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A business process containing Discriminator , N-out -of -M, or Multiple 
Instances without S ynchronization patterns (called the critical patterns), 
such as
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A, B , and C represent three web service 
inter actions.

After two of them ha ve completed, D is 
executed and thereafter the process is 
finished.

Howev er, one of the activities is still activ e, and clean-up 
work lik e pa yment and documentation has to be done.

As the remaining activit y contr adicts the soundness definition, we can 
not use existing tools to v erif y the sample business process. Still, 
automated v erification regarding deadlocks and liv elocks is quite 
important ev en if y ou emplo y one of the critical patterns in y our 
business process.

Lazy Soundness pro ves business processes 
containing the critical patterns (and all others) to 
be free of deadlocks and liv elocks. T echnically , it 
abstr acts from all internals of the process and 
just considers the initial and final node. The 
abstr acted process is v erified using bisimulation 
techniques.

Demo Presentation:
Thursday, Sep 7 10:30am, Room EI10 

Lazy soundness has been implemented in a protot ypical tool chain at 
our research group . W e pro vide a gr aphical editing of business 
processes using BPMN, automatically formaliz e BPM diagr ams into pi-
calculus expressions, and use existing tools to decide lazy soundness 
for a giv en business process.

The theoretical background of Lazy Soundness will be presented on 
Tuesda y, September 5 16:30am, R oom EI9.
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Foundations

¥The Formalization of Workßow Patterns is 
based on ECA rules
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ECA Rules

¥ECA rules from active databases:

¥(on) Event, 

¥(if) Condition, 

¥(then) Action

¥Different Coupling Modes

¥Different Triggers
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Example: ECA rule
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ON inserting a row in course registration table

IF over course capacity

THEN abort registration transaction
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Example: ECA Conßicts
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ON inserting a row in course registration table

IF over course capacity

THEN notify registrar about unmet demands

ON inserting a row in course registration table

IF over course capacity

THEN put on waiting list
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Business Rule Enforced with 
AFTER trigger
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CREATE TRIGGER LimitSalaryRaise
! AFTER UPDATE OF Salary ON Employee
! REFERENCING OLD AS 0, NEW AS N
! FOR EACH ROW
! WHEN (N.Salary - O.Salary > 0.05*O.Salary)
! ! UPDATE Employee
! ! SET Salary = 1.05 * O.Salary
! ! Where Id = O.Id
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Event-based Routing

¥The ECA approach has been adapted to 
workßows:

¥1 Event

¥m Conditions

¥n Actions
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ECA Notation
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ECA Sequence Flow
9

e1

a1Do

On
d)

...Do

On

e2

e2



(C) 2007 Frank Puhlmann

ECA Parallel Flow
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ECA Choice
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Mapping Workßow 
Activities to Agents

¥Each workßow activity is mapped to a 
concurrent pi-calculus agent:

¥Each agent has pre- and post-conditions

¥Pre-condition = Event and Condition

¥Postcondition = Action
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Basic Activities in the Pi-Calculus
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x.[a = b]! .y.0
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Basic Control Flow 
Patterns
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¥The basic control ßow patterns capture 
elementary aspects of control ßow
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Sequence
15

A B
b A = ! A .b.0

B = b.! B .B ′
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Parallel Split
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A

B

C

b

c

A = ! a .(b.0|c.0)
B = b.! B .B !

C = c.! C .C!
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Synchronization
17

B

C

D

d1

d2

B = ! B .d1.0
C = ! C .d2.0
D = d1.d2.! D.D !
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Exclusive Choice
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A

B

C

b

c

A = ! A .(b.0 + c.0)
B = b.! B .B !

C = c.! C .C!
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Simple Merge
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B

C

D

d B = ! B .d.0
C = ! C .d.0
D = d.! D .D !
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Advanced Branching and 
Synchronization Patterns

¥The advanced branching and 
synchronization patterns require advanced 
concepts and map only partly to the basic 
activity template
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Multiple Choice
21

A

B

C

b

c

A = (vexec)! A .(A1|A2)

A1 = exec!b".0+

exec!b".exec!c".0
exec〈c〉.0+

A2 = !exec(x).x.0
B = b.! B .B

!

C = c.! C .C′
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Synchronizing Merge
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B

C

D

d1

d2
B = ! B .d1.0
C = ! C .d2.0
D = d1.τD.D ! + d2.τD.D ! + d1.d2.τD.D !
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Multiple Merge
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B

C

D
d B = ! B .d.0

C = ! C .d.0
D =!d.! D .D !
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Discriminator
24

A

C

D

d1
d2

B
d3

D = (vh, exec)(D1|D2)
D1 = d1.h.0 | d2.h.0 | d3.h.0
D2 = h.exec.h.h.D | exec.τD .D ′

C = ! C .d3.0B = τB .d2.0A = τA .d1.0
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Discriminator Template
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D = (vh, exec)((
m!

i = 1

di .h.0) | h.exec.{ h} m ! 1
1 .D | exec.τD .D")
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N-out-of-M-Join Template
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D = (vh, exec)((
m!

i=1

di.h.0) | { h} n
1 .exec.{ h} m

n+1.D | exec.! D.D ′)
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Structural Patterns

¥Structural patterns show restrictions on 
workßow languages
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Arbitrary Cycles
28

A B C D
b c d

a

A = !a.τA .b.0
B = !b.! B .c.0
C = !c.! C .(a.0 + d.0)
D = d.! D .D !
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Implicit Termination
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¥The implicit termination pattern terminates 
a sub-process if no other activity can be 
made active

¥Problem: Most engines terminate the 
whole workßow if a Þnal node is reached

¥The pi-calculus contains the Þnal symbol 0
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Multiple Instance 
Patterns

¥Multiple instance patterns create several 
instances (copies) of workßow activities

30
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MI without Synchronization
31

A B
b * A = ! A .!b.0

B = !b.! B .B
′
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MI with a priori Design Time 
Knowledge

32

A B
b * C

c

A = ! A .b.b.b.0
B = !b.τB .c.0
C = c.c.c.! C .C

!

A | B | C ! ! A.{ b} n
1 .0 | !b.! B .c.0 | { c} n

1 .! C .C!
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MI without a priori Runtime 
Knowledge

33

A B
b * C

c

A = ! A .A1(c)
A1(x) = (vy)b!y".y!x".A1(y) + x.0

B = !b(y).y(x).! B .y.x.0

C = c.! C .C!

The pattern works like a dynamic linked-list:
A B

i
CB

2
B
1

...

b
i

b
2

b
1 c
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MI with a priori Runtime 
Knowledge

34

A B
b * C

c

A = (v r un)! A .A1(c) | r un.!star t.0

A1(x) = (vy)b!y".y!x".A1(y) + r un.x.0

B =!b(y).y(x).star t.! B .y.x.0
C = c.! C .C′
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State-based Patterns

¥State-based patterns capture implicit 
behavior of processes that is not based on 
the current case rather than the 
environment or other parts of the process
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Deferred Choice
36

A

B

C

b

c

benv

cenv

B = b.(benv .kill.τB .B
! + kill.0)

C = c.(cenv .ki l l .τC .C! + ki l l .0)

A = ! A .(b.0|c.0)
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Interleaved Parallel Routing
37

A = ! A .x.y.x.y.A ′

B = x.! B .y.0
C = x.! C .y.0A C

c
B

b

A B
b

C
c

OR
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Milestone
38

A = check(x).([x = ! ]! A 1.A ′ + [x = " ]! A 2.A ′′)
B = M (⊥) | b.m 〈#〉 .! B .m 〈⊥〉 .B !

M (x) = m(x).M (x) + check !x" .M (x)
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Cancelation Patterns

¥The cancelation patterns describe the 
withdrawal of one or more processes that 
represent workßow activities

39
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Cancel Activity
40

A | E ! a.! A .A! + cancel.0 | !! E.cancel.0
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Cancel Case

41

¥The cancel case pattern cancels a whole 
workßow instance

¥This is equal to Cancel Activity with the 
exception that all remaining processes 
receive a global cancel trigger



Data Representation

42
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Memory Cell
43

CHAPTER4. DATA 60

To allow a uniqueavailability of all componentsof P to all componentsof Q, i.e. they can
interactconßict-free,weassumethefollowing propertiesto hold:

1. Thefreenamesof all componentsof P areunique,formally fn(P i ) ! fn(P j ) = " for all
i, j with 0 < i < n # 0 < j < n # i $= j .

2. Freenamesof P canoccuraseither(1) subjectsof input preÞxesin Q or (2) asarbitrary
objectsof outputpreÞxesin Q, i.e. no componentof Q providesa functionality via the
samefreenamesasP. !

The freenamesof anagentrepresentinga structure,value,or functionarethenusedto access
its functionality.

4.1.1 Basic Structures

Basicstructuresprovideelementarygroupingandaccessingfeaturesto names.Eachbasicstruc-
turehasasimpleinterfaceconsistingof anaccessornamefor addingandremoving names.Any
countof namescanbe sentto an accessornameby using it asan outputpreÞxandretrieved
afterward by usingit asan input preÞx. We distinguishthreetypesof returnpossibilities:(1)
only the lastname,or the lastsequenceof names(÷n) is returnedinÞnitetimes(e.g. cell, pair),
(2) thelastnamesentis theÞrstnamereturned(stack),or (3) theÞrstnamesentis theÞrstname
returned(queue).For b andc werequireanadditionalnamethatis triggeredwhenthestructure
is empty.

ThebasicstructuresaredeÞnedin thefollowing paragraphs.Eachbasicstructureis globally
availableto otheragentsinsideasystemandcanproduceacopy of itself via recursion.

Definition 4.1 (Cell) A cell holdsa nameandallows readandwrite operationsto retrieve or
changethecontent:

CELL
def
= ! c cell%c&.(CELL 1 (' ) | CELL )

CELL 1 (n)
def
= c%n&.CELL 1 (n) + c(x).CELL 1 (x) .

A new cell is initializedwith thedefaultname' (false).Therestrictednameretrievedby reading
via thenamecell is thenusedasreadandwrite accessorto thecellÕs content. !

For instance,considertheagents

A
def
= ! d cell (c).c%d&.b%c&.0 andB

def
= b(p).p(x)." .0

insideasystem

S
def
= ! cell ! ' ! b (A | B | CELL ) .

Agent A Þrstcreatesa restrictednamed andretrievesa freshcell c. Afterward the named is
storedinsidethecell via c, andthenamec is sentvia b. AgentB receivesthenameof thecell via
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Pairs, Tuples
44

CHAPTER4. DATA 61

bandafterwardretrievesthecontent.A cell canbeeasilyextendedto a pair, storinga sequence
of two names:

DeÞnition 4.2 (Pair) A pair holdsa sequenceof two namesandallows readandwrite opera-
tionsto retrieveor changethecontent:

PAIR
def
= ! t pair ! t".(PAIR 1 (# , # ) | PAIR )

PAIR 1 (m, n)
def
= t!m, n".PAIR 1 (m, n) + t(x, y).PAIR 1 (x, y) .

!

A new pair is initialized andaccessedsimilar to a cell. Furthermore,we deÞnean agent
TRIPLE holdingasequenceof threenamesaccordingto PAIR (omitted).By employing pairs
andtriples,moreadvanceddatastructurescanbecreated.We investigatestacksandqueues.

DeÞnition 4.3 (Stack) A stack storesnamesthatcanberemovedin reverseorder;i.e. Þrstin,
lastout. Namescanbecontainedin thestackseveraltimes.Thestackconsistsof two operations,
pushto addnamesto andpopto removenamesfrom thestack.Thestackpresentedhereis based
on two assumptions.(1) ThepushoperationcanbecalledinÞnitetimes;i.e. thereis no upper
limit onthesizeof thestack,and(2) thepopoperationcanbecalledaslongasthereareelements
on thestack.If thestacksizeis zero,thespecialnameempty canbereadinÞnitetimesinstead.
Theseassumptionssimplify thedeÞnitionof thestackwithout restrictingits expressive power.
Thestackis givenby:

STACK
def
= ! s ! empty stack!s,empty".(STACK0 | STACK ) .

STACK Þrstcreatestwo restrictednames:s, usedasanaccessornamefor pushandpopoper-
ations,andempty, usedto representtheemptystack.It thenbehavesasfollows:

STACK0
def
= empty.STACK0 + s(newvalue).tripl e(next).

next!# , # , newvalue".STACK1 (next) ,

whereSTACK0 eitherreturnsempty or receivesa namenewvalue via s to pushon thestack.
In thelast case,a new triple is createdandinitialized with (prev, test, value), whereprev rep-
resentstheprevioustriple (# asthis is theÞrsttriple onthestack),test is aßagif therearemore
elementson thestack(also# ), andvalue is thereceivedvalue.1 If a namehasbeenpushedon
thestack,theagentcontinuesasSTACK1 with thecurrenttriple asaparameter:

STACK1 (curr )
def
= curr (prev, test, value).(s!value".

([test = $ ]STACK1 (prev) + [test = # ]STACK0 )+

s(newvalue).tripl e(next).next!curr , $ , newvalue".

STACK1 (next)) .

1 We explicitly have to denotea namefor testingif therearemoreelementson thestack,asa mismatchoperator
(e.g.prev != " ) is not containedin theconsideredπ-calculusgrammar.
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b and afterward retrieves the content. A cell can be easily extended to a pair, storing a sequence
of two names:

DeÞnition 4.2 (Pair) A pair holds a sequence of two names and allows readand write opera-
tions to retrieve or change the content:

PAIR
def
= ! t pair ! t".(PAIR 1 (# , # ) | PAIR )

PAIR 1 (m,n)
def
= t!m,n".PAIR 1 (m,n) + t(x, y).PAIR 1 (x, y) .

!

A new pair is initialized and accessed similar to a cell. Furthermore, we define an agent
TRIPLE holding a sequence of three names according to PAIR (omitted). By employing pairs
and triples, more advanced data structures can be created. We investigate stacks and queues.

DeÞnition 4.3 (Stack) A stack stores names that can be removed in reverse order; i.e. first in,
last out. Names can be contained in the stack several times. The stack consists of two operations,
pushto add names to and popto remove names from the stack. The stack presented here is based
on two assumptions. (1) The pushoperation can be called infinite times; i.e. there is no upper
limit on the size of the stack, and (2) the popoperation can be called as long as there are elements
on the stack. If the stack size is zero, the special name empty can be read infinite times instead.
These assumptions simplify the definition of the stack without restricting its expressive power.
The stack is given by:

STACK
def
= ! s ! empty stack!s, empty".(STACK0 | STACK ) .

STACK first creates two restricted names: s, used as an accessor name for pushand popoper-
ations, and empty, used to represent the empty stack. It then behaves as follows:

STACK0
def
= empty.STACK0 + s(newvalue).tripl e(next).

next!# , # , newvalue".STACK1 (next) ,

where STACK0 either returns empty or receives a name newvalue via s to push on the stack.
In the last case, a new triple is created and initialized with (prev, test, value), where prev rep-
resents the previous triple (# as this is the first triple on the stack), test is a flag if there are more
elements on the stack (also # ), and value is the received value.1 If a name has been pushed on
the stack, the agent continues as STACK1 with the current triple as a parameter:

STACK1 (curr )
def
= curr (prev, test, value).(s!value".

([test = $ ]STACK1 (prev) + [test = # ]STACK0 )+

s(newvalue).tripl e(next).next!curr , $ , newvalue".

STACK1 (next)) .

1 We explicitly have to denote a name for testing if there are more elements on the stack, as a mismatch operator
(e.g. prev != " ) is not contained in the considered ! -calculus grammar.
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TheagentSTACK1 Þrstretrievesthevalues(prev, test, value) from thecurrenttriple to have
them preparedfor immediateresponsein the casea pop interactionon s occursas the next
transition. In this case,thevalue is sentvia s. If therearemoreelementson thestack(test =
! ) the agentbehaves as STACK1 with prev as a parameterandotherwiseas STACK0 . If
an element is addedto the stackby usings asa pushinteraction,a new triple is createdand
initializedwith (curr , ! , newvalue), wherecurr representsthecurrenttriple (now actingasthe
predecessor),! for signalingthat therearemoreelementson the stack,andnewvalue asthe
pushedvalue.TheagentthenbehavesasSTACK1 with thenewly allocatedtriple asparameter.

!

DeÞnition 4.4 (Queue) A queuestoresnamesthat canbe removed in order; i.e. Þrstin, Þrst
out. Namescanbecontainedin thequeueseveral times.Thequeueconsistsof two operations,
enqueueto addnamesto anddequeueto remove namesfrom thequeue.Thequeuepresented
hereis basedon two assumptions.(1) TheenqueueoperationcanbecalledinÞnitetimes; i.e.
thereis no upperlimit on thesizeof thequeue,and(2) thedequeueoperationcanbecalledas
long asthereareelementsin thequeue. If thequeueis empty, thespecialnameempty canbe
readinÞnitetimes.Thequeueis givenby:

QUEUE
def
= ! q ! empty queue"q, empty#.(QUEUE0 | QUEUE) .

Thequeuecreates,equalto thestack,two freshnames:q usedasanaccessorfor enqueueand
dequeueoperations,andempty, usedto representtheemptyqueue.It thenbehavesasfollows:

QUEUE0
def
= empty.QUEUE0 + q(newvalue).tripl e(newtri ple).

newtri ple"$ , $ , newvalue#.QUEUE1 (newtri ple, newtri ple) ,

whereQUEUE0 eitherreturnsempty inÞnitetimesor receivesa namevia q to enqueueto the
queue. In the last case,a new triple is createdandinitialized with (next, test, value), where
next representsthenext triple ($ asthis is theonly triple in thequeue),test is aßagif thereare
moreelementsin thequeueafterthisone(also$ ), andvalue is thereceivedvalue.If anamehas
beenenqueued,theagentcontinuesasQUEUE1 with thecurrenttriple asanexplicit parameter
representingtheÞrstandlasttriple of thequeue:

QUEUE1 (Þrst, last)
def
= Þrst(next, test, value).(q"value#.

([test = ! ]QUEUE1 (next, last) + [test = $ ]QUEUE0 )+

q(newvalue).tripl e(newtri ple).newtri ple"$ , $ , newvalue#.

last(oldnext, oldtest, oldvalue).last"newtri ple, ! , oldvalue#.

QUEUE1 (Þrst, newtri ple) .

TheagentQUEUE1 worksanalogto thestackwith theexceptionthatthequeueneedsto update
thenext pointerof thetriple previousto thenewly addedtriple. !
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TheagentSTACK1 Þrstretrievesthevalues(prev, test, value) from thecurrenttriple to have
them preparedfor immediateresponsein the casea pop interactionon s occursas the next
transition. In this case,thevalue is sentvia s. If therearemoreelementson thestack(test =
! ) the agentbehaves as STACK1 with prev as a parameterandotherwiseas STACK0 . If
an element is addedto the stackby usings asa push interaction,a new triple is createdand
initializedwith (curr , ! , newvalue), wherecurr representsthecurrenttriple (now actingasthe
predecessor),! for signalingthat therearemoreelementson the stack,andnewvalue asthe
pushedvalue.TheagentthenbehavesasSTACK1 with thenewly allocatedtriple asparameter.

!

DeÞnition 4.4 (Queue) A queue storesnamesthat canbe removed in order; i.e. Þrstin, Þrst
out. Namescanbecontainedin thequeueseveral times.Thequeueconsistsof two operations,
enqueue to addnamesto anddequeue to remove namesfrom thequeue.Thequeuepresented
hereis basedon two assumptions.(1) The enqueue operationcanbecalledinÞnitetimes; i.e.
thereis no upperlimit on thesizeof thequeue,and(2) thedequeue operationcanbecalledas
long asthereareelementsin thequeue. If thequeueis empty, thespecialnameempty canbe
readinÞnitetimes.Thequeueis givenby:

QUEUE
def
= ! q ! empty queue"q, empty#.(QUEUE0 | QUEUE) .

Thequeuecreates,equalto thestack,two freshnames:q usedasanaccessorfor enqueue and
dequeue operations,andempty, usedto representtheemptyqueue.It thenbehavesasfollows:

QUEUE0
def
= empty.QUEUE0 + q(newvalue).tripl e(newtri ple).

newtri ple"$ , $ , newvalue#.QUEUE1 (newtri ple, newtri ple) ,

whereQUEUE0 eitherreturnsempty inÞnitetimesor receivesa namevia q to enqueue to the
queue. In the last case,a new triple is createdandinitialized with (next, test, value), where
next representsthenext triple ($ asthis is theonly triple in thequeue),test is aßagif thereare
moreelementsin thequeueafterthisone(also$ ), andvalue is thereceivedvalue.If anamehas
beenenqueued,theagentcontinuesasQUEUE1 with thecurrenttriple asanexplicit parameter
representingtheÞrstandlasttriple of thequeue:

QUEUE1 (Þrst, last)
def
= Þrst(next, test, value).(q"value#.

([test = ! ]QUEUE1 (next, last) + [test = $ ]QUEUE0 )+

q(newvalue).tripl e(newtri ple).newtri ple"$ , $ , newvalue#.

last(oldnext, oldtest, oldvalue).last"newtri ple, ! , oldvalue#.

QUEUE1 (Þrst, newtri ple) .

TheagentQUEUE1 worksanalogto thestackwith theexceptionthatthequeueneedsto update
thenext pointerof thetriple previousto thenewly addedtriple. !
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TheagentSTACK1 Þrstretrievesthevalues(prev, test, value) from thecurrenttriple to have
them preparedfor immediateresponsein the casea pop interactionon s occursas the next
transition. In this case,thevalue is sentvia s. If therearemoreelementson thestack(test =
! ) the agentbehaves as STACK1 with prev as a parameterandotherwiseas STACK0 . If
an element is addedto the stackby usings asa pushinteraction,a new triple is createdand
initializedwith (curr , ! , newvalue), wherecurr representsthecurrenttriple (now actingasthe
predecessor),! for signalingthat therearemoreelementson the stack,andnewvalue asthe
pushedvalue.TheagentthenbehavesasSTACK1 with thenewly allocatedtriple asparameter.

!

DeÞnition 4.4 (Queue) A queuestoresnamesthat canbe removed in order; i.e. Þrstin, Þrst
out. Namescanbecontainedin thequeueseveral times.Thequeueconsistsof two operations,
enqueueto addnamesto anddequeueto remove namesfrom thequeue.Thequeuepresented
hereis basedon two assumptions.(1) TheenqueueoperationcanbecalledinÞnitetimes; i.e.
thereis no upperlimit on thesizeof thequeue,and(2) thedequeueoperationcanbecalledas
long asthereareelementsin thequeue. If thequeueis empty, thespecialnameempty canbe
readinÞnitetimes.Thequeueis givenby:

QUEUE
def
= ! q ! empty queue"q, empty#.(QUEUE0 | QUEUE) .

Thequeuecreates,equalto thestack,two freshnames:q usedasanaccessorfor enqueueand
dequeueoperations,andempty, usedto representtheemptyqueue.It thenbehavesasfollows:

QUEUE0
def
= empty.QUEUE0 + q(newvalue).tripl e(newtri ple).

newtri ple"$ , $ , newvalue#.QUEUE1 (newtri ple, newtri ple) ,

whereQUEUE0 eitherreturnsempty inÞnitetimesor receivesa namevia q to enqueueto the
queue. In the last case,a new triple is createdandinitialized with (next, test, value), where
next representsthenext triple ($ asthis is theonly triple in thequeue),test is aßagif thereare
moreelementsin thequeueafterthisone(also$ ), andvalue is thereceivedvalue.If anamehas
beenenqueued,theagentcontinuesasQUEUE1 with thecurrenttriple asanexplicit parameter
representingtheÞrstandlasttriple of thequeue:

QUEUE1 (Þrst, last)
def
= Þrst(next, test, value).(q"value#.

([test = ! ]QUEUE1 (next, last) + [test = $ ]QUEUE0 )+

q(newvalue).tripl e(newtri ple).newtri ple"$ , $ , newvalue#.

last(oldnext, oldtest, oldvalue).last"newtri ple, ! , oldvalue#.

QUEUE1 (Þrst, newtri ple) .

TheagentQUEUE1 worksanalogto thestackwith theexceptionthatthequeueneedsto update
thenext pointerof thetriple previousto thenewly addedtriple. !
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4.1.2 Iterators

An iteratoriteratesthrougha datastructure.We distinguishtwo typesof iterators,destructive
and non-destructive. Destructive operatorsremove the elementsfrom the structure,whereas
non-destructive iteratorskeeptheelementsin thestructure.

DeÞnition4.5(Iterator) An destructive iterator thatworksonstacksandqueuesis deÞnedby:

I
def= s(x).! I .I + empty.I ! .

Theiteratorworkson a structures. While thereareelementsavailablein thestructure,the left
handsideof the iteratoris chosen.Thework donewith thecurrentelementis heredenotedas
! I . If thebasicstructurereturnsempty, theiteratorÞnishes. !

A non-destructive iteratorneedsto haveknowledgeaboutthedatastructureit iterates.Since
this might causeproblemsrelatedto concurrentaccess,specialcarehasto be takenwhenem-
ploying theseiterators. A trivial non-destructive iteratorfor a stackusesa temporarystackto
storethevalues:

IS
def= stack(tmpstack, tmpempty).IS0

IS0
def= s(x).tmpstack!x".! IS0 .IS0 + empty.IS1

IS1
def= tmpstack(x).s!x".IS1 + tmpempty.IS ! .

In agentIS a new temporarystacktmpstack is allocatedÞrst. Thereafter, eachelementfrom
the original stacks is readandwritten to the temporarystack. Afterward the contentof the
currentstackÕsvalueis evaluatedinsie! IS0 . Oncetheoriginalstackis empty, agentIS1 restores
the contentof the original stacks by iterating over the temporarystacktmpstack. A non-
destructive iteratorfor queueworksaccordingly. However, theproposednon-destructive iterator
is not safein concurrentenvironments,wherethedatastructurecanbeaccessedin parallel.

Example 4.1 (Bank Counters) An exampleillustrating the problemsis a given by a bank
whichhasseveralcountersthatserve incomingcustomersaccordingto aÞrstin, Þrstserveprin-
ciple. Theformal representationconsistsof a waiting queue,wherenew names(i.e. customers)
areenqueuedusingan agentFI LL (i.e. the customersenterthe bankbuilding). The waiting
queueis processedby severalagentsSERVE representingthebankÕs counters.A samplesys-
temis thengivenas

WQ
def= queue(wq, we).(FI LL | SERVE | SERVE ) ,

wheretwo agentsSERVE work on elementsof thequeueaddedby FI LL. Possibleimplemen-
tationsare

FI LL
def= " t ! .wq! t".FI LL andSERVE

def= wq(x).! .SERVE .

By addinga fourth componentINSPECT , thatsearchesthewaiting queuefor a speciÞcname
(i.e. apremiumcustomer),unwantedbehavior canoccur. Theimplementationhasbeenadapted

(C) 2007 Frank Puhlmann

Descructive Iterator
47



(C) 2007 Frank Puhlmann

Booleans
48

CHAPTER4. DATA 66

4.2.1 Booleansand Bytes

Thebasicunit of datais a bit thatis representedasabooleanvalue.

DeÞnition4.7(Boolean)A boolean representsatruthvalueinsideasystemof agents.It is given
by

ν! ν" S ,

where! representstrue," representsfalse,andS representsthesystemof agents. !

For instance,a systemS composedof two agentsA andB thatusebooleanvaluesis given
by:

S
def
= ν! ν" νch (A | B) ,

A
def
= τ.(ch#!$ .A + ch#"$ .A) , and

B
def
= ch(x).([x = ! ]τ.B ! + [x = " ]τ.0) .

TheagentS deÞnestwo restrictednamesrepresentingtrueandfalsevaluesaswell asaninter-
actionchannel.ThecomponentsA andB canthenevolve concurrently. However, only A can
evolveimmediately, sinceB hasnocounterpartfor interaction.A doessomeinternalcalculation
that is abstractedfrom by τ andafterwardsendseither! or " via thenamech. In bothcases,
A evolvesby recursionasoriginally deÞned.In thesecondstepof A, aninteractionbetweenA
andB is possible.Thus,apossibleinteractionfor B is givenby:

ch(x).([x = ! ]τ.B ! + [x = " ]τ.0)
ch(" )
%& [! = ! ]τ.B ! + [! = " ]τ.0 .

Since! '= " , only oneactive transitionof thesumremainsfor B, makingit deterministic(B
canexecutetheleft handsideof thesum).If A hadsent" via ch instead,theright handsideof
B would have beenenabledfor execution.By regardingch asa pointer, it clearlypointsto an
agentA, thatis ableto returneither! or " aninÞnitenumberof times.Consequently, the type
of thenamech canbesaidto beboolean,sinceit alwayspointsto anagentrepresentingboolean
valuesin S.

DeÞnition4.8(Type) Thetype of anamen is givenby thekind of dataanagentableto interact
via n represents.If more complex datacan be accessedvia multiple names,the namesare
subscriptedwith their correspondingpart. !

Thetypeof a namecanbedenotedwith a colonbehindthename,e.g.raining : boolean or
patients : queueiter ator to make the termsmorereadable.In contrastto theoreticaltreatments
suchasgiven in [118], we considertypesaspurelyadditionalinformationwithout any formal
meaning.Thus,the type of a nameonly denoteswhat canbe expectedby usingthe nameas
theobjectof an input or outputpreÞx. While differentagentscaninteractvia thesamename,
anda type overloadingis alsopossible,we prohibit this for typednames.In otherwords,the
typeof n deÞnesthecodomainof a function that is pointedto by n. An exampleof a function
representedby an agentis alreadygiven by A. This agentis ableto emit booleanvaluesin a
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non-deterministicmanner;it representsa functionthatreturnsrandombooleanvalues.SinceA
consideredasa functiondoesnot takeany input, its signatureis simply givenby:

A :! boolean .

Insteadof providing a randombooleangenerator, two moreelaborateagentsprovide constants
for trueandfalsevalues:

TRUE = true"#$ .TRUE FALSE = false"%$.FALSE .

Theseagents areassumed to beplacedinsidea systemwhich restrictstrue andfalse aswell as
# and% globally. An agentrepresentinga functionwith parametersrequiresa two-way inter-
action. First theparametersanda responsechannelaretransmittedandafterward theresponse
is readvia theresponsechannel.A functionAND representinga booleandisjunctionwith the
signature

AND : boolean & boolean ! boolean

thatcomparestwo booleansis givenby theagent

AND def
= and (b1 , b2 , resp).b1 (x).b2 (y).([x = # ][y = # ]resp"#$ .AND+

[x = %]resp"%$.AND+

[y = %]resp"%$.AND) .

TheagentAND is madegloballyavailableinsideasystemusingtherestrictednameand . When
interactingvia and , the subjectis expectedto consistof threeparts: two namesb1 and b2
representingpointersto booleans,and a third nameresp usedas a responsechannel. First,
AND fetchestheactualvaluesof thepointersto thebooleans.Second,it returns# via resp if
bothnamesb1 andb2 equal# , and%otherwise.AnothersystemT composedoutof

T
def
= ! # ! % ! true ! false ! and (TRUE | FALSE | AND | C) , and

C
def
= ! r and (true, true, r).r(x).([x = # ]" .C ! + [x = %]" .C !!) ,

with AND , TRUE , andFALSE givenasabove,usestheconceptsintroducedsofar. However,
the right handsideof agentCÕs sumwill never be enableddue to the interactionwith agent
AND , wheretwo true valuesarecompared.Furthermore,agentAND only providesa one-
time interactionvia resp. A bettersolutionfor agentAND incorporatesthereturnof a variable
containingtheresultinsteadof directlyproviding it. A variableis representedby acell.

The modiÞedagentAND is given as follows, wherewe assumeit to be placedinside a
compositionwith CELL andtherestrictednames# and%:

DeÞnition4.9(BooleanConjunction) TheagentAND comparestwo namestypedasbooleans
for booleanconjunction.

AND def
= cell (v).and (b1 , b2 , resp).b1 (x).b2 (y).([x = # ][y = # ]v"#$ .AND1 +

[x = %]v"%$.AND1 + [y = %]v"%$.AND1 )

AND1
def
= (resp"v$.0 | AND) .
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non-deterministicmanner;it representsa functionthatreturnsrandombooleanvalues.SinceA
consideredasa functiondoesnot takeany input, its signatureis simply givenby:

A :! boolean .

Insteadof providing a randombooleangenerator, two moreelaborateagentsprovide constants
for trueandfalsevalues:

TRUE = true"#$.TRUE FALSE = false"%$.FALSE .

Theseagents areassumed to beplacedinsidea systemwhich restrictstrue andfalse aswell as
# and% globally. An agentrepresentinga functionwith parametersrequiresa two-way inter-
action. First theparametersanda responsechannelaretransmittedandafterward theresponse
is readvia theresponsechannel.A functionAND representinga booleandisjunctionwith the
signature

AND : boolean & boolean ! boolean

thatcomparestwo booleansis givenby theagent

AND
def
= and(b1, b2, resp).b1(x).b2(y).([x = # ][y = # ]resp"#$.AND+

[x = %]resp"%$.AND+

[y = %]resp"%$.AND) .

TheagentAND is madegloballyavailableinsideasystemusingtherestrictednameand. When
interactingvia and, the subjectis expectedto consistof threeparts: two namesb1 and b2
representingpointersto booleans,and a third nameresp usedas a responsechannel. First,
AND fetchestheactualvaluesof thepointersto thebooleans.Second,it returns# via resp if
bothnamesb1 andb2 equal# , and%otherwise.AnothersystemT composedoutof

T
def
= ! # ! % ! true ! false ! and (TRUE | FALSE | AND | C) , and

C
def
= ! r and(true, true, r ).r (x).([x = # ]" .C ! + [x = %]" .C !!) ,

with AND, TRUE, andFALSE givenasabove,usestheconceptsintroducedsofar. However,
the right handsideof agentCÕs sumwill never be enableddue to the interactionwith agent
AND, wheretwo true valuesarecompared.Furthermore,agentAND only providesa one-
time interactionvia resp. A bettersolutionfor agentAND incorporatesthereturnof a variable
containingtheresultinsteadof directlyproviding it. A variableis representedby a cell.

The modiÞedagentAND is given as follows, wherewe assumeit to be placedinside a
compositionwith CELL andtherestrictednames# and%:

Definition 4.9 (Boolean Conjunction) TheagentAND comparestwo namestypedasbooleans
for boolean conjunction.

AND
def
= cell (v).and(b1, b2, resp).b1(x).b2(y).([x = # ][y = # ]v"#$.AND1 +

[x = %]v"%$.AND1 + [y = %]v"%$.AND1 )

AND1
def
= (resp"v$.0 | AND) .
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!

In additionto the agentAND introducedearlier, the new variant is not blocking until the
responsehasbeencollected,sincethemodiÞedAND is activatedagain usingrecursionplaced
in parallelwith theresponsesentvia resp. A booleandisjunctionis givenby:

DeÞnition 4.10(BooleanDisjunction) TheagentOR comparestwo namestypedasbooleans
for booleandisjunction:

OR
def
= cell (v).or (b1, b2, resp).b1(x).b2(y).([x = ! ][y = ! ]v"!# .OR1 +

[x = $ ]v"$#.OR1 + [y = $ ]v"$#.OR1 )

OR1
def
= (resp"v#.0 | OR) .

!

Finally, abooleannegationis givenby theagentNEG:

DeÞnition4.11(BooleanNegation) TheagentNEG appliesbooleannegationto anametyped
asboolean.

NEG
def
= neg(b,resp).true(t).false(f ).b(x).(

([b = t]resp"false#.0 + [b = f ]resp"true#.0) | NEG) .

!

The booleannegation incorporatesthe TRUE andFALSE agentsto Þrstfetch the actual
namesfor trueandfalseandfurthermorereturnstheresultasa constant.Agents4.9 (Boolean
Conjunction)and4.10(BooleanDisjunction)canbeadaptedto work thesameway. Weshowed
bothvariantsto provideachoicefor theapplication.Usageof theÞxednames$ and! provides
lessoverhead,whereasthe agentsTRUE andFALSE provide moreßexibility regardingthe
actualnamesfor trueandfalse, aswell asproviding constantsfor them. In the remainder, we
usetheagentsTRUE andFALSE asdeÞned,e.g. providing thenames$ for trueand! for
false.Thus,a fetchingof theactualvaluesfor trueandfalseis omitted.

A secondunit of datais abytethatis representedby a tupleof eightbits:

DeÞnition 4.12 (Byte) A byte is given by a tuple of eight booleanvaluesusedassubjectsof
inputandoutputspreÞxes.Thetypeof abyteis byte, e.g.byte42 : byte. !

For instance,
"! , ! , $ , ! , $ , ! , $ , !#

representsthedecimalvalue42. An agentreturningaconstantwith this valueis givenby:

BYTE 42
def
= byte42"! , ! , $ , ! , $ , ! , $ , !# .BYTE 42 ,

andaccordinglyfor for eachi %{ 0. . . 255} in BYTE i . However, sincea bytehasonly a Þxed
capacityandbasic functionslikeadditionandcomparisoncanonly beimplementedusingrather
complex agents,they will not bediscussedfurther. Instead,a representationof naturalnumbers
asageneralizationof byteswill bediscussed.
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!
In additionto the agentAND introducedearlier, the new variant is not blocking until the

responsehasbeencollected,sincethemodiÞedAND is activatedagain usingrecursionplaced
in parallelwith theresponsesentvia resp. A booleandisjunctionis givenby:

DeÞnition 4.10(BooleanDisjunction) TheagentOR comparestwo namestypedasbooleans
for booleandisjunction:

OR
def
= cell (v).or (b1, b2, resp).b1(x).b2(y).([x = ! ][y = ! ]v"!# .OR1 +

[x = $ ]v"$# .OR1 + [y = $ ]v"$# .OR1 )

OR1
def
= (resp"v#.0 | OR) .

!
Finally, abooleannegationis givenby theagentNEG:

DeÞnition4.11(BooleanNegation) TheagentNEG appliesbooleannegationto anametyped
asboolean.

NEG
def
= neg(b, resp).true(t).false(f ).b(x).(

([b = t]resp"false#.0 + [b = f ]resp"true#.0) | NEG) .

!
The booleannegation incorporatesthe TRUE andFALSE agentsto Þrstfetch the actual

namesfor trueandfalseandfurthermorereturnstheresultasa constant.Agents4.9 (Boolean
Conjunction)and4.10(BooleanDisjunction)canbeadaptedto work thesameway. Weshowed
bothvariantsto provideachoicefor theapplication.Usageof theÞxednames$ and! provides
lessoverhead,whereasthe agentsTRUE andFALSE provide moreßexibility regardingthe
actualnamesfor trueandfalse, aswell asproviding constantsfor them. In the remainder, we
usetheagentsTRUE andFALSE asdeÞned,e.g. providing thenames$ for trueand! for
false.Thus,a fetchingof theactualvaluesfor trueandfalseis omitted.

A secondunit of datais abytethatis representedby a tupleof eightbits:

DeÞnition 4.12 (Byte) A byte is given by a tuple of eight booleanvaluesusedassubjectsof
inputandoutputspreÞxes.Thetypeof abyteis byte, e.g.byte42 : byte. !

For instance,
"! , ! , $ , ! , $ , ! , $ , !#

representsthedecimalvalue42. An agentreturningaconstantwith this valueis givenby:

BYTE 42
def
= byte42"! , ! , $ , ! , $ , ! , $ , !# .BYTE 42 ,

andaccordinglyfor for eachi %{ 0 . . . 255} in BYTE i . However, sincea bytehasonly a Þxed
capacityandbasic functionslikeadditionandcomparisoncanonly beimplementedusingrather
complex agents,they will not bediscussedfurther. Instead,a representationof naturalnumbers
asageneralizationof byteswill bediscussed.
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!
In additionto the agentAND introducedearlier, the new variant is not blocking until the

responsehasbeencollected,sincethemodiÞedAND is activatedagain usingrecursionplaced
in parallelwith theresponsesentvia resp. A booleandisjunctionis givenby:

Definition 4.10 (Boolean Disjunction) TheagentOR comparestwo namestypedasbooleans
for booleandisjunction:

OR
def
= cell (v).or (b1, b2, resp).b1(x).b2(y).([x = ⊥][y = ⊥]v〈⊥〉.OR1 +

[x = $]v〈$〉.OR1 + [y = $]v〈$〉.OR1 )

OR1
def
= (resp〈v〉.0 | OR) .

!
Finally, abooleannegationis givenby theagentNEG:

Definition 4.11 (Boolean Negation) TheagentNEG appliesbooleannegationto anametyped
asboolean.

NEG
def
= neg(b, resp).true(t).false(f ).b(x).(

([b = t]resp〈false〉.0 + [b = f ]resp〈true〉.0) | NEG) .

!
The booleannegation incorporatesthe TRUE andFALSE agentsto Þrstfetch the actual

namesfor trueandfalseandfurthermorereturnstheresultasa constant.Agents4.9 (Boolean
Conjunction)and4.10(BooleanDisjunction)canbeadaptedto work thesameway. Weshowed
bothvariantsto provideachoicefor theapplication.Usageof theÞxednames$ and⊥ provides
lessoverhead,whereasthe agentsTRUE andFALSE provide moreßexibility regardingthe
actualnamesfor trueandfalse, aswell asproviding constantsfor them. In the remainder, we
usetheagentsTRUE andFALSE asdeÞned,e.g. providing thenames$ for trueand⊥ for
false.Thus,a fetchingof theactualvaluesfor trueandfalseis omitted.

A secondunit of datais abytethatis representedby a tupleof eightbits:

Definition 4.12 (Byte) A byte is given by a tuple of eight booleanvaluesusedassubjectsof
inputandoutputspreÞxes.Thetypeof abyteis byte, e.g.byte42 : byte. !

For instance,
〈⊥,⊥,$,⊥,$,⊥,$,⊥〉

representsthedecimalvalue42. An agentreturningaconstantwith this valueis givenby:

BYTE 42
def
= byte42〈⊥,⊥,$,⊥,$,⊥,$,⊥〉.BYTE 42 ,

andaccordinglyfor for eachi ∈ { 0 . . . 255} in BYTE i . However, sincea bytehasonly a Þxed
capacityandbasic functionslikeadditionandcomparisoncanonly beimplementedusingrather
complex agents,they will not bediscussedfurther. Instead,a representationof naturalnumbers
asageneralizationof byteswill bediscussed.
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!

In addition to the agent AND introduced earlier, the new variant is not blocking until the
response has been collected, since the modified AND is activated again using recursion placed
in parallel with the response sent via resp. A boolean disjunction is given by:

DeÞnition 4.10(BooleanDisjunction) The agent OR compares two names typed as booleans
for booleandisjunction:

OR
def
= cell (v).or (b1, b2, resp).b1(x).b2(y).([x = ! ][y = ! ]v"!# .OR1 +

[x = $ ]v"$#.OR1 + [y = $ ]v"$#.OR1 )

OR1
def
= (resp"v#.0 | OR) .

!

Finally, a boolean negation is given by the agent NEG:

DeÞnition4.11(BooleanNegation) The agent NEG applies booleannegationto a name typed
as boolean.

NEG
def
= neg(b,resp).true(t).false(f ).b(x).(

([b = t]resp"false#.0 + [b = f ]resp"true#.0) | NEG) .

!

The boolean negation incorporates the TRUE and FALSE agents to first fetch the actual
names for true and false and furthermore returns the result as a constant. Agents 4.9 (Boolean
Conjunction) and 4.10 (Boolean Disjunction) can be adapted to work the same way. We showed
both variants to provide a choice for the application. Usage of the fixed names $ and ! provides
less overhead, whereas the agents TRUE and FALSE provide more flexibility regarding the
actual names for true and false, as well as providing constants for them. In the remainder, we
use the agents TRUE and FALSE as defined, e.g. providing the names $ for true and ! for
false. Thus, a fetching of the actual values for true and false is omitted.

A second unit of data is a bytethat is represented by a tuple of eight bits:

DeÞnition 4.12 (Byte) A byte is given by a tuple of eight boolean values used as subjects of
input and outputs prefixes. The type of a byte is byte, e.g. byte42 : byte. !

For instance,
"! , ! , $ , ! , $ , ! , $ , !#

represents the decimal value 42. An agent returning a constant with this value is given by:

BYTE 42
def
= byte42"! , ! , $ , ! , $ , ! , $ , !# .BYTE 42 ,

and accordingly for for each i %{ 0. . . 255} in BYTE i . However, since a byte has only a fixed
capacity and basic functions like addition and comparison can only be implemented using rather
complex agents, they will not be discussed further. Instead, a representation of natural numbers
as a generalization of bytes will be discussed.
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¥More structures are possible:

¥Natural numbers based on extended 
queues

¥Lists using natural numbers as indices 
(why?)

¥Strings

¥etc.
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Activity

Complex Activity

Process

BPMS

Environment

Figure4.2: Differentdatalayers.

accessibleonly within thecontext of individual executioninstancesof that activity. (According
to [113, p.6])

Implementation: Eachactivity canuserestrictednamesfor internalcalculations.Thesenames
caneitherbedirectly createdusingthe ! operatoror by creatingnew datastructuressuchasa
cell. For instance,

A
def
= ! x cell (c)." .0 ,

representsanactivity that (1) createsa restrictednamex usedfor internal calculation,and(2)
acquiresanotherrestrictednamec pointingto a cell. Thescopeof x is restrictedto A, whereas
c is restrictedbetweenCELL andA.

Pattern 4.2 (ComplexActivity Data) Description:Complex activitiesareableto deÞnedata
elements,which areaccessiblebyeach of their components.(According to [113, p.7])

Implementation: A complex activity is representedby an agentconsistingof several com-
ponents,whereeachcomponentrepresentsan activity. Complex activity datais thencreated
accordingto pattern4.1 (Activity Data),with the distinction that the namesarescopedto all
components.For instance,

C
def
= queue(q, e).(A | B ) ,

representsa complex activity C with theactivities A andB containedinside. C Þrstcreatesa
new queueq, thatcanafterwardbeaccessedby A andB .

Pattern 4.3 (ScopeData) Description:DataelementscanbedeÞnedwhich areaccessibleby
a subsetof theactivitiesin a processinstance. (According to [113, p.9])

Implementation: A processinstanceis given by an agent consistingof several components
which representactivities andcomplex activities. SimplesubsetscanbedeÞnedby restricting
thescopeof anameto certaincomponents.Morecomplex scopes(i.e. overlappingones)require
theuseof datainteractionpatternsintroducedlateron. For instance,

I
def
= (A | B | ! z (C | D)) ,

restrictsthescopeof thenamez betweenthecomponentsC andD.

Pattern 4.4 (Multiple InstanceData) Description:Activitieswhich are ableto executemul-
tiple timeswithin a singleprocessinstancecan deÞnedata elementswhich are speciÞcto an
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Figure4.1: Flow graphof agentsrepresentingbusinessprocessactivitiesanddata.

namey will notbeextrudedany further. TheagentD consistsof two componentsE andF and
thusdescribesacomplex activity. If thescopeof anameis extrudedto D , it shouldalso include
E andF . Finally, agentE usesdataprovided by the environmentvia the namer . Accessto
the environmentcanoccurby eitherrestrictednamesscopedto certainactivities; i.e. external
triggers,or by freenamesrepresentingconstantsor functions.Examplesfor eachof thedifferent
typesof datafoundin businessprocessesarecontainedin thedatavisibility patternssubsection.

Furthermore,we do not make a sharp distinctionbetweenactivities andactivity instances
(accordinglyfor processesandprocessinstances).An activity is givenby anagentaccordingto
its deÞnition;whereasanactivity instanceis givenby anagentthatalreadyevolvedat leastonce
(seechapter5.1.3for details).To keepconsistency with thetermsintroducedin chapter3 (Busi-
nessProcessManagement),weadaptthepatternnamesgivenin thedatapatterndocumentation
[113] to theintroducedterminology. This regardstasks,thataredenotedasactivities,cases,that
aredenotedasprocessinstances,workßows that aredenotedasprocesses,subprocessesthat
aredenotedascomplex activities, aswell asworkßow managementsystemsthat aredenoted
asbusinessprocessmanagementsystems.Sincethedatapatterndescriptionsarecomplex, and
only givenin naturallanguage,we focuson examplesof thedifferentimplementationpossibil-
ities. Hence,in a patternlike style, we show oneadequatesolution for eachpatternwithout
assumingcompleteness.

4.3.1 Data Visibility Patterns

Datavisibility patternsdeÞnedifferentlayersof accessibilityfor dataelements.Thelayersare
depictedin Þgure4.2. Inner layershave accessto shareddataof all outer layers,wherasthe
conversedoesnot hold. For instance,an activity canaccessshareddataof a complex activity
it is partof, incorporateprocessinstancedata,anddataprovidedfor all instancesby theBPMS
andtheenvironment.A process,however, hasnopermissionto accessdatathatis restrictedto a
certainactivity. Thedifferentdatavisibility patternsarediscussedin this subsection.

Pattern 4.1 (Activity Data) Description:DataelementscanbedeÞnedbyactivitieswhich are
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accessibleonly within thecontext of individual executioninstancesof that activity. (According
to [113, p.6])

Implementation: Eachactivity canuserestrictednamesfor internalcalculations.Thesenames
caneitherbedirectly createdusingthe ! operatoror by creatingnew datastructuressuchasa
cell. For instance,

A
def
= ! x cell (c)." .0 ,

representsanactivity that (1) createsa restrictednamex usedfor internal calculation,and(2)
acquiresanotherrestrictednamec pointingto a cell. Thescopeof x is restrictedto A, whereas
c is restrictedbetweenCELL andA.

Pattern 4.2 (ComplexActivity Data) Description:Complex activitiesareableto deÞnedata
elements,which areaccessiblebyeach of their components.(According to [113, p.7])

Implementation: A complex activity is representedby an agentconsistingof several com-
ponents,whereeachcomponentrepresentsan activity. Complex activity datais thencreated
accordingto pattern4.1 (Activity Data),with the distinction that the namesarescopedto all
components.For instance,

C
def
= queue(q, e).(A | B ) ,

representsa complex activity C with theactivities A andB containedinside. C Þrstcreatesa
new queueq, thatcanafterwardbeaccessedby A andB .

Pattern 4.3 (ScopeData) Description:DataelementscanbedeÞnedwhich areaccessibleby
a subsetof theactivitiesin a processinstance. (According to [113, p.9])

Implementation: A processinstanceis given by an agent consistingof several components
which representactivities andcomplex activities. SimplesubsetscanbedeÞnedby restricting
thescopeof anameto certaincomponents.Morecomplex scopes(i.e. overlappingones)require
theuseof datainteractionpatternsintroducedlateron. For instance,

I
def
= (A | B | ! z (C | D)) ,

restrictsthescopeof thenamez betweenthecomponentsC andD.

Pattern 4.4 (Multiple InstanceData) Description:Activitieswhich are ableto executemul-
tiple timeswithin a singleprocessinstancecan deÞnedata elementswhich are speciÞcto an
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accessibleonly within thecontext of individual executioninstancesof that activity. (According
to [113, p.6])

Implementation: Eachactivity canuserestrictednamesfor internalcalculations.Thesenames
caneitherbedirectly createdusingthe ! operatoror by creatingnew datastructuressuchasa
cell. For instance,

A
def
= ! x cell (c)." .0 ,

representsanactivity that (1) createsa restrictednamex usedfor internal calculation,and(2)
acquiresanotherrestrictednamec pointingto a cell. Thescopeof x is restrictedto A, whereas
c is restrictedbetweenCELL andA.

Pattern 4.2 (ComplexActivity Data) Description:Complex activitiesareableto deÞnedata
elements,which areaccessiblebyeach of their components.(According to [113, p.7])

Implementation: A complex activity is representedby an agentconsistingof several com-
ponents,whereeachcomponentrepresentsan activity. Complex activity datais thencreated
accordingto pattern4.1 (Activity Data),with the distinction that the namesarescopedto all
components.For instance,

C
def
= queue(q, e).(A | B ) ,

representsa complex activity C with theactivities A andB containedinside. C Þrstcreatesa
new queueq, thatcanafterwardbeaccessedby A andB .

Pattern 4.3 (ScopeData) Description:DataelementscanbedeÞnedwhich areaccessibleby
a subsetof theactivitiesin a processinstance. (According to [113, p.9])

Implementation: A processinstanceis given by an agent consistingof several components
which representactivities andcomplex activities. SimplesubsetscanbedeÞnedby restricting
thescopeof anameto certaincomponents.Morecomplex scopes(i.e. overlappingones)require
theuseof datainteractionpatternsintroducedlateron. For instance,

I
def
= (A | B | ! z (C | D)) ,

restrictsthescopeof thenamez betweenthecomponentsC andD.

Pattern 4.4 (Multiple InstanceData) Description:Activitieswhich are ableto executemul-
tiple timeswithin a singleprocessinstancecan deÞnedata elementswhich are speciÞcto an
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accessibleonly within thecontext of individual executioninstancesof that activity. (According
to [113, p.6])

Implementation: Eachactivity canuserestrictednamesfor internalcalculations.Thesenames
caneitherbedirectly createdusingthe ! operatoror by creatingnew datastructuressuchasa
cell. For instance,

A
def= ! x cell (c)." .0 ,

representsanactivity that (1) createsa restrictednamex usedfor internal calculation,and(2)
acquiresanotherrestrictednamec pointingto a cell. Thescopeof x is restrictedto A, whereas
c is restrictedbetweenCELL andA.

Pattern 4.2 (ComplexActivity Data) Description:Complex activitiesareableto deÞnedata
elements,which areaccessiblebyeach of their components.(According to [113, p.7])

Implementation: A complex activity is representedby an agentconsistingof several com-
ponents,whereeachcomponentrepresentsan activity. Complex activity datais thencreated
accordingto pattern4.1 (Activity Data),with the distinction that the namesarescopedto all
components.For instance,

C
def= queue(q, e).(A | B ) ,

representsa complex activity C with theactivities A andB containedinside. C Þrstcreatesa
new queueq, thatcanafterwardbeaccessedby A andB .

Pattern 4.3 (ScopeData) Description:DataelementscanbedeÞnedwhich areaccessibleby
a subsetof theactivitiesin a processinstance. (According to [113, p.9])

Implementation: A processinstanceis given by an agent consistingof several components
which representactivities andcomplex activities. SimplesubsetscanbedeÞnedby restricting
thescopeof anameto certaincomponents.Morecomplex scopes(i.e. overlappingones)require
theuseof datainteractionpatternsintroducedlateron. For instance,

I
def= (A | B | ! z (C | D )) ,

restrictsthescopeof thenamez betweenthecomponentsC andD.

Pattern 4.4 (Multiple InstanceData) Description:Activitieswhich are ableto executemul-
tiple timeswithin a singleprocessinstancecan deÞnedata elementswhich are speciÞcto an
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individualexecutioninstance. (According to [113, p.10])

Implementation: Pattern4.1 (Activity Data) can be appliedto provide eachinstanceof an
activity with its own restrictednames.For instance,

M
def
= νx τ.M + τ.0 ,

providesmultipleexecutionsof thefunctionalpartτ , eachwith its own restrictednamex repre-
sentingadataelement.

Pattern 4.5 (ProcessInstance Data) Description: Data elementsare supportedwhich are
speciÞcto a processinstance. They canbeaccessedbyall componentsof theprocessduring the
executionof theprocessinstance. (According to [113, p.12])

Implementation:Sinceacomplex activity representsaprocess(seedeÞnition3.10),thesolution
from pattern4.2(Complex Activity Data)is sufÞcient.

Pattern 4.6 (BusinessProcessManagementSystemData) Description:Data elementsare
supportedwhich are accessible to all componentsin each and every processinstanceand are
within the control of the businessprocessmanagementsystem(BPMS).(According to [113,
p.13])

Implementation: This patternrequiresthe deÞnitionof a BPMS in π-calculus. Basically, a
BPMSis anagentconsistingof a componentrepresentinga processthatcanbeenactedseveral
times. Dataavailable to all componentshasthen to be deÞnedinside the BPMS agent. For
instance,

BPMS def
= stack (s, e).(Penact ) andPenact

def
= start .(P | Penact ) ,

createsa new instanceof a processrepresentedby agentP eachtime theagentBPMS receives
the namestart . Immediately, further instancescanbe createdusing recursion. All instances
haveaccessto thestackcreatedÞrstin BPMS .

Pattern 4.7 (Envir onment Data) Description: Data elements,which exist in the external
operating environment,are ableto beaccessedby componentsof theprocessduring execution.
(According to [113, p.14])

Implementation: This patternrequiresthedeÞnitionof anenvironment.Basically, anenviron-
mentis representedby anagentE enactedconcurrentlywith aBPMS agent.For instance,

SYS def
= νsensor (BPMS | E) ,

deÞnesa systemconsistingof a BPMSandenvironment.TheenvironmentagentE caninteract
with theBPMS agentvia sensor , thatis availableto all componentsinsideSYS .

4.3.2 Data Interaction Patterns

Datainteractionpatternsdescribehow activities of a businessprocesscanexchangedata.The
datainteractionpatternsarepartedinto internalandexternalones.Weonly discussinternaldata
interaction,sinceexternaldatainteractionis closelyrelatedto the serviceinteractionpatterns
thatwill bediscussedin detail in chapter6 (Interactions).
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Pattern 4.8 (Data InteractionÑActi vity to Activity) Description: Theability to communi-
catedataelementsbetweenoneactivity instanceandanotherwithin thesameprocessinstance.
(According to [113, p.16])

Implementation: Two activities canexchangedataby theuseof restrictednames.Therestric-
tions shouldonly cover the agentsrepresentingthe activities involved underconsiderationof
SC-RES-COMP . For instance,in aprocesswith two activities representedby theagent

P
def
= νd (cell (a).τ.d!a".0 | d(x).τ.0) ,

the left handcomponent(i.e. activity) passesthe namea to the right handcomponent(i.e.
activity) usingtherestrictednamed. Furthermore,activity to activity datainteractioncantake
placeby adaptingpattern4.5(ProcessInstanceData).

Pattern 4.9 (Data InteractionÑComplex Activity Decomposition) Description:Theability
to passdataelementsto a complex activity. (According to [113, p.18])

Implementation: A complex activity receives data from precedingactivities or other com-
plex activities by receiving it via a restrictednameaccordingto pattern4.8 (DataInteractionÑ
Activity to Activity). For instance,a complex activity receiving a nameavailableto all of its
activities is givenas

C
def
= d(x).(A | B ) .

Consequently, the named hasto be restrictedbetweenthe agentrepresentingthe preceding
activity andC.

Pattern 4.10 (Data InteractionÑComplex Activity Finalization) Description: Theability
to passdataelementsfroma complex activity. (According to [113, p.20])

Implementation: This patterncomplementstheprecedingpattern.However, a substantial ex-
tensionto complex activities is required,namely anexplicit synchronizationof thecomponents.
This is againdoneusingrestrictednames.For instance,

C
def
= νc1 νc2 (cell (u).τ.c1!u".0 | νv τ.c2!v".0 | c1(x).c2(y).d!x, y".0)

showsanagentwith threecomponentsrepresentingacomplex activity. Theleft component(i.e.
activity) acquiresanew cell u, whereasthemiddlecomponentcreatesarestrictednamev. Both
names,u andv, aresentassubjectin thecomplex activity synchronizationcomponent,repre-
sentedby the right handterm. Theagentsrepresentingtheactivities containedin thecomplex
activity aresynchronizedvia c1 andc2. The datais transmittedto an agentrepresentingthe
subsequentactivity via d.

Pattern 4.11 (Data InteractionÑT o Multiple InstanceActivities) Description:Theability
to passdataelementsfroma precedingactivity instanceto a subsequentactivity which is able
to supportmultipleinstances.Thismayinvolvepassingthedataelementsto all instancesof the
multipleinstancesactivityor distributing themona selectivebasis.(According to [113, p.20])

Implementation: This patterndistinguishestwo possibilities:Eitherall activity instanceswork
on the same,shared dataor eachinstancereceives a speciÞcdataelementto work on. An
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Pattern 4.8 (Data InteractionÑActi vity to Activity) Description: The ability to communi-
cate data elements between one activity instance and another within the same process instance.
(According to [113, p.16])
Implementation: Two activities canexchangedataby theuseof restrictednames.Therestric-
tions shouldonly cover the agentsrepresentingthe activities involved underconsiderationof
SC-RES-COMP . For instance,in aprocesswith two activities representedby theagent

P
def
= ! d (cell (a)." .d!a".0 | d(x)." .0) ,

the left handcomponent(i.e. activity) passesthe namea to the right handcomponent(i.e.
activity) usingtherestrictednamed. Furthermore,activity to activity datainteractioncantake
placeby adaptingpattern4.5(ProcessInstanceData).

Pattern 4.9 (Data InteractionÑComplex Activity Decomposition) Description: The ability
to pass data elements to a complex activity. (According to [113, p.18])
Implementation: A complex activity receives data from precedingactivities or other com-
plex activities by receiving it via a restrictednameaccordingto pattern4.8 (DataInteractionÑ
Activity to Activity). For instance,a complex activity receiving a nameavailableto all of its
activities is givenas

C
def
= d(x).(A | B ) .

Consequently, the named hasto be restrictedbetweenthe agentrepresentingthe preceding
activity andC.

Pattern 4.10 (Data InteractionÑComplex Activity Finalization) Description: The ability
to pass data elements from a complex activity. (According to [113, p.20])
Implementation: This patterncomplementstheprecedingpattern.However, a substantial ex-
tensionto complex activities is required,namely anexplicit synchronizationof thecomponents.
This is againdoneusingrestrictednames.For instance,

C
def
= ! c1 ! c2 (cell (u)." .c1!u".0 | ! v " .c2!v".0 | c1(x).c2(y).d!x, y".0)

showsanagentwith threecomponentsrepresentingacomplex activity. Theleft component(i.e.
activity) acquiresanew cell u, whereasthemiddlecomponentcreatesarestrictednamev. Both
names,u andv, aresentassubjectin thecomplex activity synchronizationcomponent,repre-
sentedby the right handterm. Theagentsrepresentingtheactivities containedin thecomplex
activity aresynchronizedvia c1 andc2. The datais transmittedto an agentrepresentingthe
subsequentactivity via d.

Pattern 4.11 (Data InteractionÑT o Multiple InstanceActivities) Description: The ability
to pass data elements from a preceding activity instance to a subsequent activity which is able
to support multiple instances. This may involve passing the data elements to all instances of the
multiple instances activity or distributing them on a selective basis. (According to [113, p.20])
Implementation: This patterndistinguishestwo possibilities:Eitherall activity instanceswork
on the same,shared dataor eachinstancereceives a speciÞcdataelementto work on. An
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Pattern 4.8 (Data InteractionÑActi vity to Activity) Description: Theability to communi-
catedataelementsbetweenoneactivity instanceandanotherwithin thesameprocessinstance.
(According to [113, p.16])

Implementation: Two activities canexchangedataby theuseof restrictednames.Therestric-
tions shouldonly cover the agentsrepresentingthe activities involved underconsiderationof
SC-RES-COMP . For instance,in aprocesswith two activities representedby theagent

P
def
= ! d (cell (a)." .d!a".0 | d(x)." .0) ,

the left handcomponent(i.e. activity) passesthe namea to the right handcomponent(i.e.
activity) usingtherestrictednamed. Furthermore,activity to activity datainteractioncantake
placeby adaptingpattern4.5(ProcessInstanceData).

Pattern 4.9 (Data InteractionÑComplex Activity Decomposition) Description:Theability
to passdataelementsto a complex activity. (According to [113, p.18])

Implementation: A complex activity receives data from precedingactivities or other com-
plex activities by receiving it via a restrictednameaccordingto pattern4.8 (DataInteractionÑ
Activity to Activity). For instance,a complex activity receiving a nameavailableto all of its
activities is givenas

C
def
= d(x).(A | B ) .

Consequently, the named hasto be restrictedbetweenthe agentrepresentingthe preceding
activity andC.

Pattern 4.10 (Data InteractionÑComplex Activity Finalization) Description: Theability
to passdataelementsfroma complex activity. (According to [113, p.20])

Implementation: This patterncomplementstheprecedingpattern.However, a substantial ex-
tensionto complex activities is required,namely anexplicit synchronizationof thecomponents.
This is againdoneusingrestrictednames.For instance,

C
def
= ! c1 ! c2 (cell (u)." .c1 !u".0 | ! v " .c2 !v".0 | c1 (x).c2 (y).d!x, y".0)

showsanagentwith threecomponentsrepresentingacomplex activity. Theleft component(i.e.
activity) acquiresanew cell u, whereasthemiddlecomponentcreatesarestrictednamev. Both
names,u andv, aresentassubjectin thecomplex activity synchronizationcomponent,repre-
sentedby the right handterm. Theagentsrepresentingtheactivities containedin thecomplex
activity aresynchronizedvia c1 andc2 . The datais transmittedto an agentrepresentingthe
subsequentactivity via d.

Pattern 4.11 (Data InteractionÑT o Multiple InstanceActivities) Description:Theability
to passdataelementsfroma precedingactivity instanceto a subsequentactivity which is able
to supportmultipleinstances.Thismayinvolvepassingthedataelementsto all instancesof the
multipleinstancesactivityor distributing themona selectivebasis.(According to [113, p.20])

Implementation: This patterndistinguishestwo possibilities:Eitherall activity instanceswork
on the same,shared dataor eachinstancereceives a speciÞcdataelementto work on. An


