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Process-Aware Information Systems
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Mendling 2006
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A Retail Process
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IT Level
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A More Complex Process Scenario



Business Process Lifecycle
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Value to 

shareholders and 

competitiveness

Stakeholders 

Process

modeling

Process

execution 
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Process

monitoring Business insight
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Forester 2007 BPM Market Overview
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Optimization 

BPM Value Proposition
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Process-aware Information System

Users

...

Anwendungen / Application Server

Instance 4

Instance 3

Instance 2

Instance 1

Instance 6

Instance 5

Instance 11

Instance 10

Instance 9

Instance 8

Instance 7

Instance 14

Instance 13

Instance 12

Process-aware Information System (PAIS)

Process Execution Engine

Msg Queuing

Time MgmtAuthorization

Late Modeling Web Clnt API

Validatíon

Dyn. Change APIModeling API

Admin. API

Exceptions Audit Trail ...

Process Engineer

Process Composer

Create Process Schema

Modify Process Schema

Check Process Schema

…

Process Repository

Process Models

Application

Components
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A Process Model and Related Instances

+

x

Process Schema S

Activity

XOR-Split/Join

AND-Split/Join

Patient 
Admission

Anamnesis &
Clinical Examination

Non Operative Therapy

Sonography

MRT

X-ray

Initial Treatment &
Operation Planning

Non Operative Therapy 1

Operative Treatment

Discharge & 
Documentation

clinicalSuspicionOf

CruciateRupture = „Yes“

cruciateRupture = „Yes“ and 

operationIndicated = „Yes“

x

x x

x

+ +





 

Enabled  Completed Skipped

Execution Trace:

σ1 = < „Patient Admission“,  „Anamnesis & Clinical Examination“, „X-ray“>
Execution Trace:

σ2 = < „Patient Admission“, „Anamnesis & Clinical Examination“, „Non Operative 

Therapy“>

Process Instance I1 Process Instance I2

Activity States:

+ +

x

x x x

 

+ +

x

x x x











 
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Process Model Correctness
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The activities CT and Inform patient are on different branches of an XOR-Block

xor

Example
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Process model to be checked

Generated counterexample: 

Execution path and corresponding process context violating the constraint
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Discharge

patient

Make next

appointment

Admit 

patient

Semantic 
Correctness 

Behavioral Correctness

Syntactical Correctness

(Business Process Compliance)

(Soundness)

Discharge

patient

Deadlock

Lifelock

Impossible 

Data-flow 

Compliance

Violation

Inconsistency

Wrong

Flows

Missing

End Event
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Levels of Process Model Correctness



Offered Allocated Started Completed

Withdrawn

User Perspective

Joe Peter

MRT MRT

Process Instance I5

Patient 
Admission

Anamnesis &
Clinical Examination

Non Operative Therapy

Sonography

MRT

X-ray

Initial Treatment &
Operation Planning

Non Operative Therapy 1

Operative Treatment

Discharge & 
Documentationx

x x

x

+ +









Offered Allocated Started Completed

Withdrawn

12

©  M. Reichert, 2015



User Perspective

Joe Peter

MRT MRT

Process Instance I5

Patient 
Admission

Anamnesis &
Clinical Examination

Non Operative Therapy

Sonography

MRT

X-ray

Initial Treatment &
Operation Planning

Non Operative Therapy 1

Operative Treatment

Discharge & 
Documentationx

x x

x

+ +









Let‘s do 
the MRT

Offered Allocated Started Completed

Withdrawn

Offered Allocated Started Completed

Withdrawn
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User Perspective

Joe Peter
Process Instance I5

Patient 
Admission

Anamnesis &
Clinical Examination

Non Operative Therapy

Sonography

MRT

X-ray

Initial Treatment &
Operation Planning

Non Operative Therapy 1

Operative Treatment

Discharge & 
Documentationx

x x

x

+ +









Offered Allocated Started Completed

Withdrawn

Offered Allocated Started Completed

Withdrawn
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User Perspective

Joe Peter
Process Instance I5

Patient 
Admission

Anamnesis &
Clinical Examination

Non Operative Therapy

Sonography

MRT

X-ray

Initial Treatment &
Operation Planning

Non Operative Therapy 1

Operative Treatment

Discharge & 
Documentationx

x x

x

+ +











Offered Allocated Started Completed

Withdrawn

Offered Allocated Started Completed

Withdrawn
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Flexibility Issues
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Process Spectrum and Flexibility Needs
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 Processes on the right side of the spectrum are mostly knowledge-intensive

o Unpredictability: Course of action depends on situation-specific parameters

o Non-repeatability: Two process instances hardly look the same

o Emergence: Future course of action depends on knowledge gained through activity execution



 Variability is typical for many domains and requires that 
processes are handled differently depending on the 
particular context

 Drivers

o Product and service variability

o Differences in regulations

o Different customer groups

o Temporal differences

Variability
18
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 Knowledge-intensive processes cannot be fully pre-
specified, but require loose specifications

 Drivers

o Unpredictability

o Non-Repeatability

o Emergence

Looseness
19
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 Ability to adapt the process and its structure to 
temporary events

 Drivers

o Special Situations

o Exceptions

 Anticipation of Adaptation

o Planned

o Unanticipated

Adaptation
20
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 Ability of the implemented process to change when the 
business process evolves

 Drivers

Evolution

External Internal

Changing Business Context

Changing Technological Context

Changing Legal Context

Organizational Learning

Real-world 

Process PAIS

Design Errors

Technical Problems

Poor Internal Quality

represented in

provide feedback to
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Flexibility Issues along the Process Lifecycle

Instance I1

A

D

B

x x EC




Instance I1

A

D

B

x x EC




Schema S‘:

A

D

B

x xC

Traditional 

Process Lifecycle 

Support

C
re

a
te

 

In
s
ta

n
c
e

s




Process

Execution

Process engineer /

Process administrator



Process 

participant

Arbeitsliste
Tätigkeit 1
Tätigkeit 2
Tätigkeit 3
Tätigkeit 4



Schema S:

A

D

B

x x EC

Instance I1

A

D

B

x x EC




Execution 

Log



Process

Monitoring

Need for Process Adaptation
(Support for Planned and 
Unplanned Exceptions)

Need for Process 
Evolution

Need for Variability 
Support

Need for Looseness of 
Process Specifications

[WRW+09]
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Flexibility Needs and Technological Requirements

Flexibility
Need

Dimension Technological Requirement

Variability Configuration

Looseness Loosely-specified processes

Adaptation Planned
Unplanned

Exception Handling
Ad-hoc Changes

Evolution Deferred Evolution
Immediate Evolution
Poor Internal Quality
Organizational 
Learning

Versioning
Process Instance Migration
Refactoring
Monitoring, Analysis and Mining
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Flexibility-By-Design
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Sequence Flow
Default Path

Transition 
Conditions

AND
GatewayAtomic Activity

Basic Control Flow Concepts & Patterns

XOR
Gateway
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Data Object
Data Edge –
Read Access

Data Edge –
Write Access

End Message 
with Data Obejct 

Invoice

Transition 
Condition
references

SparePartsList

Basic Data Flow Concepts & Patterns
26



Expressiveness and Flexibility-by-Design
27
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Flexibility by Design
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Configurable Process Models

29
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Variety of related 
variants

• Same business objective

• Commonalities

• Differences due to varying 
application context



Configurable Process Models

 Main idea: Merging all possible behavior in on reference 
model with configurable nodes

 Extension of an existing process modeling language by adding 
configurable elements (e.g., activities, control connectors)

 Examples: C-EPC, C-YAWL, Provop

 Configurable nodes represent variation points
associated with configuration alternatives

 Possible combinations of configuration alternatives can 
be restriceted through constraints

30

©  M. Reichert, 2015



Configurable Activities

 Included (ON)

 Excluded (OFF)

 Conditional (OPT)

31
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Configurable Control Connectors

 Configurable OR

 Configurable XOR

 Configurable AND

Can be configured 
to a connector 

equally restrictive 
or less restrictive

32
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Configuration Requirements and Guidelines

 Requirements

 Define constraints 
over the configuration 
alternatives that may 
be chosen

 Guidelines

 Do not prescribe 
mandatory 
constraints, but serve 
as recommendations

a

33
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Example of a Configurable Model
34
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Exception Handling

35
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Planned

Exception 
Handling

Unplanned

Ad-hoc Changes



Handling Planned Exceptions in PAIS

Activity Failure

Sources for Exceptions

Technical Semantical

Deadline Expiry

Resource Unavailability

Inconsistency real-world / 
PAIS

Constraint Violations

Upon 

detection of a 

particular 

exception

a suitable 

handler is 

chosen

Trying Alternatives

Ordered Unordered

Exception Handler

Add Behavior
Deferred 

Fixing
Immediate 

Fixing

Retry
Exception-

driven Rework

Cancelling Behavior

Reject Compensate

Resource Patterns

Delegate Escalate …
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I will skip techniques for handling planned 
execptions in this lecture and refer to my 
text book instead!



Enforcement: 

Guardrails (on a road) prevent deviation, but 

also prevent anything not predicted. 

Guidance: Guidelines (on a road) show 

people where to go, but do not prevent 

deviations if they are necessary. 

K. Swenson, 2014

Handling Unforeseen Exceptions



“Planning is helpful. If you don’t know what you want, you’ll seldom get it. But, no matter how 

well you plan, you will fare better if you expect the unexpected. The unexpected, by nature, 

comes unseen, unthought, unenvisioned. All you can do is plan to go unplanned, prepare to be 

unprepared, make going with the flow part of your agenda, for the most successful among us 

envision, plan, and prepare, but cast all aside as needed, while those who are unable to go 

with the flow often suffer, if they survive.”

David W. Jones

Handling Unforeseen Exceptions

This patient has a 

combination of symptoms 

that requires us to do 

something that has never 

been tried before! 

I’m sorry Dr. House, I can’t 

allow you to do that. It would 

make the  process invalid. 

K. Swenson, 2014



User View on an Ad-hoc Process Change

Explanation

Operation Risks

X-Ray

Check

Anesthesiology

Examination

End

StartExaminations

U Wallace, Edgar

U Miller, Anne

U Smith, Karl

U Jones, Isabelle

Exception –

We need an additional lab 

test !

Lab Test

Explanation

Operation Risks

X-Ray

Check

Anesthesiology

Examination

39

©  M. Reichert, 2015



Behavioral Changes Require 
Structural Process Model Adaptations

40
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Change Primitives

 Add node

 Remove node

 Add edge

 Remove edge

 …

High-Level Change Operations

 Combines a set of change primitives

 Referred to as Adaptation Patterns in the following

Structurally Adapting 
Pre-Specified Process Models

4141
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Structurally Adapting 
Pre-Specified Process Models



Adaptation Patterns 

vs.

Change Primitives

43
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Structurally Adapting 
Pre-Specified Process Models



Behavioral Changes Must not Violate Process 
Model Soundness and Proper Instance Execution

No Proper 
Completion 

ensured.
End node can be 
reached while B 
is still enabled

Data flow error 
caused by 

missing data

44
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Dynamic Change Bug

45
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Behavioral Changes Require
Adaptations of the Process Instance State



Behavioral Changes Require
Adaptations of the Process Instance State

46
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47

Ensuring Dynamic Correctness

Need for general correctness criterion

State Compliance

invoice
make 

invoice

Schema S‘:

A B

C

D

E F

send invoice

Schema S:

A B

C

D

E F

activated step

May the depicted schema change be propagated to the process instance?

[ReDa98, RRW08a, RRD04a, RRD04b]





47
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Behavioral Changes Require
Adaptations of the Process Instance State
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Ensuring Dynamic Correctness

invoice
make 

invoice

Schema S‘:

A B

C

D

E F

send invoice

Schema S:

A B

C

D

E F

activated step





<A> , <B> , <D>  Trace reproducible on new schema?

More complicated: loop backs

Further challenges: - How to efficiently check for compliance?

- How to efficiently migrate process instances? [RRD04a, RRD04b]
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Behavioral Changes Require
Adaptations of the Process Instance State



 x

+ + x x x

Execution Trace:

σ3 = < „Patient Admission“,  „Anamnesis & Clinical Examination“, „MRT“, 

„X-ray“, „Sonography“>






Process Instance I3







Process Instance Level

Process Type Level

Process Schema S

Activity

XOR-Split/Join

AND-Split/Join

Patient 

Admission
x

Anamnesis &

Clinical Examination

Non Operative Therapy

Sonography

MRT

X-ray

Initial Treatment &

Operation Planning

Non Operative Therapy 1

Operative Treatment

Discharge & 

Documentation

+ + x x

x

x

+

clinicalSuspicionOf

CruciateRupture = „Yes“

cruciateRupture = „Yes“ and 

operationIndicated = „Yes“

I3 is not state compliant 

with change 

Delete (I3, MRT)

49

Correctness of Process Instance Changes

[ReDa98]
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Insert X between

Mbefore = {C, D} and Mafter = {F}A

X

B

C

D

FE G

Step 1: Determine minimal block

A B

C

FE G

Dnbegin nend

MinBlock
CFS

({C, D, F})

X

A B

C

D

FE G

NT= NULL NT= NULL

Step 2: Insert X parallel to this block 

X

A B

C

D

FE G

NT= NULL NT= NULL

ET=SOFT_SYNC_E

X

A B

C

D

FE G

Step 3: Insert sync edges Step 4: Apply reduction rules

a)

NS = RUNNING

ES = TRUE_SIGNALED

NS = COMPLETED

NS = ACTIVATED

A

B

C

D

F

E

G

H

I

J K

ntarget nsync







Nskip

A

B

C

D

F

E






G

H

I

J

ntarget
nsync

K

n2n1

b)

NT = NULL NT = NULL

ET = SOFT_SYNC_E

B

C

D

F

E





J

nsync

A



K

G

H

Intarget
n2

n1

c)



jumpForward(CFSinstance, G, J, ...)

Nachholbereich

Formal foundation of the ADEPT 

technology!

Solution for many fundamental 

research issues!

The ADEPT Framework
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AristaFlow BPM Suite

www.aristaflow-forum.de

… and its transfer to industrial practice

51



Flexible Support of Clinical 
Pathways with AristaFlow

Partners:

Jan Neuhaus, Claudia Reuter
Fraunhoferinstitut Dortmund

Patient is pregnant; process variant 

„pregnacy“ is chosen

New process fragments are inserted 

in parallel!

Increased blood sugar level; process 

variant „Diabetes“ is chosen

Application Example I

52



Process-aware, Cooperative Emergency Management for Water Infrastructures

Partner: TU Darmstadt

A. Wagenknecht; U. Rüppel: Improving Resource Management In Flood Response With Process Models and Web GIS. In: 16th TIEMS Conf., 2009

Application Example I

53



Process Evolution

54
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Drivers

Process Evolution

External Internal

Changing Business Context

Changing Technological Context

Changing Legal Context

Organizational Learning

Real-world 

Process PAIS

Design Errors

Technical Problems

Poor Internal Quality

represented in

provide feedback to

55
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Process Evolution

56
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Change Support Features
Schema Evolution, Version Control and Instance Migration

 Schema Evolution

 Changes at the process type level 

 How to deal with running instances when adapting the 
original process schema?

 Scenario 1: No version control

 Scenario 2: Co-existence of instances of old / new schema

 Scenario 3: Change propagation and instance migration

57
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 Schema is overwritten and instances are migrated

A B

D

C

+ + E FX

Y

A B

D

C

+ + E FX

Y

Type change overwrites schema S

Process Schema S’

Schema Evolution

Process Schema S

Process Instance I1

Change

is propagated to 

all running

process instances

Process Instance I2



Process Instance I1

Process Instance I2

  

Insert X between A and B

Insert Y between C and AND-Join1

AND-Split1
AND-Join1

A B

D

C

+ + E F

A B

D

C

+ + E F

A B

D

C

+ + E F

A B

D

C

+ + E FX

Y

AND-Split1
AND-Join1

Inconsistent 

state

Scenario 1: No Version Control
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 Co-existence of instances of different schema versions

Scenario 2: Version Control

A B

D

C

+ + E FX

Y

Type change results into a new version of schema S

Process Schema S’

Schema Evolution

Process Schema S

Process Instance I1

Process Instance I2



Process Instance I4

Process Instance I5





Old instances remain with schema S

Instances created from S (before schema evolution) Instances created from S’ (after schema evolution)



  

AND-Split1
AND-Join1

A B

D

C

+ + E F A B

D

C

+ + E FX

Y

A B

D

C

+ + E F

A B

D

C

+ + E F

A B

D

C

+ + E FX

Y

Insert X between A and B

Insert Y between C and AND-Join1

AND-Split1
AND-Join1
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 Compliant instances are migrated to the new schema

Scenario 3: Instance Migration

Type change results into a new version of schema S

Process Schema S‘

Schema Evolution

Process Schema S

Process Instance I1

Propagation

of compliant 

process instances

to schema S’

(incl. state adaptations)

Process Instance I2



Process Instance I1



Migration of compliant process instances to S’

AND-Split1
AND-Join1

A B

D

C

+ + E F A B

D

C

+ + E FX

Y

A B

D

C

+ + E F

A B

D

C

+ + E F
Process Instance I2 not compliant with S’

A B

D

C

+ + E FX

Y

Insert X between A and B

Insert Y between C and AND-Join1

AND-Split1
AND-Join1

60
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Instance I1

A

D

B

x x EC




Instance I1

A

D

B

x x EC




Schema S‘:

A

D

B

x xC

Traditional 

Process 

Lifecycle 

Support

C
re

a
te

 I
n

s
ta

n
c
e

s




Process

Execution

Process engineer /

Process administrator



Process 

participant

Arbeitsliste
Tätigkeit 1
Tätigkeit 2
Tätigkeit 3
Tätigkeit 4



Integrated Lifecycle Support for Adaptive and Dynamic Processes (1) 

Schema S:

A

D

B

x x EC

Instance I1

A

D

B

x x EC




Execution 

Log



Process

Monitoring
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Instance I1

A

D

B

x x EC




Instance I1

A

D

B

x x EC




Schema S‘:

A

D

B

x xC

Lifecycle 

Support in 

adaptive PAISs

C
re

a
te

 I
n

s
ta

n
c
e

s




Process

Execution

Process engineer /

Process administrator

Process

Monitoring

Change Log



Instance-

specific

Change

Exception:
Delete (I1, E)

Process 

participant

Arbeitsliste
Tätigkeit 1
Tätigkeit 2
Tätigkeit 3
Tätigkeit 4





C
h

a
n

g
e

 P
ro

p
a

g
a

ti
o
n

Schema S:

A

D

B

x x EC

Instance I1

A

D

B

x x EC




Execution 

Log




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Integrated Lifecycle Support for Adaptive and Dynamic Processes (2) 
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Loosely Specified Processes

63
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 To deal with unpredictability, non repeatability and emergence loosely 
specified processes keep (parts) of the process unspecified during build-time

taxonomy of decision deferral



Late Selection Pattern
64
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Late Selection – The Worklets Approach

[AHE+06]

65
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Late Modeling
66
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Late Modeling – Pockets of Flexibility
67

[SSO01, SSO05]



Ad-hoc Composition - Declare
68
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Declarative Processes

69

©  M. Reichert, 2015

 Instead of describing exactly how 
a business process should be 
executed, declarative processes

o describe the activities to be 
executed

o constraints prohibiting undesired 
behavior

[PSSA07]



Modeling Declarative Processes

BA B C

D E F

Declarative Process Model S

A B
NOT CO-EXISTENCE
A and B are mutually exclusive

A RESPONSE
If A is executed, B needs to 

executed afterwards

Execution trace producible on S:

σ1 = < A, A, D, E, A>

σ2 = < B, C, F, E, B>

σ3 = < B, E, F>

Execution trace not producible on S:

σ4 = < A, C, E, A>

σ5 = < B, D, C>

σ6 = < A, D, B, F, E>

A B

C F

C1

C2

Activities A

Constraints C

Legend 

C2  

C2  

C1  
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Executing Declarative Processes

B
A B C

D E F

Declarative Process Model S

A B
NOT CO-EXISTENCE
A and B are mutually exclusive

A RESPONSE
If A is executed, B needs to 

executed afterwards

A B

C F

C1

C2

Activities A

Constraints C

Partial Trace Set of Enabled Activities

< > {A, B, C, D, E, F}

<A> {A, C, D, E, F}
B is not included since partial trace 
<A, B> violates constraint C1

<A, C> {A, C, D, E, F}
B is not included since partial trace 
<A, B> violates constraint C1

71

©  M. Reichert, 2015



A B C D E F

Execution
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Process 

Instantiation

Process 

Termination

A B C

D E F

Declarative Process Model S

A B

C F

C1

C2

Activities A

Constraints C

Activities A, B, C, D, E, 
F and G are enabled

Instance I can 
terminate, i.e., no 

termination 
constraints violated
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Execution
Termination

T
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e
lin
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Process 

Instantiation

Process 

Termination

A B C

D E F

Declarative Process Model S

A B

C F

C1

C2

Activities A

Constraints C

A
A started

A completed

As A is executed B 
cannot be executed 

any longer

No termination 
constraint violations, 
i.e., I can terminate
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Instantiation

Process 

Termination

A B C

D E F

Declarative Process Model S

A B

C F

C1

C2

Activities A

Constraints C

A
A started

A completed

C started

C completed C

Constraint violations, 
i.e., I cannot terminate
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Declarative Process Model S

A B

C F

C1

C2

Activities A

Constraints C

A
A started

A completed

C started

C completed C

E started

E completed E

Constraint violations, 
i.e., I cannot terminate
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Instantiation

Process 

Termination

A B C

D E F

Declarative Process Model S

A B

C F

C1

C2

Activities A

Constraints C

A
A started

A completed

C started

C completed C

E started

E completed E

F started

F completed F

No constraint 
violations, i.e., I can 

terminate
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The Declare System

van der Aalst, Pesic and Schonenberg 2009  [APS09]

Composing Declarative 
Processes with Declare

Executing Declarative 
Processes with Declare
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