an mfimte set of act10n labels consistmg of tv\o complementary but disJomt 

subsets, the set of namPs A and the set of co-names A Typical elements of A are 
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l , 11 , and their complements 'l , ' l 1 , are m A a ranges over £ We e"\.tend 

compkmentation to the ,vhole of £ so that '' a = a :fow the set of actions consists 

of pararneten zed labels, and mcludes the d1stmgmshed silent action tau , wluch 1s 

considered to be unobsenable outside a system tau has no complement 

Defimt10n 1 The set of inp1.d actions InAct 1s defined to be 

InAct = {l(t1, ,tn) In 2: O,t, E £ , l EA} 

The set of outp1.d actions OutAct 1s defined to be 

OutAct = { ' l(t1 , , tn) In 2: 0,t, E £ , 'l EA} 

The complete set of actions Act is 

Act = InAct U OutAct U {tau} 

Typical elements111Actarea.,,B, ·we wntel (t 1, , tn)as l(t) , anda(t, , , t 11 ) 

cll1<l 'a (t 1. , tn) as a(t) and ' a(t'), respectively label(a.) denotes the label of the 

c1ction a. □ 

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

syntaJ-. only allows the dcscn ption of fimt e mappmgs from labels to labels 

D efimtion 2 A finite relabeling func tion f £ H [, has the property 

J (a) = b 1f and only if f ('a) = ' b 

□ 

Defimtion 3 Let f be a fimte relabelmg function f T Act H Act 1s a ( total) 
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1elabelzng funct10n that extends f by the followmg defi111t1on 

def { f (a)(t) , 

a(i) , 

fr (tau) def tau 

]T (a(t) ) 
a E darn(!) 

a (/. dom(J) 

15 

□ 

Let X he the set of agent variables ~1th typical clements X , Y, Let A denote 

the set of agent identifiers, and An denote the set of agent identifier<, of arity n, a 

11011-negcttlve number representmg the number of formal parameters 1t tal~es Let ~ 

denote the collect10n of user-defined operators , and ~" denote the set of operators of 

,m ty I,, A ranges O\ er A ( or A n), and O ranges over ~ ( or ~ k) 

Defimtion 4 The set P of process expressions with typical element P 1s the set 

generated by the grammar shown m Figure 2 3, a E Act, X E X , f 1s a fim te 

1clahclrng funct10n , L ~£, A E A n, 0 E ~" ' e, e1 , , en are value e)..press10ns , be 1s 

,1 boolean e:.\.press1on , and Pt , , Pl- E £ UP □ 

p = _}( Agent Vanablc 

I O'. Act10n 

I A(e1, 'en) Agent Identdi.er 

I O(p1, ,pi-) User-defined Operator Ident1fie1 

I P,P Sequential Compos1t10n 

I P+P Summat1011 

I PIP Parallel Compos1t1on 

I P\L Restnct10n 

I P#f R elabelmg 

I P 1f be Cond1t10nal 

I SKIP Term111at10n 

I STOP Deadlod 

Figure 2 3 Abstract Synta:x. of ACS 
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The mcanmg of an agent identifier is given by a collect1011 of agent defimtwns 

D efimt1on 5 Let A E A n, t1 , , tn E £ , and P E P Then an agent defimtion 

correspondmg to A is an equat10n of the form 

□ 

Smulclrly, the meanmg of an operator ident ifier is given by a collect10n of operator 

defimtwns 

D efimt10n 6 Let O E ~ k, Pt, ,p1,, E £ U P, and P E P Then an operator 

definition correspondmg to O is an equat10n of the form 

,Pd = p 

□ 

An operator defimt10n differs from an agent defimt10n m that it allows arbitrary 

process express10ns and value express10ns as formal (actual) parameters 

2.3 Semantics 

2.3.1 Static Semantics 

\Tot all process e'\.press10ns generated by the grammar 111 Figure 2 3 have valid mecrn­

mg1:, For mstance, any process e:>..press10n contammg a free agent variable has no 

meanmg In 

' a (x) ,SKIP , 
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the varmble x 1s not bound to any value, and smce 1t 1s an output act10n, 1t cannot 

receive any value 

Before ,~e discuss~ hat constitutes a valid process o .. press10n , ~e nerd to reiterate the 

11ot10n ohariable scopmg, and free and bound variables The scope of a variable 1s the 

entire process e"\.pre&s10n The first occurrence of a variable 1s considered to be free 

crnd rlll other occurrences are bound to the value assigned to the free occurrence The 

first occurrence 1s described syntactically, parsmg from left to right In the procc<,s 

( ,;.pn 8S1011 

a(x) , (b(:r) + d(.2)), 

the variable x occurs free m a(:r) but bound m b(.x) and d(x ) 

In agent and operator defimt10ns, the vanables occurring as formal parametrrs are 

c ons1dercd to be the first occurrence, and bmd all occurrences 111 the n ght hctud 

proccs& e}..press10n 

The <,et of (,,aluc and agent) variables of an express10n PIS denoted by vars(P) \Ve ~111 

often nred to refer specifically to the agent and value variables of a process express1011 

els avars( P ) and dvars(P), respectively _ ote that avars(P) n dvars(P) = 0 

A c;ubc;titutwn 1s a funct10n mappmg variables to e}..press10ns \Ve ,,111 use the normal 

11otat10n for subst1tut10ns , {e1/.r 1 , , en f.xn }, which 1s the funct10n that assigns the 

C}..press10n e to the variable x and leaves all other variables unmapped \\Te use 0, 01 

to range over subst1tut10ns, and wnte P0 for the process expression obtamed from P 

by srnrnltaneously replacmg all occurrences of any variable x 1 by 0(x1 ) Snmlarly, r0 

1<, the result of applymg 0 to the e 001 1s the compos1t10n of subst1tut10ns , therefore, 

?001 = (P0 )01 

Informally, for process express10n P to be considered well-formed, t he followmg co11-

d1t1011s must be met 
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• Onl_j mput act10ns can mtroduce new value vanables Therefore , output ac­

tions, agent 1dent1fiers , user-defined operator eApress10ns, and value eApres&1on 

components of the conditional combmator cannot mtroduce new value vanahks 

• All process variables must be bound Therefore, process eApres&10us uc;ecl m 

agent defi111t10ns cannot contam agent variables , and for cm operator <l<'fimt10u, 

O(JYJ = P , avars(P) ~ avars(O(p)) 

• For any subeAprec;s10n P 1 I A of P , the free wmablcs m P1 aud P2 rnuc;t b( 

d1SJ01I1t 

The last pomt ensures that all commu111cat10n 1s vrn complementary actions on!! 

For e"\.amplc, assume vve allow express10ns of the form a.i(.-r ) I a2(.1:), where 1: 1& fre<' 

By mterleavmg semantics for concurrent proces&es and by usmg the defi111t10n& of 

vanabk scopmg and bmdmg, either a1 or a2 may commumcate with the environment 

and upon commumcat10n, the other is mysteriously forced to receive the same valu<' 

That ic; , if a 1 receives the value 3, a2 (x) unphcitlv becomes 0 2 (3) Similarly, if, for 

c"\.ample, a2 reccn es true , a 1 (x) becomes a1 (true ) This type of commumcat10u 1c; 

nndr~uablc, so by forcmg the free vanables of concurrent processes to be distmct 

this implicit commu111cat10n is ehmmated 

~ote that m an agent defi111t10n, A = P, the process eApress10n P by itself may not 

he v,cll-formed , by placmg P m a defi111t10n, the free vanables of P may b<' formal 

parameters of A , and hence the complete defimt10n becomes well-formed In definmg 

ct vvell-forrned predicate for process eApressions, a set of bound vanables is reqmrrd 

:\fore formally , av.ell-formed predicate wf (P)p is defined and mterpreted as gwen a 

set of b01md variables p, P is well-form ed 

Defimtion 7 Let P E P , and p ~ VU X be a set of bound van ables wf ( P ) P , called 

the well-formed predicate, is defined mductn ely a& follows 
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1 wj( tau)p, wj (SKIP )p, wf (STDP )p, 

2 wf (a(t') )p, 

3 1f vars(o(e)) ~ p t hen wf (' a(e))p, 

4 1f vars( A (e)) ~ p then wf (A(e))p, 

0 1f vars(O(f)) ~ p t hen wf (O(f) )p, 

6 1f wf (P )p t hen wf (P\ L )p and wf (P#J)p, 

10 1f wf (P )p and vars (be) ~ p then wf (P if be)p 

D 

An agent defi111 t10n A (e) = P 1s considered well-formed 1f avars(P ) 0 and the 

predicate wf (P )vars(A(e)) holds Sumlarly, an operator defi111 t10n O(f) = P 1s vvcll-

-formed 1f avars(P ) ~ a vars( O((p)) and the predicate wf (P )vars(O(l)) holds 

For t he remamder of t his t hesis, we v. 111 only consider well-formed process e"\.press10m, 

agent defim t10ns, and operator defi111 t10ns 

2.3.2 Operational Semant ics 

The standard approach m prov1dmg operational semantics to a value-passmg process 

algebra 1s to t ranslate 1t mto its underly mg pure (non value-passmg) process algebra 
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The mam chrtrnctenst1c of the translat10n, mapprng a process P to P, 1s that an rnput 

act1011 a( r) 1s mapped mto the term , 

,, here V 1s the , alue domam of the free vanable .T m P, which may or may not 

he fimte This simple scheme may produce mfirnte process defi111t10ns and mfirnt C' 

hranclung structures which become 1mposs1ble to implement ThC'refore, the opera­

t1011dl semantics for ACS 1s mtroduced duectly for the value-passmg calculm, 

The scmcmt1cs of the language 1s formally given as a labeled transition system 

Defimt10n 8 A labeled transition system 1s a tnple (S , L , R) , where S 1s a srt of 

states, L 1s a set of labels, and R ~ S x L x S 1s a labeled transition relation \\'e will 

rder to ( s, l, -,' ) E R as s ~ s' □ 

In our trans1t10n system, vve shall tah.e S to be P , the process express10ns, and L to 

be the set of actions, Act The trans1t10n relat10n 1s the largest set obtamed by the 

<,emautic rules defined as follows 

fl = { (P, a, P' ) I P -.!:...+ (P' , 0)for some 0} 

The trans1t1on rule P -.!:...+ (P' , 0) states that process P , under the subst1tut1on 0 

may perform the act10n a to become the process P' The trans1t10ns of composite 

processes are defined 111 terms of the trans1t10ns of its component processes The 

general rule used to descn be this mference 1s 

where T1, , Tn, T denote trans1t10ns The rule states that 1f T1, , Tn are trans1-
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tions sc1,tisfymg the condit10n C, then Tis also a trarn,ition 

Iu formmg the trans1t10n rules, an aux1hary predicate 1s needed to md1cate whrther or 

not a process has a (successful) termmat1on opt10n Clearly, the degenerate process 

SKIP can ah\ays termmate, but STOP cannot , smce it sigmfies unsuccessful tcnmna­

t10n S11111larly, any act10n cannot termmate smce it must firs t perform the act10n If 

d process P can termmate, then P combmed m a restnct10n or rclabclmg cau also 

tcrmmate In a summat10n process eApress10n, if either process can termmatr , the 

"hole procc::,5 e'-..prc::,s1011 can ternunate Both proce::,ses combmed m sequence or m 

p,trc11lcl mmt termmate before the \\hole e"\.pression can termmate For the co11<l1-

tional cornbmator, an extra constramt 1s that the boolean e"\.press1on must evalurtte 

to true Thrn cvaluat10n 1s possible smce the predicate is defined for wcll-fo1111ccl 

proce&ses only The complete mductn,e defimt10n of the termination predicate (.,I,) 11-, 

given m Figure 2 4 

1 SKIP-l, 

2 1f P-l, t hen ( P# f)-l. , ( P\L )-l. , ( P+Q )-l., and ( Q+ P )-l., 

3 1f P1-l, and P2-l, then P1 , P2 and P1 I P2, 

4 1f P-l, and t ⇒v true then (P if b)-l., 

o 1f A(t:) = P, [t:0] = v for some 0, (P0)-l. , and [t~] = v then A(t~)l 

6 1f O(p1) = P, [p10] = 11 for some 0, (P0 )t, and [p2] = v then O(p2)-l. 

Figure 2 4 Termmat10n Predicate 

The complete set of trans1t10n rules is gn en m Figure 2 5, \\ here [] I'l the datc1 evdl-

11at10n semantics for value eApress1ons ( defined m detail m AppendIA A ) The sum­

mation and parallel combmators are commutative , consequently, the Sum, Coml, 

Com2 , and Com3 rules each imply tv.o rules For e"\.ample, the Sum rule 1mphes 



CHAPTER 2 THE LA~\JGUAGE 22 

the t,\o E>ymmetnc rules, 

The rule for mput act10ns (In) can be read as follmvs for any substitut10n 0 smh 

that [(0] = iJ, the mput ad10n a(e) can force a trans1t10n a(v~ to become the residual 

(SKIP , 0) The subst1tut10n m the residual 1s needed to propagate variable hmd111g5 

m the sequential compos1t10n rule Seql _ ot1ce that only the mput rule mtroduc c5 

bmdmgs smce, hj defi111t10n of well-formed process e:\.press1011s, only mput act10ns 

may contam free variables as actual parameters 

In the Defnl and Defn2 rules , the variables 111 the defi111t10ns A( v2) = P cmd 

O(p2) =P are assumed to be d1stmct from the vc1,riables 111 the actual mage5 A. (c~) 

and 0(15i) , respectively That 1s, 

vars(A(e,)) n (vars(A(e2)) U vars(P)) 0, 

vars(O(fi)) n (vars(O(p2)) U vars(P)) 0 
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In ~ [e0] = v 
a(e) (SKIP , 0) 

Out , _ [e]] = 17 
' a(e) ~ (SKIP , 0) 

Seql 

Coml 

Tau __ t ___ _ 
tau ~ (SKIP , 0) 

P ~ (P' ,0) Seq2 Q ~ (Q' ,0) P-!. 
P,Q ~ (P' ,Q0,0) P,Q ~ (Q' , 0) 

Sum p ~ (P' ,0) 
P+Q ~ (P' ,0) 

P ~ (P' ,0) Q ~ (Q' ,0) 
PIQ ~ (P'IQ ,0) 

Com2 
PIQ ~ (Q' ,0) P-!. 

Com3 P ~ (P', 0), Q ~ (Q' ,0) 

PIQ ~ (P'IQ' ,0) 

P~P'0 Ren 
P# f h(a) (P'# f , 0) 

Res p ~ (P' ,0) label(a) <f_ L 
P\L ~ (P'\L , 0) 

P ~ (P' ,0) _ 
If a ( , 

0
) [be] - true 

P 1f be --t P , 

Defnl 

Defn2 P0
i ~ (P' ,0) 0 ( - ) = P , ir ,.,..-1] = v, ir ,.,..-20.1] = v 

O(t; ) ~ (P' , 0) P2 
l1Y l1Y 

Figure 2 5 Operat10nal Semantics for ACS 

23 
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Chapter 3 

Simulating ACS Specifications 

Th err arc many v. ays of designmg the same system ·when are two specifi.ca t10ns the 

same 7 Hm" do you know that the specifi.cat10n actually meets the reqmrcments the 

system \\as designed to satic;fy? In process algebra the common method for drtrr­

mmmg if tv.o processes are considered equivalent is bi5im ulatwn Informally c,tatccl , 

this says that each process can simulate the other Hovvever, tlus type of equn,alenrc 

is often too &trong a reqmrement and also reqmres ""ntmg tvvo spec1fi.cat10ns for the 

'-lame system Snnple charactenst1cs such as eventuality (the poss1b1hty that a ccrtam 

cntenon will ever be met), starvat10n , deadlock, and possible execut10n paths cannot 

be dc&cnbed by b1simulat10n Some type of smmlat1on 1s needed, or a way of tcstmg 

1f a spcc1fi.cat10n actually satisfies the m1tial reqmrements The most basic smmlat10n 

1c:; steppmg through the process one act10n at a t ime A more elegant vvay is to mtro­

cluce simple path express10ns, this allo\\s us to define reqmrements of a given ACS 

spec1fi.cat10n 

In this chapter we mtroducc an ACS-hh.e path cxpress10n that allows us to specify 

possible e"\.ecut1on paths more concisely \\Ithout usmg the complete synta)._ of ACS 
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The idea is to remove the architectural structure from ACS and only specify certam 

reqmrements that a process eApress10n must satisfy 

3.1 Path Expression Language 

In dcfimng requuements , v\e are more mterested m the act10ns that are possible or 

uot pm,~iblc, rather than actual architectural design For mstance, reqmrcnwnts smh 

a<, W'tll cm actwn a ever occur '! could be descnbed by the eApression 

The e'Cprcss10n S*n denotes zero or more (but not more than n) repetit10nc; of the 

path e"\.press10n 5 The path eApress10n sequential combmator ( , ) is smular to the 

process e"\.prcss10n combmator ( ,) Usmg the + combmator, S *n is eqmvalent to 

SKIP+ S + (S ,S) + + (S , , S) ..__,__., 
n 

The c;pecial act1011 wm able v is mterpreted as any vanable, and is useful for don t­

rare act10n sequences Usmg Just regular variables v\Ould bmd all other occurrence~ 

so thc1t an exprec;s1on of the form 

X* n 

vvmild mean up to n occurrences of the same act10n Hm\ever, 
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m<'aus up to n different act10ns In concrete e ,amples the underscore symbol (_) 1s 

used to denote v 

Another useful notat10n is e:>..actly n occurrences denoted by s ~n, which is equnalmt 

to tlw followmg 

s, ,s 
'-_,-' 

n 

The redSon for restnctmg the* and ~ combmators to a fimte number of repetit10nc., is 

that ~mce tlus is to be automated , the deterrnmat1on of whether a process c"\..press10n 

satisfi<'s a path express10n must t ermmate 

It is often a reqmrement that an action or a certam set of act10ns cannot occur m a 

certam state The notat10n 

' L, 

where L is a set of act10ns , denotes the occurrence of an act10n that is not m the 

given set L L may contam variables as -well as actions For example, m the Count er 

ag<'nt defined m Chapter 2, after mcrementmg the counter, the zero test should not 

be available That is, Counter must satisfy 

me, 1 {zero} 

As m ACS , the I combmator denotes mdependent act1011 a I bis eqmvalent to the 

path e:>..press10n 

(a ,b) + (b,a) 

The path e:>..press10n language is defined formally 111 the follov\ mg defi111t10n 

D efimtion 9 The set of path expressions is the set generated by the grammar m 

Figure 3 1, where a E A.ct, a E X U A ct. X E X, and v is any vanable □ 

\Ve conclude this sect10n -with some e\.amples demonstratmg the properties that are 
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s XlvlalS+s1s1s1s,s1s~nlS*nl 1{a, ,a} I STOP I SKIP 

Figure 3 1 Syntax of Path E:>,._press10ns 

e-xpre<-,s1 ble v\ 1th this path e:>,._press10n language 

Deadlock The quest10n of whether a process ever reaches deadlock after a fi111tr 

mm1bcr of act10ns can be stetted as 

(v*n) , STOP , 

where n 1s some fixed number Notice that 1t doesn 't say that anythmg more than n 

ctct1011 sequences will not deadlock 

Starvat10n Stanat10n means that a certam action 1s never performed The path 

c'\.pre&s10n 

states that for all e:>,._ecut10n paths of no more than n act10ns, the act10n a 1s never 

performed 

Eventuality The quest10n of whether a certam act10n will ever occur can be stated 

hy the path express10n 

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

r}-ists a given state of the system such that both act10ns are possible The path 
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CA.prcss10n 

captures this property 

Fairness The fairness requirement means that all processes or act10ns arc treatrd 

equally One 111terpretat10n of this 1s that for t\.\o act10ns a and b to be tre<l tC'<l 

fairly , one cannot occur more often than the other 111 any e"\.ecut10n path The path 

r"\.prrss1011 

((( 1{a ,b})*n) , a) I ((( 1{a,b})*m),b) 

denotes cm e"\.ecut10n path with eA.actly one occurrence of a and b If the \\ holr 

CA.prcss10n 1s placed 'A- 1 thm a * eA.press10n, the required fairness property \.\ onld be 

satisfied 

3.1.1 Path Expression Semantics 

The operat10nal semantics of the path eA.press10ns are s1m1lar to the process eA.prcs­

s10ns, and are given by a labeled trans1t10n system The set of states 1s repres<:'nted h.v 

t hr path cxpress10ns S, the labels are A ctUX U { v} U { 1 {a, , a} } , and the trans1 t10n 

relctt10n 1s the largest set obta111ed by the semantic rules defined 111 Figure 3 2 

T\\O aux1hary predicates are needed First 1s the path termination predicate, denoted 

by term(S ), that holds if a path express10n S may termmate successfully The othr r 

is the path deadlock predicate, denoted by dead(S ), that holds 1f a path eA.press10n 

S may term111ate unsuccessfully The mean111g of these predicates 1s straightforward, 

and their mductive defimtions are given m Figure 3 3 and Figure 3 4 

The meanmg of the I , , , and + combmators for path e"\.press10ns are the ::,c1,me as the 
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1 
a~ SKIP X ~ SKIP 

1.1 ~ SKIP 1£ ~ SKIP 

2 S1~s; term(S, ), 52 ~ s; 
s1 , s2 ~ s~, s2 s, , s2 ,.::,,, s~ 

s , ~s; S s S' 
3 2 ""'--7 ) 

S, +S2 ~ Si S1 +S2 ~ S~ 

4 
St~ 51 S2~ S~ 

5 l I 5 2 ~ S'i I S2 S, 1S2 ~ S, IS~ 

5 S~S' S~S' n>l s-1 ~ S' s-n ~ S', (S-(n -1 )) 

6 S~S' S ~ S' n > l 
S*l ~ S' S*n ~ S' , (S*(n - 1)) 

Figure 3 2 Semantics for Path EApress10ns 

comhmators for process cxprcss10ns The first set of rules defines the base cases that 

lun e to be matched by an appropnate process CApress10n transit10n The last tv\O 

<;rts of rules define the semantics of the - and * combmators Notice that the term() 

predicate captures the fact that the * combmator means zero or more 
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l tcrrri(S*n), term(SKIP ) 

2 1f term(S) then term(S~n ), 

3 1f term(S1) or term(S2) then term(S1 +S2) and term(S1 +S2), 

4 if term(S1) and term(S2) then term(S1 , S2) , term(S1 I S2), and term(S2 I S 1 ) 

Figure 3 3 Path Termmat10n Predicate 

1 dead(STOP ), 

2 if dead(S) then dead(S -n), and dead(S*n) , 

30 

3 if dead(S1 ) then dead(S1 , S2), dead(S1 +S2), dead(S2+S, ), dead(S , I S2), an<l 
dead(S2 IS,) , 

4 if term(S1) and dead(S2) then dead(S1 , S2) 

Figure 3 4 Path Deadlock Predicate 
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3.2 Simulation 

31 

A process e"\.press10n simulates a path e).press10n 1f, whenever the path expression 

mate& a trans1t10n, a matching tran'31t10n e).__1sts for the process express10n For <'"\.­

ample, m the automated gas stat10n e).__arnple presented m Chapter 2, 

GS = card,('regular + ' premium+ 'diesel ), 'receipt ,SKIP 

smmlatrc., the fo llovvmg path e).press10ns 

card, 'regular, 

card, 'premium , 

card, 'diesel 

It doe'3 not , hovvever, smrnlate 

_*100,(card I ('regular+ 'premium+ 'diesel), 

,,l11d1 says that there e).1sts a state \\here either the environment pre'3ents a crecht 

card , or fuel 1s deln,ered In other vvords, a customer has an opt10n of either rece1vmg 

free fuel or paymg for 1t This 1s not a desirable property from the retailer's pomt of 

VICW 

A few prehmmary defim t10ns are needed to express the meanmg smmlat10n 

D efimtion 10 If t = a, D'n E Act* , P a process e).press10n , and P ~ ~ 

(P' , 0) , then vve call tan execution path of P □ 

D efimtion 11 If S 1s a path express10n and S ~ 

an e.'Lecutwn path of S 

~ S' , then we call t = s1 s,, 

D 

Any process e:x.press10n smrnlates a path e>..pres'310n that can termmate succes">fnlh 

(by not makmg any trans1t10ns) Any process that cannot mate any trans1t10ns 

snnulates a path e).press10n that can termmate unsuccessfully For all e)._ecut1on paths 
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of a pa,th e"\.press10n, a process must have a matchmg e:x.ecut10n path A smrnlat1on 

1s defined formally m the followmg defimt10n 

Defimt1on 12 Let P be a process e:x.press1on and S a path expresc.;10n Thrn P 

(c;trong) simulates S , denoted by P f-- 8 S, 1f 

l term(S) 

2 dearl(S) and P -f---t, 

3 S ~ S' and P ~ P' , 0 for some P' and 0, and P'0 r- 8 5'0, 

4 S ~ S' and P ~ P' , 0 for some P' , 0 and a, and P'0 r- 8 S'[a/X], 

5 S ~ S' and P ~ P' ,0 for some P' , 0 and a, and P'0 r- 8 S ' , 

6 S ~ S' and P ~ P', 0 for some P'. 0 and a~ L , and P'0 f-- s S' 

□ 

Strong smrnlat10n matches every act10n of the process express10n with an act10n of 

the path eApress10n - even for tau act10ns A more rela:x.ed requuement for tau 

act1011c.; 1s to reqmre that each tau act10n be matched by zero or more tau act1011<, 

Defimt1on 13 If a E Act then P ~ ( P' , 0) 1f 

P ta~ P1,01 

P101 ta~ P2, 02 
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,, here n , m ~ 0, 0 = Bn+m+ I and P' = Pn+m+l P' 1s called an a -descendant of P □ 

The defi111t1011 for weal., simulation 1s &1m1lar to the defi111t10n of strong smmlat1011 

D efimt10n 14 Let P be a process eApress10n and S a path express10n Then I' weal., 

sirrmlates S, denoted by P f--- w S, 1f 

1 tcrm(S ), 

2 dcad(S) and P ~ P' , 0 , P'0 f-+ , 

3 S ,..e. S' and P ⇒ P' , 0 for some P' and 0, and P'0 f--- w 5'0 , 

\ 
4 S ~ S' and P ⇒ P' , 0 for some P' 0 and o , and P'0 f--- w S'[a/ X], 

o S ~ S' and P ⇒ P' ,0 for some P' , 0 and n, and P'0 f--- 8 S': 

1 L a 6 S""" S' and P:::::::::} P',0 for some P' , 0 and n (/. L , and P'0 f--- w S' 

□ 
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Chapter 4 

Examples 

ACS may be used to design systems for a van ety of programm111g paradigms In this 

chapter we present two e)..amples which demonstrate the po~er and express1b1hty of 

the language 

Dmmg Philosophers This problem 1s used to demonstrate hov\ design :flav\c., can 

bC' found and corrected by us111g t he path expressions 

Mobile Robots Tlus problem demonstrates how one can model the complete' sy~­

tem, 111cludmg the physical environment 

4.1 Dining Philosopher 

The clas~ical dining philosophers problem is well-known for illustrat111g ct deadlock 

s1tuat10n The problem 1s depicted 111 Figure 4 1, vvhere ~ e have eight (N 111 general) 

pluloc;ophers and eight chopsticks Each philosopher is reqmred to pick up both 
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thr chopstick on the left and on the n ght A deadlock situat10n occurs when every 

plulosophcr picks up the left chopstick first then the nght chopstick 

•--~ • "'- I / • Philosopher 

. / 

• • Chop Stick 

Figure 4 1 Eight Dmmg Plulosophers 

In designmg t he system we will have t\vo mam obJects - a chopstick and a philoso­

pher A generic descnpt10n of a chopstick could be 

St1ck(1) = up(1),down(1) ,St1ck(1), 

where St 1 ck ( 1) represents the 1th chopst1d. Its mam operat10ns arc requests to 

pid . up the chopshd. (up(1) ) and to put down the chopstick (down(1) ) 

The defi111 t10n of a philosopher is qmte simple - pick up the nght and left chopstick 

(m any order) , eat and then put do\vn the nght and left chopstick (agam, m any 

order) 

Ph1l(1,n) = ('up(1) I 'up(1+1 mod n)), 

tau, 

('down(1) I 'down( 1+1 mod n)), 

Ph11(1,n) 
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The c1gent Ph11(1,n) represents the 1th plulo<;opher around a table of n Smee the 

ch01ce of p1ckmg up the left or n ght chopst1d. 1s mdependent , the parallel operator 

lends itself well The same applies to puttmg the chopstick down The tau represents 

the eating port10n of the philosopher 's duties After puttmg the chopstick do\\-n , the 

plulosophcr can start agam 

\IO\\ a genenc table of n philosophers and chopc;t1ch.s can be defined recursively as 

follm, f> 

Table(n,n) = SKIP 

Table(1,n) = ( St1ck(1) I Ph1l(1,n) I Table(1+1,n) ) 1f 1 < n 

Table(n) = Table(O,n)\{up,down} 

The agent. Table (1,n) represents the 1th component of the table, and each com­

ponent consrnts of a philosopher and a chopstick Table (n) denotes the table of n 

plulo<;ophers and chopsticks The restnct10n ensures that no external entity, other 

tha,n cl philosopher at the table, can pick up or put down a chopstick 

The dmmg philosopher problem 1s no\\- Just a table of size n 

D1n1ngPh1ls(n) = Table(n) 

No-w cons1drr a table with tvvo dmmg philosophers If both request the left chopst1d. 

(1 e plulosopher O performs 'up(O) and philosopher 1 performs 'up(1) ), neither can 

get the n ght chopstick (1 e philosopher O cannot perform 'up (1) and philosopher 

1 cannot perform 'up ( 0) ) The sequence of events below illustrate tlns , where the 

command strace smgle steps through the trans1t10ns of a proce&s express10n At 

each level the available trans1t10ns are displayed as numbered opt10ns To d1stmgmsh 

the vanous mternal commu111cat1011s that are poss1 ble, a parameter has been added 

to tau to mchcate the act1011 performmg the commu111cat1011/synchromzat1011 

[> strace(D1n1ngPh11s(2)) 
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**step tracing DiningPhils(2) 

Level 0 

1 ---tau(up(O))--> (down(O) 

(Stick(1) 

2 ---tau (up(O )) --> (down(O) 

(Stick(1) 

up(0+1 mod 2) I 

Phil(1,2)))\{up,down} 

Phil(O, 2) I 

up(1) ))\{up.down} 

3 ---tau(up(1 ) )--> (Stick(O) I Phil(O, 2) 

(down(1) I up(1+1 mod 2) ))\{up,down} 

4 ---tau(up(1))--> (Stick(O) I up(O) 

(down(!) I Phil(1,2)))\{up,down} 

Which7 1 

37 

The first possible act10n of the system 1s to perform one of four commumcc1t10ns 

Either philosopher may p1ch. up either chopstick The first ch01ce represents pluloso­

pher O p1ckmg up chopst1d. 0 After performmg the first trans1t10n there are only tv, o 

opt1011s left - either philosopher O or philosopher 1 may pick up the last cl10pstich. If 

plulosophrr 1 picks up the last chopstid. we reach a deadlod. situat10n as illustr,lt( d 

here 

Level 1 tau(up(O)) 

1 ---tau(up(1))--> (down(O) 

(down(1) 

2 ---tau(up(1))--> (down(O) 

(down(!) 

Which7 2 

Level 2 tau(up(O)),tau(up(1)) 

<no transitions possible> 

Which? 

'down(O) 

I Phil(1,2)))\{up,down} 

up(0+1 mod 2) 

11 up(1+1 mod 2) )\{up,down} 
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Rclther than steppmg through the denvat10n tree of a system, v\e can test cf'rtam 

path eApress1ons The deadlock s1tuat1ons could be checked by the path eApress1011 

(_ *2), STOP 

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

that v\ 111 end up 111 deadlock The command ssim performs the strong smrnlat1on of 

a process e"\.press1on agamst a path express10n 

[> ss1m(D1n1ngPh11s(2),(_*2),ST0P) 

**s1mulat1ng D1n1ngPh11s(2) 

w1 th path (_ *2), STOP 

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

Agent (down(0),St1ck(0) I 

? 

up(0+1 mod 2),('down(0) I 'down(0+1 mod 2)),Phil(0,2)1 

(down(1),St1ck(1) I 

up(1+1 mod 2),('down(1) I 'down(1+1 mod 2)),Ph11(1,2) I 

Table(1+1,2)))\{up,down} 

One of the possible eAecut1on paths that satisfies t he deadlock path expre<,s10n 1c, 

lrnvmg chopstid. 0 picked up by one philosopher, then havmg chopstick 1 p1d.cd up 

by the other philosopher, as represented by the above smrnlat10n What 1s relevant 

1s not whether plulosopher 0 p1d.s up chopstick 0 or chopstick 1, but only that both 

plulm,ophcrs pick up one chopstick At this pomt the path eApress10n has beeu 

satisfied , however , the user has the opt10n of eAammmg the second of tvvo eAecut1011 

paths that lead to deadlock - havmg chopstick 1 picked up before chopstick 0 

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

Agent (down(0),St1ck(0) I 

up(0+1 mod 2),('down(0) I 'down(0+1 mod 2)), Phil(0,2) I 
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(down(1),Stick(1) I 

up(1+1 mod 2),('down(1) 'down(1+1 mod 2)),Ph11(1,2) I 

Table (1+1,2)))\{up,down} 

? 
' 

Th<' number 2 111 '-*2), STOP for the number of repct1t10ns 1s arbitrary, but should 

be sufficiently large to detect a deadlock For 111stance, for n d111111g philosophers m,e 

n as the number 

A11 even shorter test 1s to use the not10n of weak s11nulat10n, as 111 the foll0v"mg 

C'\.ample ,\l11ch ""ill immediately detect a deadlocl\ 

[> ws1m(D1n1ngPh11s(2),STOP) 

**weak s1mulat1ng D1n1ngPh11s(2) 

with path STOP 

trace [] 

Agent D1n1ngPh11s(2) 

The trace for v,eak s1mulat10n does not mclude any taus Therefore, the test d.o C'c; 

not shm, the c\.ecut1on path to deadlock, but rather that deadlock docs C'Gst 

Often deadlock 1s not a desired property Although the spec1ficat10n does satisfy t llC' 

vague mitial reqmrements, 1t does not satisfy other specific reqmrements, such ac; 

1 at any given time, some philosopher must be capable of eatmg (free of deadlort) 

2 every philosopher must eventually eat , and 

3 110 smgle pl11losopher will eat more often tha.n any other ( fauncss) 

To adueve these reqmrements we will need to redesign the spec1ficat10n First, 111 order 

to meet the reqmrements , a scheduler 1s needed to determme when a philosopher 1s 
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capable of p1ckmg up the chopst1d .. s No specific order 1s reqmred, but to be fau all 

plulosophers must have had the chance to eat before any other can eat agam To 

enc::;nrf' that no deadlod. occurs, only one philosopher can be scheduled at any g1wn 

time 

Semaphore 

Schedule(0) 

Schedule(n) 

Scheduler(n) 

= REPEAT('take,g1ve ) 

= SKIP 

= (take,go(1), 'done(1), 'give I Schedule(n-1 ) 

1f (n>0) 

= (REPEAT(Schedule(n)) I Semaphore)\{take,g1ve} 

Thr ageut Semaphore represents the usual binary semaphore pnm1t1ve, with the op­

erat10ns take to reserve the semaphore, and g1 ve to relmqmsh the semaphore Thf' 

agent Schedule (n) represents a random schedulmg of n obJects, m this case, philoso­

phers The semaphore prnmtn,es are used to ensure that only one philosopher can 

be scheduled at a time The act10n go ( 1) signals the 1th philosopher to start eat­

mg aud the act1011 'done(1) md1cates that the 1th philosopher 1s done The agent 

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

There are t,\O reqmrements that the scheduler must satisfy 

1 Only one item ma:y be scheduled at any given time A possible path e"\.press10n 

that v. ould disprove tlus 1s as follov. s 

This eApress1on states that there eA.1sts a process execut10n path that contams 

t"½o go() act10ns vv1th no done () act10n betv.een them The length of the 

process execut10n path 1s at most 10 If an e"\.ecut1011 path greater than 10 1s 

E>uspected to contam such a pattern, the number may be mcreased 
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2 No item may be scheduled more often than the other items (fairness) There 

1s no smgle simple general path express10n that can be used to d1sprovc- tl11s 

reqmrement Hov'. ever , a collect10n of eApress10ns of the form, 

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

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

for all values of 1 , vHll disprove 1t If any smgle path eApress1011 represents a 

vahd process execut10n path then the reqmrement 1s not met 

The plulosopher must be modified such that he vva1ts to be scheduled before p1d.rng 

up the chopst1ch.s , and such that he must signal complet10n once the chopstid.s haw 

been p1ch.ed up In add1t10n, the silent act10n tau, used to represent eatmg, ,\ 111 he 

replaced ,\ 1th the act10n eat ( 1) 111 order to observe when a particular plulosopher 

has eaten 

Ph1l(1,n) = 'go(1), 

( 'up(1) 

done(1), 

eat(1), 

'up(1+1 mod n)), 

('down(1) I 'down(1+1 mod n)), 

Ph11(1,n) 

~otice that by redefinmg the prev10us Phil (1 , n) agent, the table dc-fimt1on Table (n) 

docs not require redes1gnmg Tl11s nev. defimt10n simply replaces the previous one 
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The' new dmmg philosopher can now be defined as a table of n philosophers and cl 

scheduler of n obJects 

D1n1ngPh11s2(n) = (Table(n) I Scheduler(n) )\{go,done} 

Although this e'Cample 1s qmte snnphst1c, 1t demonstrates how design flav. s c,an lw 

found and hm\ des1red properties can be venfied 

4.2 Mobile Robots 

The e)...,.1,111ple m this section 1s taken from [JF93] The idea 1s to design an autonomous 

robot that < an manoeuvre on its ovvn The robot 1s composed of the followmg de,,1cr<; 

• a front and back bumper , 

• two mfrared sensors 

• tvvo photo-cells and 

• tv.o motors 

A schematic diagram of the robot 1s gn,en m Figure 4 2 

The drs1gn mcorporates the subsumpt10n architecture The mam idea I'> that there 

d,re no e)...phc1t geometn c representat ions of t he v.orld from which the robot plans 

its act1011s Instead, t here are a number of control loops for each act10n or beh,n 1or 

Each behav10r 1s ranked m conJunction v. 1th other behav10rs When two contradictory 

behav10rs are triggered at the same time, the higher ranked one suppresses the lm\cr 

one ·when the higher ranked behav10rs are no longer activated, the lm~er ranl.mg 

behav10rs may resume control 



CHAPTER 4 EXAMPLES 

Bottom View 

Motors 

Front 
Bumpers 

Top View 

Photocells 

Infrared 
Sensors 

Back Bumper 

Figure 4 2 Schematic Diagram of Robot 

\Ve will consider a robot with four behav10rs 

1 cruise To constantly force the robot m the forward d1rect10n 

43 

2 follow To momtor the tvvo photo-cells and follows the duect10n of bnghtcr 

mtens1ty 

3 avoid Based on the mfrared sensor mformat10n , to avoid contact ,,1th any 

obbtacles 

4 escape If the mfrared sensors fail and the robot bumps mto to obJect, to 

activate the escape behav10r 

From lowest to highest, the behav10rs are ranked as follows cruise, follow, avoul, 

and ec;cape The mteract10ns of the behaviors are depicted m Figure 4 3, where the 

rounded bo:> ... es represent the physical sensors and control dnvers, the square bo"\.es 

reprec;ent the actual behav10rs, and the c1rcles reprec;ent the suppressor node vv hcrr 

the top behav10r suppresses the lmver behav10rs 

Each behav10r \vill be descnbed m detail below 
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~I Escape 

l 
(IR Sensors )._ __ ..,,.. ~I A_vo_1_d __ _:-----:,,►1 

Photocells ------;~ Fo !low 

I Crmse 
7 ,_ ________ .._..,, 0>----~:,,,.,( Motors ) 

Figure 4 3 Robot Subsumption Architecture 

Crmse The cruise behavior 1s stra1ghtfor\\>ard , its purpose 1s to ensure that the' 

robot 1s ahvays movmg The command sequence 1s issue a forward commctnd , do 

some mternal computation (1 e possibly delay for some t ime), and repeat The 

ddim tion 1s as folio\\> s 

Cruise = 'cru1se_cmd('forward'),tau,Cru1se 

Follow The follow behavior momtors the tvvo photo-cells, one of wl11ch 1s at the 

front left corner, the other at the front nght corner \Vhen follow detects a difference 

between the two mtens1ties wl11ch 1s greater than a given amount , 1t vvil l issue a 

command to follo"" the more mtense light If there 1s no d1scerm ble difference m 

mtcns1ty, follow will do nothmg A description of the behavior 1s as follo\\>s 

Follow = photo_detect(val ),F(val) ,tau,Follow 

F('photo_none') = 'follow_cmd(' noth1ng') 

F('photo_left') = 'follow_cmd( 'left_turn') 

F('photo_r1ght') = 'follow_cmd('r1ght_turn') 
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Follow repre&ents the agent that follows the path of greatest 1llummat10n , g1vc11 

thc1,t oue photo-cell 's mtens1ty exceeds the other's The act10n photo_detect(val) 

represents the difference betvveen the two photo-cells val 1s either 'photo_right' , 

'photo_left ' , or 'photo_none' , md1catmg that either the n ght 1s more mtense, 

left I'> more mtense, or both have s1m1lar mtens1t1es The agent F(x) issues thC' 

appropriate command based on the mtens1ty difference x If the n ght 1s more mtemC' 

( 'photo_nght' ) then turn right, similarly, 1f the left 1s more mtense ( 'photo_left' ) 

then turn left If neither 1s the case, do nothmg 

Avmd Avoid handles the detect10n of obstacles from the mfrared sensors If thC' 

left sensor senses an obstacle, 1t ~111 turn the robot to the n ght , 1f the n ght sensor 

sensci-, cU1 obstacle 1t v\Ill turn the robot to the left Furthermore, the amount thC' 

robot turns 1s not s1gmficant , 1t tnes to move the robot m an arc If both sensors 

detect an obstacle 1t arb1tranly chooses to turn left A descnpt10n of this behav10r 1s 

as fo llavvs 

Avoid =ir_detect(val),A(val),t au,Avoid 

A( 'both_ir' ) = 'avoid_cmd('left_turn') 

A(' left_ir' ) = 'avoid_cmd('left_arc') 

A(' nght_ir ') = 'avoid_cmd('right_arc') 

A('none_ir') = 'avoid_cmd( ' nothing') 

Avoid denotes the avoid behav10r It reads the mfrared sensors (ir_detect(val ) ). 

IS'>UC'S an appropriate command (A(val )) , performs some mternal computat10n (tau) 

such as a possible delay, and then repeats The value received from the sensors 1s 

asi-,umed to he a strmg 111d1catmg which sensor(s) detected an obJect The agent A(x) 

actually ISsues the commands 
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Escape If the mfrared sensors fail to detect an obstacle and the robot runs mto 

them, the bumpers will activate the escape behav10r Its mam goal 1s to movr the 

robot av\-ay from any obstacles As prev10usly ment10ned , the escape commaudc; ,uc 

of highest pnont} If both the left and n ght sides of the front bumper make cont act, 

it 1\111 h<lcl\. up the robot and arb1tranly turn it to the left If only the left front 

< orner makef'> contact it v\- ill turn the robot n ght If only the n ght front corner makes 

contact it \\Ill turn the robot left Fmally, if the back bumper makes contact it ,,,.111 

command the robot to move forward Thie; behavior 1s descnbed as follows 

Escape = burnp(val) , E(val),tau,Escape 

E('burnp_lr') = 'escape_crnd('backward'),tau, 

'escape_crnd('left_turn') 

E( 'burnp_l') = 'escape_crnd('r1ght_turn') 

E('burnp_r') = 'escape_crnd('left_turn') 

E('burnp_b') = 'escape_crnd('left_turn') 

E('burnp_none') = 'escape_crnd('noth1ng') 

The rtgcnt Escape 1s snmlar to the other behav10rs , it requests the status of the 

bumperc; (burnp(val) ), handles the type of bumper contact appropnatcly (E(val) ), 

doe& some mternal activity (tau), then repeats the \\hole process ::'-Jot1cc that m 

the case where both the left and n ght sides of the front bumper make contact 

(EC' burnp_lr') ), two commands are issued with a possible delay or some other actrv­

i ty m between 

Arbitrator ::'-Jmv that \ve have all the behav10rs defined vve need to design the snb­

sumptwn, or the suppressor nodes of the system One method is to design a global 

arbitrator that vv 11l handle the pnonty of the commands appropriately In t lns cac;e, 

its funct10nahty 1s qmte snnple If Escape issues a , ahd command, pass on that corn-
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maml, d1scardmg the others If Escape issues a null command 'escape_command ('nothing') , 

and Avoid 1Ssues a valid command, then pass Avo1d 's mes'3age on to the motor S1m-

1larly, the commands from Follow are passed on only 1f Escape and Avoid issue the 

null command, and the commands from Cruise are passed on to the motor only 1f 

the other three behav10rs 1Ssue a null command A descnpt10n of the arb1tutor 1s 

gncn aE> follovvs 

Arbitrate = Arb('noth1ng' ,'nothing', 'nothing', 'nothing') 

Arb(c,f,a,e) = cru1se_cmd(c1),Arb(c1,f,a,e) 

Arb(c,f,a,e) = follow_cmd(f1),Arb(c,f1,a,e) 

Arb(c,f,a,e) = avo1d_cmd(a1 ), Arb(c,f,a1,e) 

Arb(c,f,a,e) = escape_cmd (e1) , Arb(c,f,a,e1) 

Arb(c,f,a,e ) = ('motor_cmd(e),Arb(c,f,a,e)) 1£ (e <> 'nothing') 

Arb(c,f,a, 'nothing') = ('motor_cmd(a),Arb(c,f,a, 'nothing')) 

1£ (a 1= 'nothing') 

Arb( c ,f, 'nothing' ,'nothing') = 

('motor_cmd(f),Arb(c,f,'noth1ng', 'nothing')) 1£ (f <> 'nothing' ) 

Arb (c , ' nothing', 'nothing', 'nothing') = 

' motor_cmd(c),Arb(c, 'nothing', 'nothing', 'nothing') 

The agent Arb(c,f,a,e) represents the current state of the arbitrator, where the 

parameters c , f , a , and e are the last commands 1Ssued by t he behav10rs Cruise , 

Follow, Avoid and Escape , respectively The fir'3t four defimt10ns handle the mputs 

from the behav10rs, and the last four handle the outputs to the motors Arb1 trate 

lb the agent that denotes the actual arbitrator, startmg 111 the 1111tial state, vv here 

all be hav10rs have a null command ( 'nothrng' ) >l" ot1ce that the commands linger 

until another command 1s ISsued to clear or change the command Consequently, each 

behav10r must issue a command even 1f 1t has nothmg useful to do 
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Controller System The controller port10n of the system may be defined as cl 

collect10n of processes all runnmg mdependently 

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

\{escape_cmd,cruise_cmd,avoid_cmd,follow_cmd} 

The only vISible act10n of the agent Controller is 'motor_command () 

Environment The em iromnent is assumed to consISt of 

• a photo-cell Sy stem that mdicates which photo-cell is more mtense through the 

output act10n 'photo_detect(val) , 

• a bumper system that mdicates which bumper made contact, if any, through 

the output act10n 'bump(b) , 

• an mfrared system that mdicates v.hich mfrared sensor detected an obc.,tc1ck 

through the output act10n 'detect_ir(val) , and 

• a motor controller system that takes as mput a command to move m a certam 

direct10n though the mput act10n motor_command() 

We vvi ll present a very abstract descnption of the environment entities to show hon 

a complete system may be described 

Bumper The bumper entity produces the output act10n 'bump() used by the Avoid 

agent There are fhe possible outputs 

• 'bump_lr' - both the left and n ght sensors of the front bumper detect contclct . 

• 'bump_l' - only the left sensor of the front bum per detected contact , 
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• 'bump_r' - onl:r t he nght sensor of the front bumper detected contact , 

• 'bump_b' - only the bach. bumper detected contact , and 

• 'bump_none' - no contact was detected by any bumper 

Au abstract dcscnpt10n of the bumper entity is given as follo-ws 

Bumpers = REPEAT(('bump('bump_lr') + 'bump('bump_l') + 

'bump('bump_r' + 'bump('bump_b') + 

'bump('bump_none'),tau ) 
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Infrared sensors The mfrared sensmg system produces the output act1011 'detect_ir () 

with four possible parameter values 

• 'both_ir' - both of the mfrared sensors are blocked, 

• 'left_ir' - only the left of the mfrared sensors is blocked , 

• 'nght_ir' - only t he n ght of the mfrarcd sensors 1s blocked, and 

• 'none_ir' - neither of the mfrared sensors are blocked 

Au abstract dcscn pt10n 1s given as follows 

Infrared = REPEAT(('detect_1r('both_ir') + 'detect_1r('left_1r') + 

'detect_1r('r1ght_ir') + 'detect_1r('none_ir') ), 

tau ) 

Photo-cells The photo-cell system produces the output act10n 'photo_detect () 

with three possible parameter values 
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• 'photo_none' - the mtensit ies of both photo-cells are similar , 

• 'photo_left ' - the left photo-cell is more mtense than t he n ght, an<l 

• 'photo_nght' - the nght photo-cell is more mtense than the left 

.An abstract dcscn pt10n is given as fo llows 

Photocells = REPEAT(('photo_detect('photo_none') + 

'photo_detect( ' photo_left' ) + 

'photo_detect('photo_r1ght'),tau ) 
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Motors The motor system is responsible for dnvmg the two motors m the ap­

propriate d1rect10n to achieve the des1red route The abstract motor system accepts 

commands from the mput act10n motor_command () and then sends the appropnate 

(Ommaud(s) to the two motors For our abstract10n, the output act10n will repre­

sent this mo\.cment , and will be used to trace the robot's movements T he possible 

commands for the motor are 

• 'r1ght_turn' - turn the robot sharp n ght, 

• 'nght_arc' - turn the robot m a gradual arc to the nght 

• 'lef t_turn' - turn the robot sharp left, 

• 'lef t_arc' - turn the robot m a gradual arc to the left, 

• 'backward' - move the robot bacb\lards, 

• 'forward' - move to robot forwards and 

• 'stop ' - stop the robot 
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Motors = REPEAT(motor_command(c), 'move(c)) 

The environment can now be specified as follows 

Env = (Motors I PhotoCells I Infrared I Bumpers) 

Complete system The complete robot system can be specified as the controllc1 

c om po'>e<l w1 th an environment 

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

detect_1r, bump} 

The only observable act10n of the complete system 1s the output act10n 'move () 
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Chapter 5 

Implementation 

In tlus chapter, we describe a Prolog implementat10n of the ACS language, CPE path 

c:>.prcss10ns, and the smrnlat10n defim t10ns 111troduced 111 tlus thesis The reasons for 

choosmg Prolog arc 

1 The nondetermmism and backtrackmg capabilities of Prolog allow the semantirs 

of ACS and CPE to be duectly translated 111to Prolog 

2 A maJor characteristic of Prolog programmmg is that it allow<; the programmer 

to concentrate on specify111g what the problem is, rather than how to solve it 

The nondeterm111istic nature of the operat10nal semantics v.ould mate the use 

of an nnperativc programmmg language very ted10us 

5.1 Optimizations 

Th<' opcrat10nal semantics defined m Chapter 2 are 111herently 111efficient The mam 

area of mcfficiency is 111 the restn ct1on formula The recursive nature of the semantics 
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Vvould cause a large amount of backtrackmg until a trans1t10n 1s found that 1s not 111 

the rcstn ct10n set For example, the expression 

P = ( a I 'a)\ {a} 

might lead to trymg the follow111g transition sequences 

C 

a-'.:.+ (SKIP , 0) 'a ~ (SKIP , 0) 
C 

1 
a I 'a -'.:.+ (SKIP I 'a, 0) 

a 

(al 'a)\{a} -f--t 
2 al'a~ (alSKIP ,0) 

C 
a 

(al 'a)\ {a} -f--t 

C 

a~ (SKIP, 0) 'a___; (SKIP , 0) 

3 
a I 'a ta~ {SKIP I SKIP , 0) 

(al 'a)\{a} ~ ((SKIPISKIP)\{a},0) 

::'-rot1ce that the first tv\o sequences both have tvvo e:>,._tra levels of recursion that are 

unnecessary An optim17,at10n to the operational semantics 1s to can) a restriction 

set such that at the base cases (1 e actions), the trans1t10n 1s proh1b1ted 1f 1t 1s 111 

the rcstn ct10n set Hovvever , 111 do111g so, the relabel111g mformat10n 1s requued as 

v, ell The nevv operational semantics 1s based on an envuonment , together \v1th t he 

ongmal trans1 tion relation The expression 

mccms given the environment (~ , <I> ), vvhere ~ 1s the restn ction set and <I> 1s the 

rd a bclmg funct10n, and process express10n P , the trans1 t10n P ~ ( P' , 0) 1s poss1 blc 

Referrmg to the prev10us e:>,._ample, the complete 1111tial trans1t10n sequence vvould be 
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as follows 

1 

3 

a 

({ a} , Id) f- a -f---+ 
a 

( {a} , Id) f- a I 'a -f---+ 
a 2 

' a 

({a} , Id) f- 'a-f---+ 
( 

a 

({a} , Id) f- al 'a-f---+ 
' a 

(0 ,Id) f- (al 'a)\ {a} -f---+ (0 ,Id) f- (al 'a)\{a} -f---+ 

' (0,Jd) f- a~ (SKIP, 0) (0 ,Jd) f- 'a~ (SKIP, 0) 

({ a},Id) f- al 'a ta~ (SKIPISKIP ,0) 

(f/J ,ld) f- (al 'a)\ {a} ~ ((SKIPISKIP)\ {a}, 0) 

~oticc that failures m the first two sequences occur at the bottom level rather tha11 

c1,t the mvocat10n of the restn ct1011 rule 

Rclatmg tlus to the operati01Ml semantics m Chapter 2, Vve have the fo llm"mg rcla­

t10nship 

P ~ (P' , 0) iff (0, Id) f- P ~ (P' , 0), 

where Id 1s the identity funct10n The complete optimized operat10nal semantics c1rr 

gn en m Figure 5 1 

The actual restn ct10n and renammg is done m the In and Out rules The restn ct10n 

rule (Res) adds to t he restnct10n set The relabelmg rule (Ren) applies the mvcr<;e 

funct10n (f- 1) to the restnct10n set , smce the set applies to the renamed labeb, a11d 

uses the composit ion of funct10ns (f o <I> ) as the relabelmg funct10n Function compo­

'3ttlon f o <I> means the usual <I>(f (a)) Furthermore, the commumcation rule (Com3) 

does not reqmre any environment for its cond1t10n trans1t10ns, smce a commumcat10n 

( tau) i& not affected by a relabelmg or restnct10n combmator 

The translat10n from the semantic rules to actual Prolog 1mplementat1on 1s given m 

the neJ\.t scct10n 
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Seql 

Ren 

Coml 

In <I> ( nl a</. 6 , [e0] = v 
(6 ,<l>)f-a(e) ~ (SKIP ,0} 

Out , _ (a) </. 6 , [e0] = v 
(6 , <I> ) f- ' a( e) ~)) (SKIP , 0) 

Tau t 
(6, <I> ) f- tau ~ (SKIP , 0) 

(6, <I>) f- P ~ (P' , 0) 
( 6 , <I>) f- P, Q ~ ( P', Q, 0) 

Se 2 ' 6 ' <I>) f- Q ~ (Q' ,0) Pi 
q (6 ,<I>)f-P,Q~ (Q' ,0) 

S (6 , <I>) f- P ~ (P' ,0) 
um (6, <I> ) f- P+Q ~ (I'' ,0) 

( 6 , <I>) f- P ~ ( P' , 0) _ 
If (6,<I>) f- p if be~ (P' ,0) [be] - true 

(f- 1 (6 ), f o <I>) f- P ~ (P' , 0) 
(6 , <I> ) f- P# f ~ (P'# f , 0) 

( 6 , <I>) f- P ~ ( P' , 0) 
(6 , <I>) f- PIQ ~ (P'I Q,0) 

Res 

Com2 

( 6 U L , <I>) f- P ~ ( P' , 0) 
(6 , <I>) f- P\L ~ (P'\L , 0) 

(6 , <I>) f- Q ~ (Q', 0) I'-!, 
( 6 , <I> ) f- PI Q ~ ( Q' , 0) 

Com3 (0,Id) f- P ~ (P' ,0) , (0 , Id) f- Q0 ~ (Q' ,0) 
(6 , <I>) f- PI Q --2.+ (P' IQ', 0) 

Defnl (6 ,<I>)f-P01 ~ (P' ,0) '' ( ... ) P[-] ... [ ... 0 ] ... 
(6 , <I>) f-A (e-i) ~ (P' ,0) .r1 e2 = , e1 = v, e2 1 = v 

Defn2 (6 , <I>) f- P01 ~ (P' ,0) 0 ( ... ) 
(6, <I>) f- O(pi) ~ (P' 0) p2 

Figure 5 1 Efficient Operat10nal Semantics for ACS 

55 
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5.2 System Description 

5.2.1 Expression Parsing 

All synta,rt1c e:>..press1ons, ""hether ACS, CPE, or value e:>..press10ns, are parsed mto 

r1t her unary or bmary terms of the form 

op(oper,term) or op(oper,term1,term2) 

For c:>..ample, the e"\.press10n a(x), ( ( 'b if x < 0)) + c ) ~ould translate mto the 

followmg nested Prolog term 

op(', ', func(lld( 'a'), 1, [X]), 

op('+ ' ,op(1f,op(''' ,l1d('b')),op('<' ,X,num(O)),l1d('c'))) 

The term func(l1d( 'a'), 1, [X]) 1s used to express parameterized act10ns, where 

X 1s a Prolog variable the first parameter of func() 1s the act10n label, the second 

the anty, and the tlurd 1s a hst of the formal parameter express10ns, m this case, 

c:;nnply a ,anable ~ot1ce that even the output act10n 111d1cator (') 1s treated as a 

unary operator Agent and operator defi111t10ns are stored as Prolog defn/3 clausc:c., 

"" here the first parameter 1s the agent 1dent1fier , the second 1s the actual e:>..presc:,1011 

and the t lurd parameter 1s a hst of all the ,anable names associated to actual Prolog 

variables For e:>..ample, the agent defi111t1on 

P(x) = a (x) ,SKIP 

1c:; stored as the Prolog clause 

defn(func(uid('P'),1 ,[X]), 

op(' , ' ,func(l1d( 'a'), 1, [X]), 'SKIP'), [x=X]) 
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Paramcten zcd agents and user-defined operators are defined similarly as parameter­

i7,ed act10ns 

5.2.2 Implementation of ACS Operational Semantics 

The opcriltional semantics of the ACS process algebra translate directly mto Prolog 

term& The operat10nal semantic express10n 

is translated mto the Prolog relation 

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

where Res = 6 Ren = 'P A = a: , and Q1 = P'0 The translat10n from the for­

mal optnmzed operat10nal semantics of ACS to Prolog clauses is descnbed m detail, 

;-noidmg givmg low level nnplementat10n details All the source code for the give11 

nnplementahon 1s presented m Appendrx C 

In The mput act10n semantic rule 

<I> t nJ a rf_ ~ , [e0] = v 
(~,<I>) f- a(e) ~ (SKIP ,0) 

11::, tranr::,lated mto the followmg clause 

trans( A, Res, Ren, B, 'SKIP') 

1nput_act1on(A), 

1, 1s_not_1n(A, Res), 

eval(A,A1), 

renam1ng(A1, Ren, B) 
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The rnput _act1on( A) relat10n holds if A is an mput act10n , and the 1s....not_rn (A, 

Res ) relat10n ensures that A is not m the rec:;tnct10n set Res and corresponds to the 

expres<,10n a rf. ~ of the above semantic rule T he cut (') after the the rnput _act1on 

rclat10n msures that no other trans /5 clause is evaluated The rclat10n eval (A,A1) 

performs t he value e"\.press10n semant ic defined m Appendi"\. A and corresponds to 

the c"\.pn'ss10n [e0] = iJ For simplicity, the evaluat10n is applied to any process 

c"\.pn'sc:;10n Fn1ctlly. renam1ng(A1, Ren , B) renames the act10n Ai to B usmg t he 

rdahelmg funct10n Ren 

Out The Out semantic rule 

----~----- (a) rf_ ~ , [e0] = v 
(~ , <I> ) f-- ' a(e) ~ )) (SKIP , 0) 

is t r c111 c:;lated mto the follO\\l mg clause 

trans ( op (' '' ,A), Res , Ren, op ( '' ' ,B ) , 'SKIP') 

1 , 1nput_act1on(A) , 

1s _not_1n(A, Res ) , 

eval (A,A1), 

renam1ng(A1 , Ren, B) 

An output action is e},._pressed as a bmary operator term, where the out put act10n 

mdicator ( ' ) is t he bm ary operator and the mput act10n is t he operand 

Tau The Tau semant ic rule 

( ) 
t au ~ , <I> f-- tau -+ (SKIP , 0) 

is t ranslat ed mto the follov,mg clause 
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trans( tau, _, _, tau, 'SKIP') - 1 

If T he If semantic rule 

(~ , <I>) f-P ~ (P' ,0) [b] 
(~ , <I> ) f- P 1f be ~ (P' ,0) e = true 

1s translated mto the followmg clause 

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

eval(Preds, bool(true) ), 

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

The predicate eval (Pr eds, bool (true)) corresponds to the express10n [be] = true 

Seql The Seql semantic rule 

(~, <I>) f- P ~ (P' 0) 
(~ , <I>) f- P,Q ~ (P' ,Q,0) 

If> translated mto the followmg clause 

trans( op(',' ,P,Q), Res, Ren, A, V) -

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

comb1ne(op(' ,' ,P1,Q),V) 

The predicate combine/2 removes any unnecessary SKIP process express10m, For 

C"\.ample, the e).press10n SKIP, a -would be reduced to the express10n a Tlns simplifies 

an expression to its mmnnal form 

Seq2 The Seq2 semantic rule 

(~ , <I> ) f- Q ~ (Q' ,B) Pt 
(~,<I>) f- P,Q ~ (Q' ,0) 
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1s tranc;lated mto the followmg clause 

trans( op(',' ,P,Q), Res, Ren, A, Q1 ) 

1, term1nates(P), 

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

60 

The prC'd1catc termrnates (P) 1s an 1mplementat10n of the termmat10n predicate and 

corresponds to the e>...press10n P-!-

Sum The Sum semantic rule 

(6 , <I>) I- P ~ (P' ,0) 
(6 , <I>) I- P+Q ~ (P', 0) 

1s translated mto the followmg t\\o symmetric clauses 

t rans( op('+' ,P,_), Res, Ren, A, P1) 

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

trans( op('+' ,_,Q), Res, Ren, A, Q1) 

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

Note that the ordermg of these clauses 1s important Only the last dame must ha,,e 

the cut (') smce both rules apply to the same combmator express10n 

Coml The Coml semantic rule 

(6, <I>) I- P ~ (P', 0) 
(6,<I>) I- PIQ ~ (P'IQ ,0) 

1s translated mto the followmg two symmetric clauses 

trans( op(' I' ,P,Q), Res, Ren, A, V) -

trans(P, Res, Ren, A, P1), 
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cornb1ne(op('I ',Pl,Q),V) 

trans( op(' I' ,P,Q), Res, Ren, A, V) -

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

comb me ( op (' I ' , P, Q 1) , V) 

Com3 The Com3 semantic rule 

(0 ,Jd) f- P ~ (P' ,0), (0 , Id) f- Q0 ~ (Q' ,0) 
(6 , <I> ) f- P IQ ~ (P'IQ' ,0) 

is translated mto the fo llov,mg two symmetric clauses 

trans( op(' I' ,P,Q), _, _, tau(A), V) -

trans(P, [], [], op ( ''',A), Pl), 

trans(Q, [], [], A, Ql), 

cornb1ne(op(' I' ,P1,Q1),V) 

trans( op (' I ' , P, Q) , tau(A), V ) -_, _, 

trans( Q, [], [] ' op(''', A), Ql), 

trans( P, [] ' [], A, Pl), 

cornb1ne(op(' I' ,P1,Q1),V) 

61 

T he fi rst clause handles the case where the fi rst eA.pression of the parallel cxprc&sion 

pr1forms the output action , the last clause handles the case where the second c"\.pr('S­

sion performs the output action In order to trace the actions that are commumcatmg, 

the action is added as a parameter to the silent action tau 

Com2 The Com2 semant ic rule 

( 6 , <I> ) f- Q ~ ( Q' , 0) pt 
(6 , <I> ) f- PIQ ~ (Q' ,0) 
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1~ trarnJ ated mto the followmg two symmetric clauses 

trans( op(' I' ,P,Q), Res, Ren, A, Ql ) -

terminates (P), 

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

trans( op (' I' ,P,Q), Res, Ren, A, Pl ) -

1, term1nates (Q) , 

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

Ren The Ren semantic rule 

u-1 
( !l), f o <I>) f-- P ~ ( P' , 0 ) 

(!l , <I>} f-- P# f ~ (P'# f , 0) 

15 translated mto the followmg clause 

trans( op('#' ,P,F), Res, Ren , A, V) -

1, f_1nverse(Res, F , NewRes), 

fcn_compose(F , Ren,NewRen), 

1 , trans( P, NewRes, NewRen , A, Pl), 

comb1ne(op('# ' ,P1 ,F) ,V ) 

62 

The L1nverse (Res, F, NewRes) relat1011 computes t he funct ional mverse of the 

rcstnchon set Res , and corresponds to t he e"\.prcss1on J- 1 (!l) m t he above semantic 

rule fcn_compose (F, Ren, NewRen ) computes t he functional compos1t10n of F and 

Ren , and corresponds to f o <I> 

Res T he Res semantic rule 

( !l U L <I> ) f-- P ~ ( P' , 0) 
(!l , <I> } f-- P\L ~ (P'\L ,0) 
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ic;; translated mto the followmg clause 

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

1 un1on(Res,L,NewRes), 

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

comb1ne(op('\' ,P1,L),V) 

The relation un1on ( Res, L, NewRes) is the usual set umon 

63 

Defnl and Defn2 The semantic rules for agent defi111t10ns (Defnl ) and operator 

<lefi111t10ns (Defn2) are treated the same, so only one clause is reqmred These t,,o 

sema11tic rules 

both translate mto the follovvmg smgle clause 

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

eval(P, P2), 

defn(P2, R, _), 

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

As before, the clause eval (P, P2) corresponds to the express10ns [e1] = v and [ii] = v 
of the above semantic rules, with the e-x.cept10n that eval/2 accepts process e-x.pres­

c,10ns rather than Just value express10ns The defn (P2, R, _) predicate call docs 

tvvo thmgs it produces the substitut10n 01 by Prolog's 111stantiat10n properties, and 

it recrllls an appropnate agent or operator defimt10n ~ote that this clause handles 

the case where a certam agent ( operator) identifier has multiple defimt10ns 
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The relat1onsl11p of the new semantics to the semantic& described m Chapter 2, 

P ~ (P' ,0) 1ff (0, Id) f- P ~ (P',0) 

trcmc,lates d1rectly mto the trans /3 rclat10n 

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

5.2.3 CPE Semantics 

The implementation of the path expression semantic& 1s straightforward, and &11111lar 

to the ACS semantics The path_term( S) relat10n denotes the path termmat1011 pred­

icate, terrn(S) The path deadlod. predicate 1s denoted by the relat10n path_dead (S ) 

The path trans1t10n rule 

1s implemented as the relat10n path_step (S, A, S1 ) (See Appendix C for the 1m­

pkmentat10n details ) 

5.2.4 Simulation 

The la">t 1mplementat10n detail to be discussed 1s the s1mulat10n of process e).pres&1011s 

with path e).press10ns The six cases given m Defimt1on 12 of Chapter 3 can he 

grouped mto three categories 

1 successful termmat1on, 

2 unsuccessfu l termmat10n (deadlock) , and 

3 smgle act10n step 
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The (strong) 1:i1mulat10n P f- 8 S is implemented as the relat10n strong_s1rnulate (P, 

S, Path, P1) where Path represents the execut10n path of P that satisfies the path 

e"\.press1011 S, and P1 1s the residual process e"\.press10n of P after complet1011 of the 

execut10n path Path 

Successful termmat1on The Jmplementat10n of the first case JS stra1ghtforwclrd 

If the path tenmnates, t hen any process e>..press10n satisfies the path e>..press10n h\ 

not performmg any act10n , and the snnulat10n JS complete 

strong_s1rnulate (P, S, [] , P) 

path_terrn(S) 

Unsuccessful termmation In the second case, 1f t he path e>..press10n deadlod.<i 

ctnd the process e"\.press10n cannot perform any act10n, then the relat10n holds and 

the 'nmnlat10n 1s complete 

strong_s1rnulate(P, S, [], P) 

no_path_step(S), 

\+ trans (P, _, _) 

Smgle action step The four cases of smgle action steps of t he defimt10n of c;1mu­

lcit10n cc1n be captured by the follo"' mg smgle dame 

strong_s1rnulate(P, S, [AIAs], P2) 

path_step(S, A, S1), 

trans(P, A, Pl), 

rnstant1ate (A), 

strong_s1rnulate(P1, S1, As, P2) 
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The first tv\O calls ensure that whatever act10n the path e'.press10n may perform, a 

matchmg trans1t10n for the process express10n e"\.1sts The 1nstant1ate(A) relat10n 

prompts for the appropn ate user mteract10n to mstantiate any unknown vanable<, 1 

\\-hcther act10n or parameter vanables The last call is the recursive call to complete 

the smmlat10n of the path express10n 

The 1mplementat1on of the v\eak smmlat10n 1s similar and 1s given m detail m Ap­

pend1"\. C 
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Chapter 6 

Concluding Remarks 

6.1 Contributions 

Proccs<; algebra 1s one of the formalisms used to analyze and venfy the designs of sys­

tems, particularly concurrent systems Unfortunately, although theoretically sound, 

complc"\. design spec1ficat10ns 111 current process algebraic formalisms arc not stra1ght­

forn aid The s1mphc1ty of the syn ta:>.. often complicates the spec1ficat10ns of designs 

In t h1'3 thesis, a design spec1ficat1011 language, ACS, has been mtroduced It mcorpo­

ratcs the desirable features of :\11lner 's value passrng CCS [:\11189] and Bergstra and 

h]ops' '3 ACP [BI(85] In add1t10n, less restnct10ns are enforced to allow more concise 

spec1ficat10ns of complex systems The language addresses four mam issues 

1 better variable scopmg and bmdmg, 

2 full pattern matchmg of act10n and agent 1dent1fier parameters , 

3 sequential compos1t10n of proce es, and 
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4 the addit10n of user-definable operators 

A formal operat10nal semantics is defined for this language 

_ C'At, a concurrent path express10n language, CPE, has been mtroduced to auto­

mate the debuggmg and smrnlat10n of ACS design specificat10ns The languagr 1s 

qm tc &imilar to data path expressions presented 111 [HK90] CPE e),._press10ns allm, 

for \Cnficat10n of properties such as deadlock, eventuality, and fairness m a conuf>c 

11otat1011 

Fmally, ACS and CPE have been implemented 111 a tool for automated smrnlat10n 

cw<l debuggmg of designs The tool is an mteractive mterpreter that allov\,s the uc;cT 

to smrnlate ACS designs agamst CPE specificat10ns and step through the e),._ecut1011 

pctths of ACS design& The tool is a step to\\<ards a prototypmg environment with the 

addit10n of other \ enficat10n techmques 

6.2 Future Work 

Although the results obtamed m this thesis are encouragmg, there are many mterec;t­

mg dddit10ns to our \\Ork that should be further im estigated The most important ic; 

the not10n of symbolic mterpretations with respect to simulat10n and other not10n& 

of venficat10n 

An important aspect of producmg formal specificat10ns is the possibility of analysi'> 

and venficat10n of the design One form of venficat10n is provmg tvvo designs arc 

eqmvalent Eqmvalence is an often-used cntenon for a correct refinement of a specifi­

cat10n There are a vanety of not10ns of eqmvalences, some of which are summanzecl 

and compared m [vG90 , vG93] Amongst these, the most promment one is bisirn-
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'Ulation equivalen ce I For fimte state specificat10ns, the check for bismrnlat10n ccm 

be done automatically Unfortunately, once data is 111troduced , a specificat10n may 

not be fimte state s111ce the data may have 111fi111tcly many values (or unmand,geably 

many) A symbolic 111terpretat10n of ACS is reqmred to reduce the number of trall',i­

tio11s Hm\e\ er , the symbolic semantics reqmrr not only an act10n as the transition 

but also a boolean predicate that must hold for that transit10n to be possible For 

c :\.cUnpk, consider the e>..press10n 

P(x) = (' a(x ) 1f x>= 0 ) + ('b(x) 1f x<O ) 

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

'a(x) 'b(x ) 
chdnnd In symbolic mterpretat10ns, the transit10ns, P(x) -.-:..+ SKIP and P(x) ---* 

SKIP are possible Ho\vever, tlus is not true for all x , 111 fact , for any given number , 

only one transit10n is possible Consequently, a way of descnb111g tlus is 

( 

( ) 
a (x),x> =O 

P x i-:..---r SKIP 

P(x) 'b~x) ,) < O SKIP , 

111c<l11mg that P(x) can perform the transition' a(x ) provided that the predicate x>=O 

holds 

Some worh. 111 the area of symbolic 111terpretat10ns has already been done for other 

proces& algebras 111 [JP89],[Sch92], and [HL92] These, however , are limited by their 

extens10n to pure precess algebras , especially 111 the area of vanable scopmg and 

b111<l111g , and pattern-111atch111g An e>..tens10n of these concepts provides c:>...citmg 

possibilit ies for further research 

1 In Appmd1x B we mtroduce the b1smmlat10n eqmvalence for ACS 
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Appendix A 

Value Expressions 

Tlns append!), formally descnbes the synta"\. and ~emant1cs of the value express10ns 

usrd m ACS 

A.I Syntax 

Let 1) denote the basic data values, which mclude numbers, booleans, constants ( op­

tionally parametenzed vv1th elements m 7J) and lists of elements m 1) v ranges over 

1) Formally, 1) 1s defined as follows 

D efimtion 15 Let n, b, and c denote numbers, booleans, and constants, respectively 

Then 1) 1s the set generated by the follov\ mg grammar vv here v1, , Vn E 1) 

□ 

Value expressions mclude bmary and unary operator e-xpress10ns (usual anthmetic , 

boolean and relat10nal express10ns, as v\ ell as list memberslup, concatenation and 
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&ubtuction), lists of value eJ\.press10ns, and paramC'tenzed constants 

D efimt10n 16 Let V be the set of data variables denoted by x Let v range over 

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

followmg grammar, v\ here e1, 

e =be lae lle l c(e1, ,en ) 

be = x I true I f a lse I ae rop ae I be bop be I not be I e1 =e2 I e1 <>e2 

oe = .T I n I ae op af 

le , en] I [e1, , en Ile] I e ism le j le1 lop le2 

op = + I - I* I mod 

bop = and I or 

rap = > I < I >= I =< 

lop = ++ 1--
D 

A.2 Data Evaluation 

The semantics for most of the value express10ns 1s the standard meanmg Informally, 

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

usual boolean result , 

2 the anthmet1c operators +, - , *, and mod take mteger operands and return the 

usual mteger result: 

3 the relat10nal operators >= , =< , <, and > are defined for only mtegcr operands , 

c1,nd return the usual boolean compan on result, 
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4 the (m)equahty operator =( <> ) 1s defined on all s1m1lar operand types, ctnd 

returns the usual boolean result , 

5 1s1n 1s the typical membership funct10n that returns a boolean result , true 

1f the first operand 15 111 the hst represented by the second operand, false 

otherV\ 1se 

6 thr hst operators ++ and -- are the normal hst concatenat1011 and hst subtrac­

tion, rcspectn ely, \\-1th the result bemg a hst 

The formal evaluation semantics are given by the evaluation function , as descnhcd 

111 Figure A 1, where Ap( o, v1, v2 ) 1s the result of applymg the bmary operator o to 

the tv\O operands v1 and v2 Snmlarly, Ap(o, v) 1s the result of apply111g the uncuy 

operator o to the operand v The evaluat10n funct10n [ ] 1s stnct, 111 the sense that 1f 

dny opcra,nd 1s undefined, the whole result 1s undefined 
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[n ] = n [false] = false [true] = true 

' 
e,, = Vn 

Vt , 'Vn 

,Vm n ~ 2, m> n 
,Vm 

[not be = Ap(not , b) 

o E{<>, =} 

Figure A 1 Evaluation Semant ics 
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Appendix B 

Bisimulation Equivalence 

Although not d1rectly related to this thesis, a (concrete) b1smrnlat10n eqmvalencc 

1c.; provided It has the disadvantage that for ,,alue-passmg procc&s algebfc1s ,dwre 

value'> may have mfimte domams, the eqmvalencc ched.mg mvolves the companc;;ouc;; 

of mfimte trans1t10nc; 

D efimt10n 17 A bmary relat10n S ~ P x P 1s a ( strong) bzszmulatzon 1f (P, Q) E S 

then 

1 Pt if and only if Qt 

2 Vn E Act 

• 1f P ~ P' ,0i then :l Q' , 02, Q ~ Q' ,02 , and (P'0 1,Q'02 ) ES, and 

• if Q ~ Q' ,02 then :l P' , 0, , P ~ P' , and (P0~ ,Q'02 ) ES 

For (P, Q) E S, v\e wnte P ~ Q □ 

An alternative wea1'.er eqmvalence 1s to determme if tv\o procesc.;es are eqmvalent only 

up to a maximum of n steps This 1s referred to as n-bzszmulatzon eqmvalence 
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Defimtion 18 A set of bmary relat10ns S n = { S, I S, ~ P x P , 0 :S i :S n} 1~ a 

(s trong) n-bisimulatwn 1f 

1 ( P, Q) E S0 for all P, Q E P , 

2 1f (P, Q ) E Sn implies 

• P .j,. 1f and only 1f Q.J,. , 

• for all o: E A ct 

- 1f P ~ P' ,01 then :3 Q' , 01 , Q ~ Q' ,02, and (P'01 ,Q'02) E Sn-I , 

and 

- 1f Q ~ Q' ,02 then :3 P' , 01 , P ~ P' ,01 , and (P'01 ,Q'02) E S n- I 

For (P, Q) E S n, we vH1te P ~ n Q □ 

:-Jaw b1sm111lat10n eqmvalence ~ can be defined as nnE ,v ~ n It 1s easy to see that 

and 1f ~ n=~n+ l then ~ n=~ There v,111 ahv ays be such an n m t he 

fimtc c;;tate case smce there are only fim tely many equnalence relat10ns 
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Appendix C 

Source Code 

% 
% Module lts 
% 
% Written by Philip J Wiebe 
% Modified by Philip J Wiebe 
% Modified by Philip J Wiebe 
% 
% Description 

(February 1993) 
(August 1993) 
(October 1993) 

% This module is an implemenation of the Labelled Transition 
% System for the process alebra language, Algebra of Concurrent 
% Systems (ACS) 
% 
% 

trans( P, A, Pl) -
trans(P, [], [], A, Pl) 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% New and improved labelled transition system % 
%%%%%%%%%%%%1/.%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% 
% Written by Philip J Wiebe (November 1993) 
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% 

trans( op( if, P, Preds), Res, Ren, A, Pl) 

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

trans( op(', ',P,Q), Res, Ren, A, V) 
trans(P, Res, Ren, A, Pl), 
comb1ne(op(', ',Pl,Q),V) 

trans( op(',',P,Q), Res, Ren, A, Ql) 

term1nates(P), 
trans(Q, Res, Ren, A, Ql) 

trans( op('+',P,_ ) , Res, Ren, A, Pl) 
trans(P, Res, Ren, A, Pl) 

trans( op( ' +' ,_,Q), Res, Ren, A, Ql) 

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

trans( op('l',P,Q), Res, Ren, A, V) 
trans(P, Res, Ren, A, Pl), 
combrne(op(' I' ,Pl ,Q), V) 

trans( op('I ',P,Q), Res, Ren, A, V) 
trans(Q, Res, Ren, A, Ql), 
combrne(op(' I' ,P ,Ql), V) 

trans( op(' l',P,Q), _, _, tau(A), V) 
trans(P, [], [], op('-',A), Pl), 
trans (Q, [], [], A, Q1), 
combrne(op(' I' ,P1,Q1) ,V) 

trans( op('I' ,P,Q), _, _, tau(A), V) 
trans( Q, [], [], op('-',A), Ql), 
trans ( P, [] , [] , A, P 1) , 
comb1ne(op( ' I ',P1,Q1),V) 

trans( op(' I ' ,P,Q), Res, Ren, A, Ql ) 

term1nates(P), 
trans(Q, Res, Ren, A, Q1) 

trans( op C' I ' , P, Q) , Res, Ren, A, Pl ) 
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trans ( 

trans ( 

term1nates(Q), 
trans(P, Res, Ren, A, Pl) 

op(' #' ,P,F), Res, Ren, A, V ) 

f_1nverse(Res, F, NewRes), 
fcn_compose(F,Ren,NewRen), 

trans ( P, NewRes, NewRen, A, 
comb1ne(op('#',Pl,F),V) 

op ( ' \ ' , P, L) , Res, Ren, A, V ) 

un1on(Res,L,NewRes), 

trans(P, NewRes, Ren, A, Pl), 
comb1ne(op('\',Pl,L),V) 

P1) • 

trans( op( ' '',A), Res, Ren, op('' ' ,B), 'SKIP') 

1nput_act1on(A), 
1s_not_1n(A, Res), 
eval (A,Al), 
renam1ng(Al, Ren, B) 

trans ( A, Res, Ren, B, 'SKIP') 
1nput_act1on(A), 

1s_not_1n(A, Res), 
eval(A,Al), 
renam1ng(Al, Ren, B) 

trans( tau,_, _, tau, 'SKIP') - 1 

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

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Ut1l1t1es for labelled trans1t1on system % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

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

terminates (' SKIP ' ,_ ) - 1 

terminates ( op('+ ' ,X,_), L) - terminates (X, L) 
terminates ( op ( '+ ' ,_,X), L) - I termi nates (X, L) 
terminates ( op (' I' ,X,Y), L) - I terminates(X, L), terminates(Y,L) 
terminates ( op( ' ,',X,Y), L) - I terminates(X, L)' terminates(Y,L) 
terminates ( op (' #' ,X,_), L) - I terminates(X, L) 
terminates ( op('\ ' ,X,_), L) - I terminates(X, L) 

terminates ( op ( if,X,C), L) - I eval(C,bool(true)), terminates (X, L) 
terminates( A, L ) 

eval(A,B), 
\+ member (B,L), 

defn (B,P,_), 
terminates(P, [BIL]) 

%% initialActions(+P,-ActionList ) 
% returns the list of immediate successors of the process P 
% 
initialActions (P,Acts) 

setof(A, x~c trans(P,X,_), most_general_action(X,A) ), Acts), 

initialActions (_,[] ) 

%% most_general_action(+Act,-Act' ) 
% returns the most general action of a given action That is, 
% all parameters have strictly variables instead of any value 
% expressions 
% 
most_general_action (lid(A), lid(A) ) 
most_general_action (func(A, N,_), func (A , N, P) ) - length(P,N) 
rnost_general_act1on (op(''',A), op( ' ' ' ,MA)) - most_general_action(A, MA) 
most_general_action (Tau,tau(_)) - tau_action(Tau), 1 

%% successors(+Agent, -List□fTransit ions ) 

% 
successors(N, L) 
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setof( pr(X,Y), trans(N, X, Y), L), 1 

successors(_, []) 

%% descendant(+Agent,-Action,-Agent',-Path) 
% returns an immediate descendant of Agent, including the path used 
% to reach the given expression 
% 
descendant(P,A,Q,Path) 

descendant(P,A,Q,Path,[]) 

descendant(P,A,Q,[A] ,_) 
trans(P,A,Q) 

descendant(P,A,Q,[TaulPath] ,ProcessedAgents) 
non_member(P, ProcessedAgents), 
tau_action(Tau), 
trans(P,Tau,P1), 
descendant(P1,A,Q,Path,[PIProcessedAgents]) 

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

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

%% renaming(+Action, +Function, -Action' ) 
% 
% Renames Action to Action' by the function defined by Function 
% Assumes Action is in canonical form, Action' is also in 
% canonical form 
% 
% This is deterministic 

% 
renaming(tau, _, tau) - • 
renaming(tau (A),_,tau(A)) - • 
renaming (X, [] , X) - 1 

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

renaming(X, Ps, Y) 
renaming(op(''',X), Ps, Y) - • 

renaming(X,Ps,Y1), 
canonical_action(op(''',Y1), Y) 

renaming(X, [Pl_], Y) - % X =/= op(''',R) 
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rename(X, P, Y1), 

canonical_action(Y1, Y), 1 

renaming(X, [_IPs], Y) 
renaming (X, Ps, Y) 

%% rename (+Action, +ForPair, -Action') 
% Assumes that Action is ALWAYS a positive action 
% IE that it will never be an output action 
rename(X, op('/',Y,X1), Y) 

same_action_label(X,X1), 

rename (X, op ( '/' , Y, op (' ' ' , X1)) , op (' ' ' , Y) ) 
same_action_label(X,X1) 

%% is_not_in(+X, +L) 
% succeeds if X or op(''',X) is a member of L 
% (NB, it is deterministic 
% 
is_not_in(_,[]) - 1 

is_not_in(tau,_) - 1 

is_not_in(A,[BIX]) 
\+ same_action_label(A,B), 

is_not_in(A,X) 

%% label(+Act, 7 Label) 
% 
label(func(A,_,_), A) - I 

label(op(''',A), B) - 1 label(A,B) 
label(A, A) 

%% same_action_label( 7 Act,?Act) 
% Normal usage is when both parameters are input, although 
% it can be used to generate all actions that are considered 
% to be the same Actions are the same if, after being 
% stripped of all bars, and parameters they are unifyable 
% 
same_action_label( A, A) 
same_action_label( A, func(A,_,_) ) 
same_action_label( func(A,_,_), A) 
same_action_label( A, op(''',B) ) - same_action_label(A,B) 
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same_action_label( op(''',A), B) - same_action_label(A,B) 

%% atomic_action(+Action) 
% holds if Action has no parameters 
% 
atomic_action( lid(_) ) 
atomic_action( op(''',lid(_)) ) 

%% input_action(+Action) 
% True if parameter is an input action 
% 
input_action( lid(_) ) - 1 

input_action( func(lid(_),_,_)) - 1 

output_act1on( op(''',Act) ) - input_action(Act) 

tau_action( tau) 
tau_action( tau(_) ) 

%% action(+Action) 
% True if parameter is an action 
% 
action( Act ) 
action( Act ) 
action( Act ) 

- tau_action(Act), 1 

- input_action(Act), 1 

- output_action(Act), 1 

%% canonical_action( +Action, -Action' ) 
% returns the canonical form of Action 
% 
canonical_action(op(''', op(''',A)), A1) 

canonical_action(A,A1) 
canonical_action(A, A) 

%% complementary(+Action,+Action') 
% true if actions are complementary 
complementary(op(''',A),B) - \+\+A= B 
complementary(B,op(''',A)) - \+\+A= B 

%% combine( +ACSTerm, -ACSTerm') 

% 
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% Removes unnecessary 'STOP' and 'SKIP' from an ACS expression 
% 

% rules for 'STOP' 
combine( op (' , ' , 'STOP' , _) 'STOP' ) - I 

combine( op ( '#' , ' STOP ' , _) 'STOP' ) - I 

combine( op ( '\' , 'STOP' , _) 'STOP' ) - I 

combine( op(if, 'STOP',_) 'STOP' ) - I 

combine( op('+', 'STOP' ,R) R ) - I 

combine( op('+',L,'STOP') L ) - I 

% combine( op(' I ','STOP',R) R ) - I 

% combine( op(' I ',L,'STOP') L ) - I 

% rules for 'SKIP' 
combine( op (' , ' , 'SKIP' , R) R ) - I , 
combine( op (' , ' , L, 'SKIP') L ) - I , 
combine( op (' I ' , 'SKIP' , R) R ) - I 

combine( op (' I ' , L, 'SKIP') L ) - I 

combine( op('#', 'SKIP',_) 'SKIP' ) - I 

combine( op('\','SKIP',_) 'SKIP' ) - I 

combine( op(if, 'SKIP',_) 'SKIP' ) - I 

% rules for restriction and renaming 
combine( op('\',op('\' ,P,L),K), op('\',P,LK) ) 

union(L,K,LK), 1 

combine( op ( '#' ,op('#' ,P,F1) ,F2), op('#' ,P,F12) ) 
fcn_compose(F1,F2,F12) 

% default to original 
combine( X, X ) 

%% f_inverse(+Set, +F, -Set' ) 
% 
% f_inverse(L) = { a in L I f(a) = a} union 
% {bin dom(f) I a in L, f(b) = a} 
% 
f_inverse(L,F,NewL) 

f1_rnv(L,F,L1), 
f2_rnv(L,F,L2), 
union(L1,L2,NewL), 1 
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f 1 _ lil V ( [] , _ , [] ) 

f1_inv([AIAs] ,F,Bs) -
% either input or output label may be in F 

( member (op('/',_,A),F), member(op('/',_,op(''',A)), F) ), 

f1_rnv(As,F,Bs) 
f1_inv([AIAs] ,F,[AIBs]) -

% \+ ( member(op('/',_,A),F), member(op('/',_,op(''',A)), F) ), 
f1_rnv(As,F,Bs) 

f2_rnv(_, [], []) 
f2_inv (L,[op('/',A,_)IF],L1) -

is_not_in(A,L), 

f2_rnv(L,F ,11) 
f2_inv(L,[op('/',A,B) IF] ,[CIL1]) -

% Yant the input action label 
(output_action(B) -> complementary(B,C),B=C), 

f2_rnv(L,F,L1) 

%% fcn_compose(F1, F2, F21) 
% computes (f2 o f1)x = f2(f1(a)) 
% 
fcn_compose(F1,F2,F21) - fcn_compose(F1,F2,[] ,F21) 

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

% 
% f1 a-->b, f2 b-->c then f2 o f1 a-->c 
% 
fcn_compose( [op('/' ,B,A) IF1], F2, InF21, OutF21) -

member( op('/',C,B), F2), 

delete_one(F2, op('/',C,B), NF2), 
fcn_compose(F1, NF2, [op('/',C,A)IInF21], OutF21) 

% 
% f1 a--> b, f2 b -/-> _) then f2 o f1 a--> b 
% 
fcn_compose( [op('/',B,A) IF1], F2, InF21, OutF21) -

fcn_compose(F1, F2, [op('/',B,A) IInF21], OutF21) 
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% 
% f2 a-->b, but f2 o f1 a-->c already, so drop a-->b 
% 
fcn_compose( [], [op('/',_,A)IF2], InF21, OutF21) 

member(op('/',_,A), InF21), 

fcn_compose([], F2, InF21, OutF21) 
fcn_compose( [], [op('/',B,A) IF2], InF21, OutF21) 

fcn_compose([J, F2, [op('/' ,B,A) IInF21], OutF21) 

%% instantiate( 7 Action) 
% instantiates all variables in Action, prompting the user 
% for input, if required 

% 
instantiate( op(' ' ',Act)) - ground_term( Act), 1 

instantiate( Act ) - ground_term( Act ) , 1 

instantiate( Term) 
repeat, 

echo_expression( Term), 
ask_input( '= ', L ), 
get_next_expression( L, Input), 
Term = Input, 1 

%% ground_term(+Term) 
% holds if Term does not contain variables 
% 
ground_term( X ) - var(X), I fail , 
ground_term( uid(_) ) - I 

ground_term( lid(_) ) - I 

ground_term( const(_) ) - I 

ground_term( num(_) ) - I 

ground_term( bool(_) ) - I 

ground_term( tau ) - I 

ground_term( tau(_) ) - I 

ground_term( [A I As] ) - I ground_term( A), 
ground_term( [] ) - I 

ground_term( 

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

% 
% Module paths 

As) 
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% 
% Written by Philip J Wiebe (October 1993) 
% 
% Description 
% This module is an implemenation of the Labelled Transition 
% System for the path expression language, Concurrent Path 
% Expressions (CPE), and the simulation code 
% 
% 

%% strong_simulate(+Agent, +Path, -Trace, -Agent') 
% 
strong_simulate(Ag, 'SKIP', [], Ag) - 1 

strong_simulate(Ag, P, [], Ag) 
no_path_st ep( P ), 
\+ trans(Ag,_,_) 

strong_simulate(Ag, P, [ActlTs], RAg) 
path_step(P,Act,P1), 
trans(Ag,Act,Ag1), 
instantiate(Act), 
strong_simulate(Ag1, P1, Ts, RAg) 

%% weak_simulate(+Agent, +Path, -Trace, -Agent') 
% 
weak_simulate (Ag, ' SKIP', [], Ag) - 1 

weak_simulate(Ag, P, [], Ag) 
no_path_step( P ), 
\+ descandant(Ag,_,_) 

weak_simulate(Ag, P, NewT, RAg) 
path_step(P,Act,P1), 
descendant(Ag,Act,Ag1,APath), 
instantiate(Act), 
weak_simulate(Ag1, P1, Ts, RAg), 
append(APath,Ts,NewT) 

%% no_path_step(+PathExp) holds if PathExp cannot perform any action 
% 
% 

This is an implementation of 'path_dead' 

no_path_step( 'STOP') - 1 

no_path_step(op(', ',P1,_)) 
no_path_step(op(', ',P1,P2)) 
no_path_step(op('+',P1,_)) 

- no_path_step (P1), 1 

- 1 , path_t erm (P1), no_path_step(P2) 
- no_path_step (P1), 1 
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no_path_step(op('+',_,P2)) 
no_path_step(op('I ',Pl,_)) 
no_path_step(op( ' I ',_,P2)) 

- • no_path_step(P2) 
- no_path_step(P1), 1 

- •, no_path_step(P2) 

%% path_step(+Path, 7 Action, 7 Path') 
% holds if Path can perform Action and then become Path' 
% 
path_step(X, X, 'SKIP') - var(X), 1 

path_step(anyvar,_,'SKIP') - 1 % any action 
path_step(op(', ',P1,P2),A,PP2) -

path_term(Pl), 
path_step (P2,A,PP2) 

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

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

path_step(op(' I' ,P1,P2),A,PP2) 
path_step(op(' I ',P1,P2),A,PP1) 
path_step(op('I ',P1,P2),A,V) 

path_step(op(' I ',P2,P1),A,V) 

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

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

combine(op(' I ' ,PP1,P2),V) 
- path_step(P1,A,PP1), 

combine(op(' I ',P2,PP1),V) 

path_step(op('-',P,num(1)),A,P1) - path_step(P,A,P1) 
path_step(op('-',P,num(N)),A,P1) -

N > 1, N1 is N - 1, 
path_step(op(',',P,op('-',P,num(N1))), A, Pl) 

path_step(op('*',P,num(1)),A,P1) - path_step(P,A,P1) 
path_step(op('*',P,num(N)),A,P1) -

N > 1, N1 is N - 1, 
path_step(op(',',P,op('*',P,num(N1 ))), A, Pl) 

path_step(op(' 1 ',ASet),B,'SKIP') -
freeze(B, not_in_action_set(B,ASet)) 

path_step(A,A,'SKIP') - action(A), 1 

%% not_in_action_set(+Action,+ActionSet ) holds if Action is not in 
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% ActionSet 
% 
not_in_action_set(_,[J) - 1 

not_in_action_set(Act, [AIAs]) 
\+Act= A, 
not_in_action_set(Act,As) 

%% path_term(+PathExp) holds if PathExp terminates 
% 
path_term( op('*',_,_) ) - I 

path_tern( 'SKIP' ) - I 

path_term( op('+' ,A,_) ) - path_term(A), I 

path_term( op('+',_,B) ) - I path_term(B) 
path_term( op (' I ' , A, B ) ) - I path_term(A), 
path_term( op(',',A,B) ) - I path_term(A), 
path_term( op('-',_,num(O)) ) - I 

path_term( op('-' ,P,_) ) - I path_term(P) 

path_term(B) 
path_term(B) 

%% semantic_check_path(+PathExp,-PathExp',+VarList,-VarList') 
% Checks the semantics of a path expression 
% 
% p = Var I act I P+P I PIP I P-N I P*N I 1{a1, ,an} I STOP I SKIP 
% 
semantic_check_path(op(' ,',P1,P2), op(',',V1,V2), InVars, OutVars) 

semantic_check_path(P1,V1,InVars,OutV1), 
semantic_check_path(P2,V2,DutV1,0utVars) 

semantic_check_path(op(' I ',P1,P2), op('I ' ,V1,V2), InVars, DutVars) 

semantic_check_path(P1,V1,InVars,OutV1), 
semantic_check_path(P2,V2,DutV1,0utVars) 

semantic_check_path(op('-',P,num(N)), op('-' ,V,num(N)), InVars, DutVars) 

N > 0, 

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

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

% cannot introduce new variables 
semantic_check_path(op(' 1 ',ASet), op(' 1 ' ,VASet), InVars, InVars) 
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semantic_check_path_action_set(ASet, VASet, InVars, InVars) 
semantic_check_path('SKIP','SKIP', E, E) - ' 
semantic_check_path('STDP ' ,'STOP', E, E) - 1 

semantic_check_path (A,A1 ,InVars,OutVars ) 
semantic_check_path_action(A,A1,InVars,OutVars), ' 

semantic_check_path_action_set([J, [], E, E) - ' 
semantic_check_path_action_set([AIAs], [VIVs], El, E3) 

semantic_check_path_action(A,V,E1,E2), 
semantic_check_path_action_set(As,Vs,E2,E3) 

sernantic_check_path_action(tau tau E, 
semantic_check_path_action(tau(A), tau(A), E, 
sernantic_check_path_action(lid(A), lid(A), E, 
sernantic_check_pat h_action(var('_'),anyvar, E, 
sernantic_check_path_action(var(X), V, El, E2) 

E) - I 

E) - I 

E) - I 

E) - 1 % 'any' variable 
- % higher-order action 

new_var(E1,E2,X,V) 
sernantic_check_path_action(op(''',A), op(''',T), E1, E2) - 1 

semantic_check_path_action (A, T, E1, E2) 
sernantic_check_path_action(func(lid (A) , N,Ts), func(lid (A),N,Ts1), E1, E2) 

sernantic_check_term(Ts, Ts1, E1, E2) 

% 
% Module eval 
% 
% Written by 
% Modified by 
% Modified by 
% 
% Description 

Philip J 

Mantis HM 
Philip J 

Wiebe 
Cheng 

Wiebe 

(February, 
(August, 
(October, 

1993) 
1993) 
1993) 

% This module implements the value and process evaluation for ACS type 
% expressions Implementation of Appendix A of Philip J Wiebe ' s Thesis 
% 

%% eval( +Term, -Value) 
% Value may be ' error' if Term cannot be evaluated 
% Value is either 'bool(true ) ' or ' bool(false ) ' for boolean Term 
% 
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It NEVER fails• % Notes 
% 
% 
% 

All evaluable and constructor functions are STRICT• 
(i e , f(error) = error -- It preserves error) 

eval( X, Y ) - var(X), 1 , Y = error 
eval( error, error) - • 
eval ( [] , [] ) - 1 

eval( [TITs], [VIVs] ) 

eval( 
eval( 
eval( 
eval( 
eval( 
eval( 
eval( 
eval( 
eval( 
eval( 

eval( T, V ), 
V \== error, 
eval( Ts, Vs), 
Vs\== error, 

[_I_J' error ) 

bool(T), V ) 

true, V ) 

false, V ) 

num(T), V ) 

lid(T), V ) 

uid(T), V ) 

'STOP', V ) 

'SKIP', V ) 

const(T), V ) 

- I 

- I V = bool(T) 
- I V = bool(true) 
- I V = bool(false) 
- I V = num(T) 
- I V = lid(T) 
- I V = uid(T) 
- I V = 'STOP' 
- I V = 'SKIP' 
- I V = const(T) 

eval( X, V ) - atomic(X), I. X = 

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

V = func(Id,N,Vs) 
eval( op('+ ' ,T1,T2), num(V) ) 

eval( T1, num(V1) ) . 
eval( T2, num(V2) ) . 
Vis V1 + V2 

% '+' is also used for agents 
eval( op('+',T1,T2), op('+',V1,V2) ) 

eval( T1, Vi ) , 
V1 \== error, 
eval ( T2, V2 ), 
V2 \== error, 

V 
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eval( op('-',T), num(V) ) -
eval( T, num(Vi) ), 

V 1S -Vi 
eval( op('-',Ti,T2), num(V) ) -

eval( Ti, num(Vi) ), 
eval( T2, num(V2) ), 

V 1s Vi - V2 
eval( op('*',Ti,T2), num(V) ) -

eval( Ti, num(Vi) ), 
eval( T2, num(V2) ), 

V 1s Vi* V2 
eval( op(mod,Ti,T2), num(V) ) -

eval( Ti, num(Vi) ), 
eval( T2, num(V2) ), 

V 1s Vi mod V2 
eval( op('<',Ti,T2), bool(V) ) -

eval( Ti, num(Vi) ), 
eval( T2, num(V2) ), 

apply( '<', Vi, V2, V) 
eval( op('>' ,Ti,T2), V) - t 

eval( op('<',T2,T1), V) 
eval( op('=<',Ti,T2), bool(V) ) -

eval( T1, num(Vi) ), 
eval( T2, num(V2) ), 

appl y( '=<', V1, V2, V) 
eval( op('>=',T1,T2), V) - 1 

eval( op('=<' ,T2,Ti), V) 
eval( op('<>',Ti,T2), bool(V) ) -

eval( Ti, Vi ) , 
eval( T2, V2 ), 

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

eval( T, bool(Vi) ) ' 

apply( not, V1, V ) 
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eval( op(and,T1,T2), bool(V) ) -
eval( T1, bool(V1) ), 
eval( T2, bool(V2) ), 

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

eval( T1, bool(V1) ), 
eval( T2, bool(V2) ), 

apply( or, V1, V2, V) 
eval( op('= ' ,T1,T2), error) -

var(T1), 
var(T2), 1 

eval( op('=',T1,T2), bool(true)) -
var(T1), 
nonvar(T2 ) , 
eval( T2, V2 ), 
V2 \== error, 

T1 = V2 
eval( op('=',T1,T2), bool(true) ) -

var(T2), 
nonvar(T1), 
eval( T1, V1 ), 
V1 \== error, 

T2 = V1 
eval( op('=',T1,T2), bool(V) ) -

nonvar(T2) , 
nonvar(T1), 
eval( T1, V1 ), 
V1 \== error, 
eval( T2 , V2 ) , 
V2 \== error, 

apply( '=', V1, V2, V) 
eval( op(1s1n,T1 , T2), bool(V) ) -

nonvar(T2), 
nonvar(T1), 
eval( T1, V1 ), 
V1 \== error, 
eval ( T2, V2 ), 
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V2 \== error, 

apply( isin, V1, V2, V) 
eval( op('++',T1,T2), V) 

eval( T1, V1 ) , 
V1 \== error, 
eval( T2 , V2 ), 
V2 \== error, 

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

eval( T1, V1 ), 
V1 \== error, 
eval( T2, V2 ), 
V2 \== error, 

list_diff ( V1, V2, V) 
eval( op(O,T1,T2), op(O,V1,V2)) - % not builtin binary op 

eval( T1, V1 ), 
V1 \== error, 
eval( T2, V2 ), 
V2 \== error, 1 

eval( op(O,T), op(O,V) ) 
eval( T, V ), 
V \== error, 1 

eval( _, error) 

% 
% evaluable( +Op, +Anty) 

% 
evaluable( 

, __ , 2 ) 
' 

evaluable( ' ++'' 2 ) 
evaluable( '=' 2 ) 

' 
evaluable( '=<'' 2 ) 

evaluable( '>='' 2 ) 
evaluable( '<>'' 2 ) 
evaluable( '<'' 2 ) 

evaluable( '>'' 2 ) 

evaluable( '*'' 2 ) 

evaluable( '+'' 2 ) 

evaluable( ,_, 2 ) 

evaluable( ,_, 1 ) 

% not builtin unary op 

% everything else is an error 

holds if Op/Ar1ty is a valid operator of ACS 
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evaluable( mod, 2) 
evaluable( isin, 2) 
evaluable( not, 1 ) 
evaluable( and, 2 ) 
evaluable( or, 2 ) 

% 
% For booleans only 
% 
apply( not, true, false) - 1 

apply( not, false, true) - 1 

apply( and, true, true, true) 
apply( and, _, _, false ) 
apply( or, false, false, false) 
apply( or, _, _, true) 

% 
% For numbers only 
% 
apply( '<'. V1, V2, true) - V1 
apply( '<'' V1, V2, false ) - V1 
apply( '=< ' , V1, V2, true) 
apply( '=< ' , V1, V2, false 
% 
% For numbers and symbols 
% 
apply( '=', V1, V2, B) 

valueof(V1,S1), 
valueof(V2,S2), 

- Vl 
) - Vi 

- I 

- I 

- I 

- I 

< V2, 
>= V2, 
=< V2, 
> V2, 

(S1 = S2 -> B = true, B = false) 
apply( '<>', V1, V2, B) 

value of (V1, S1), 
valueof(V2,S2), 

I 

I 

I 

I 

(S1 \== S2 -> B = true, B = false) 
% 
% For U X lists only 
% 
apply( isin, V1, V2, V) 

% 

- member_con(V1,V2,V), 1 

% valueof( +Term1, -Term2) holds if Term1 is a ACS data type Then 
% Term2 is the actual data value 
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% 
valueof ( num(T), T) - I 

value of ( const(T), T) - I 

valueof( lid(T), T) - I 

valueof( bool(T), T) - I 

valueof( uid(T), T) 

% 
% member_con(+Element, +List, -Bool) is the member function for 
% Arbutus style lists 
% 
member_con( [], false ) - I _, 

member_con( X, op(' ',X,_)' true ) - I 

member_con( X, op(' ',_ ,L)' V ) 

member_con( X, L, V ) 

% 
% Module 
% 
% Written by 
% Modified by 
% 
% 
% Description 

semantic 

Mantis H M 
Philip J 

Cheng (August, 1993) 
Wiebe (October, 1993) 

% This modules checks the semantics of an ACS expression 

% 

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

% 

% 
% Definitions must be of the form 
% 
% <Defn> 
% 

=<Con>' =' <Agent> 

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

% 
semantic_check(op(' =',Con, Agent),op(' =',Con1,Agent1),Env2) 

semantic_check_con(Con, Con!, [], Envl), 
semantic_check_agent(Agent, Agent!, [], Envl, Env2 ), 1 
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% 
% <Con> = <Uid> -- agent constant 
% <Uid> ' (' <Term> <Term> ') ' 
% <Term> <Op> <Term> 
% <Op> <Term> 
% <Term> <Op> 
% 
% N B Every <Con> is also a <Term>, but not vice-versa 
% 
semant1c_check_con( u1d(T), u1d(T), Env , Env) - 1 

semantic_check_con( func(uid(F),N,Ts), func(uid(F),N,Tsl), El, E2) 

semantic_check_term( Ts, Tsl, El, E2) 
semantic_check_con( op(O,E), op(O,T), Envl, Env2) 

semantic_check_term( E, T, Envl, Env2 ) 
semantic_check_con( op(O,E1,E2), op(O,T1,T2), Envl, Env3) 

semantic_check_term( El, Tl, Envl, Env2 ), 
semantic_check_term( E2, T2, Env2, Env3) 

% 
% <Term> 
% 
% 
% 
% 
% 
% 

= <Constant> 
<Boolean> 
<Number> 
<Variable> 
'STOP' 
'SKIP' 
<lid> 

% <lid> ' (' <Term> <Term>')' 

% ' [' <Term> <Term> ']' 
% <Con> 
% 
% NB A <Term> is a more general <Agent> 
% 
semantic_check_term( bool(T) 

' 
bool(T) 

' 
E, 

semantic_check_term( const(T), const (T) , E, 
semantic_check_term( num(T) num(T) E, 
semantic_check_term( lid(X) lid(X) E, 
semantic_check_term( uid(X) uid(X) E, 
semantic_check_term( 'STOP' 'STOP' E, 

E ) - I 

E ) - I 

E ) - I 

E ) - I 

E ) - I 

E ) - I 
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semantic_check_term( 'SKIP' 'SKIP' 
semantic_check_term( var('_'), 
semantic_check_term( var(X) V 

new_var( E1, E2, X, V) 

E, E) - I 

E, E ) - I 

E1, E2) % variable 

semantic_check_term( func(lid(X),N,Ts), func(lid(X),N,Ts1), E1, E2) 

semantic_check_term(Ts, Ts1, E1, E2) 
semantic_check_term( op('I ',T,Ts), [T11Ts1], E1, E3) 

semantic_check_term( T, T1, E1, E2 ), 
semantic_check_term( Ts, Tsl, E2, E3) 

semantic_check_term( [], [], E, E) - • 
semantic_check_term( [TITs], [T11Ts1], E1, E3) 

semantic_check_term( T, T1, E1, E2 ), 
semantic_check_term( Ts, Ts1, E2, E3) 

semantic_check_term( E, T, E1, E2) 
semantic_check_con( E, T, E1, E2) 

% 
<Agent> = <Variable> 

'STOP' 
'SKIP' 
<Agent> 'where' <Eqns> 
<Agent> '#' <Identifier> 
<Agent> '\, 
<Agent> 'if, 

<Agent> '+' 
<Agent> , I, 

<Agent> ' 
, 

' 
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% 
% 
% 
% 
% 
% 
% 
% 
% 
% 
% 
% 
% 
% 

<Variable> ' 
, 

<Identifier> 
<Cond> 
<Agent> 
<Agent> 
<Agent> 
<Agent> % <Variable> MUST be a new var 

<Action> 
<Con1> 

% Every <Identifier> must be defined in the <Eqns> 
% <Cond> may introduce new <Variable> before its use 
% Only input <Action> is allowed to introduce new <Variable> 
% 
semantic_check_agent( 'STOP', 'STOP', E, E ) - I _, 

semantic_check_agent( 'SKIP', 'SKIP', E, E ) - I _, 

semantic_check_agent( var(X), V 
' 

_, E, E ) 
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% variable must be defined 
member( X=V, E ), , 

semantic_check_agent( var(X), _ , _, E, E) 

errormsg (' Undefined agent variable',X), 
fail 

% variable undefined 

semantic_check_agent ( op(where,L,Eqns), L1, EqnEnv1, E1, E2) 

semantic_check_eqns( Eqns, [], EqnEnv ), 
append( EqnEnv , EqnEnv1, EqnEnv2 ), 
semantic_check_agent( L, L1, EqnEnv2, E1, E2) 

semantic_check_agent( op( ' #',A,I), op( ' #',A1,F), Eqn, E1, E2) 
identifier( I), 

member( I=F, Eqn ), 1 , 

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

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

identifier ( I), 

member( I=L, Eqn ), ', 
semantic_check_agent( A, A1, Eqn, E1, E2) 

semantic_check_agent( op('\',A,L) , op ( '\',A1,L), Eqn, E1, E2) 

semantic_check_agent( A, A1, Eqn, E1, E2) 
semantic_check_agent( op(if,L,R), op ( if,L1,R1), Eqn, E1, E3) 

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

semantic_check_agent( op('+',L,R), op('+ ' ,L1,R1), Eqn, E1, E3) 

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

semantic_check_agent( op('I ',L,R), op( ' I ',L1,R1), Eqn, E1 , E4 ) 

semantic_check_agent(L, L1, Eqn, E1, E2), 
semantic_check_agent(R, R1, Eqn, E1, E3), 
% Land R CANNOT have same variables 
( dlSJOlnt_env (E2,E3,E1) -> 

un1on (E2,E3,E4), 
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errormsg('Shared variables by par ',op(' I ',L,R)),fail) 

semantic_check_agent( op(',',L,R), op(', ',L1,R1), Eqn, El, E3) 

semantic_check_agent(L, Ll, Eqn, El, E2), 
semantic_check_agent(R, Rl, Eqn, E2, E3) 

semantic_check_agent( op(' ',var(X),P), op(' ' ,V,Pl), Eqn, El, E2) 

(member(X=_, El)-> 
errormsg('Variable used in recursion already used ' X) ), 

semantic_check_agent( P, Pl, Eqn, [X=VIE1], E2) 
semantic_check_agent( A, Al, _, El, E2) 

semantic_check_action( A, Al, El, E2 ), 
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semantic_check_agent( A, Al, _, El, E2) 
semantic_check_con( A, Al, El, E2) 

% But use this to allow 
% Should be conl or have E1=E2 

% 
% NB Same as <Con> except that the operator usages cannot introduce 
% new variables 
% 
semantic_check_conl( uid(T), uid(T), Env, Env) - 1 

semantic_check_conl( func(uid(F), N,Ts), func(uid(F),N,Tsl), El, E2) 

semantic_check_terml( Ts, Tsl, El, E2) 
semantic_check_conl( op(D,E), op(O,T), Envl, Env2) 

semantic_check_terml( E, T, Envl, Env2) 
semantic_check_con1( op(O,E1,E2), op(O,T1 ,T2), Envl, Env3) 

semantic_check_terml( El, Tl, Envl, Env2 ), 
semantic_check_terml( E2, T2, Env2, Env3) 

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

% 
semantic_check_terml( func(lid(X),N,Ts), func(lid(X),N,Ts), E, E) -
semantic_check_terml( bool(T) , bool(T) E, E ) - I , 
semantic_check_terml( const(T), const(T), E, E ) - I 

semantic_check_term1( num(T) num(T) E, E ) - I 
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semantic_check_term1( lid(X) lid(X) E, E ) - I 

semantic_check_term1( uid(X) uid(X) E, E ) - I 

semantic_check_term1( 'STOP' 'STOP' E, E ) - I 

semantic_check_term1( 'SKIP' 'SKIP' E, E ) - I 

semantic_check_term1( var(X) V E, E ) - % predefined variable 
member( X=V, E)' 

semantic_check_term1( var(X) ' - ' E, 

errormsg( 'Undefined variable ' ,X), 
fail 

E ) 

semantic_check_term1( [], [], E, E) - 1 

semantic_check_term1( [Tl Ts], [T11Ts1], E1, E3) 

semantic_check_term1( T, T1, E1, E2 ), 
semantic_check_term1( Ts, Ts1, E2, E3) 

semantic_check_term1( E, T, E1, E2 ) 
semantic_check_con1( E, T, E1, E2) 

% 
% 

- % undefined variable 

% <Cond> = <Term1> <Connective> 
= and I or 

<Connective> <Term1> 
% <Connective> 
% 
semantic_check_predicates(op(and,T,Ts), op(and,T1,Ts1), E1, E3) 

semantic_check_term1( T, T1, E1, E2 ), 
semantic_check_predicates( Ts, Ts1, E2, E3) 

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

semantic_check_term1( T, T1, E1, E2 ), 
semantic_check_predicates( Ts, Ts1, E2, E3) 

semantic_check_predicates(R, R1, E1, E2) 
semantic_check_term1( R, R1, E1, E2) 

% 
% <Action> 
% 
% 
% 
% 

= 'tau' 
<Variable> 
<lid> 
''' <Action> 
<Fune> '(' <Term> <Term> ')' 
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% 
% Note 
% 
% 
% 
% 

Output <Action> is not allowed to introduce new 
<Variable> 
An <Action> may also be a higher-order variable 
<Fune> must be lower case identifier 

semantic_check_action(tau , tau , E, E) - 1 

semantic_check_action(lid(A), lid(A), E, E) - • 
semantic_check_action(var(X), V, E, E) - % higher-order action 

member( X=V, E ), • 
semantic_check_action(var(X), _, E, E) 

% higher-order action, but undefined 

errormsg('Undefined action variable ' X), 
fail 

semantic_check_action(op(''',A), op( ' '',T), E1, E1) - 1 

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

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

% 
% <Eqns> = <Eqn> 'and' <Eqn> 'and' <Eqn> 

% <Eqn> = <Id> '=' <Actions> 

% <Actions> = '{' <Id> <Id> '}' 

% ' [' <Id>'/'<Id> <Id>'/'<Id> 'J ' 
% 
semantic_check_eqns( op('=',Id,Val), Env, [Id=VallEnv] ) 

identifier ( Id), 
act1ons_set( Val), 
non_member( Id=_, Env ), 1 % should not have been defined 

semantic_check_eqns( op('and',Eqn,Eqns), Env1, Env3) 
semantic_check_eqns( Eqn, Env1, Env2 ), 
semantic_check_eqns( Eqns, Env2, Env3) 

actions_set( [lid(_) I As] ) - pure_actions( As ) , 1 

actions_set( [op('/',lid(_),lid(_)) IAs] ) - rename_actions( As), 1 

actions_set( T) - errormsg( 'Invalid action set ', T) 

pure_actions( [] ) 
pure_actions ( [lid(_)IAs] ) - pure_actions( As) 
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rename_actions( [] ) 
rename_actions( [op('/',lid(_) , lid(_))IAs] ) - rename_actions( As) 

new_var( [], [X=V], X, V ) - I 

new_var( [X=U IE], [X=U IE], X, u ) - I 

new_var( [Y=U I El], [Y=U I E2], X, V ) -
X \==Y, 
new_var( El, E2, X, V ) 

%% disJoint(+Env1,+Env2,+Env3) 
% holds if (Env1-Env3) and (Env2-Env3) are disJoint envirorunents 
% 
disJoint_env([] ,_,_) - 1 

disJoint_env(_,[],_) - 1 

disJoint_env( [X=_IE1], [X=_IE2], E3) -
member(X=_, E3), 

disJoint_env( El, E2, E3) 
disJoint_env( [X=_IE1], E2, E3) -

\+ member(X=_, E2), 

disJoint_env( El, E2, E3) 

identifier( uid(_) ) 
identifier( lid(_) ) 

% 
% Module stmt 
% 
% Written by 
% Modified by 
% Modified by 
% 
% 
% Description 

Philip J Wiebe (July, 1993) 
Mantis HM Cheng (August, 1993) 
Philip J Wiebe (October, 1993) 

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

% operator declarations 
statement (op_defn(D,T,A,P)) --> 

op_type(T), op_assoc(A), [num(P)], 
{P>=0,P=<1200, 1}, op_name(0), [end] 

statement (end_of_file) --> [end_of_file] 

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

%======================================================================= 
% Treating terms as ops, an op is declared as 
% op(N,T,0) 
% where N is the precedence between 0 and 1200, 
% Tis the type of operator fx, fy, xf, yf, xfx, xfy, yfx, and 
% Dis name of the op 
%======================================================================= 
% 
expression (T) --> term(1200,_,T) 

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

% 
% non left-recursive terms 
% 
term1(_,0,func(F,N,[AIAs])) --> 

function_name(F), ['('], term(999,_,A), arguments(As), [')'], 
{', length([AIAs] , N)} 

term1(_,0, PT ) 

term1(_,0, [AIAs] ) 
['{' ] , term(999,_,A), 

term1(_,0, prolog(T)) 
term1(_,0, num(T)) 
term!(_, 0, [] ) 
term1(_,0, const(T)) 
term1(_,0, uid(T)) 
term1(_,0, var(T)) 
term1(_,0, lid(T)) 
term1(_,0, bool(true)) 

--> ['('], { 1}, expression(PT), [')'] 
--> 

arguments(As), ['}'], 
--> [prolog(T)] 
--> [num(T)] 
--> [ ' [] ' ] 
--> [const(T)] 
--> [uid (T)] 
--> [ var (T)] 
--> [lid(T)] 
--> [true] 
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term1(_,0, bool(false)) 
term1C,o, T) 

--> [false] 
--> [T], {keyword(T)} 

term1(_,0,[EIEs]) --> 
['['], express1on(E), express1on_l1st(Es), ['] '] 

term1(B,N,T) --> [OJ, 
{op_decl(O,fx,N), N=<B,N1 1s N-1}, 
term(N1,_,T1), {check_s1gn(□ ,T1,T)} 

term1(B,N,T) --> [□], 

{op_decl(O,fy,N),N=<B}, 
term(N,_,T1), {check_s1gn(D,T1,T)} 

% 
% left recursive terms 
% 
term3(N,LLP,LLPT,M,PT) --> 

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

term3(_,M,PT,M,PT) --> [] 

term2(N,M1,LPT,M,op(O,LPT)) --> [□], 

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

{op_decl(D,yf,M), M1 =< M, M =< N} 
term2(N,M1,LPT,M,op(O,LPT,RPT)) --> [□], 

{op_decl(O,xfx,M),M1 < M, M =< N, N1 1s M - 1}, 
term(N1,_,RPT) 

term2(N,M1,LPT,M,op(O,LPT,RPT)) --> [□], 

{op_decl(D, yfx,M), M1 =< M, M =< N, N1 1s M - 1}, 
term(N1,_,RPT) 

term2(N,M1,LPT,M,op(O,LPT,RPT)) --> [DJ, 
{op_decl(D,xfy,M), M1 < M, M =< N}, 
term (M ,_,RPT) 

arguments([AIAs]) --> [' ' '] ' term(999,_,A), arguments(As) 
arguments ( []) --> [] 

funct1on_narne(u1d(F)) --> [u1d(F)] 
funct1on_narne(l1d(F)) --> [hd(F)] 

express1on_l1st(E) --> ['I']' {I}' express1on(E) 
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expression_list ( [EIEs]) --> [','], { 1}, expression(E), expression_list(Es) 
expression_list([J) --> [] 

op_ type ( rnf ix) --> [lid ( rnfix) J 
op_type(prefix) --> [lid (prefix)] 
op_type(postfix) --> [lid (postfix) J 

op_assoc(non) --> [hd(non)] 
op_assoc(assoc) --> [lid (assoc) J 
op_assoc(left) --> [lid(left)] 
op_assoc(nght) --> [lid(nght)] 

op_name(O) --> [uid(O)] 
op_name(O ) --> [lid(□)] 

op_name(O) --> [const(O)] 

% 
% change the internal sign of a number if necessary 

% 
% NB If Tis a variable then we could get definitions of the form 
% op('-',X) that would have to be evaluated at the time X 
% becomes known 
% 
check_sign( 0 , T, op(O,T) ) 
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