
ENSE 622 Systems Engineering Requirements, Design, and TradeOff
Analysis

System Process and Workflow Modeling

Mark Austin

E-mail: austin@isr.umd.edu

Institute for Systems Research, University of Maryland, College Park

– p. 1/114



System Process and Workflow Modeling

Topics:

1. Motivation and Approach:

• Outsourcing for the Boeing 787 Aircraft

• Integrated Process Modeling at BMW,

• Systems Integration of Business Operations at General Electric

2. Representations for System Processes

3. ANSI/EIA 632 Process Overview

4. Capability Maturity Model Overview

5. Design Structure Matrices

6. Workflow Modeling with Petri Nets

7. YASPER Workflow Modeling Tool

8. References

– p. 2/114



System Engineering Products and Processes

Organizational, Requirements and Product Development
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Observation. Traditional approaches to organizational system development have been
very qualitative.
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System Engineering Products and Processes
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Observation. A high percentage of the incoming dollars stay in the organization.
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Systems Engineering Processes

Technical Development and Engineering Management Processes

CUSTOMER  REQUIREMENTS

Systems engineering
management plan.

Specification for the
engineering system.

Plans and direction.

Outcomes/decisions.

PRODUCT / SYSTEM  DEFINITION

Technical Analysisis concerned with ...

... problem analysis, synthesis of design solutions, evaluation of system design
alternatives, optimization and tradeoff.

System Management Processesare concerned with ...

... synthesis and organization of planning activities.

– p. 5/114



Systems Engineering Processes

Graphical Support: Milestone Charts
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Process Support for Systems Integration

Amazing advances in network communications and software have allowed for new
approaches to system development and expectations of system performance.

Process View of Systems Integration

Modern engineering systems are now ...

... designed by geographically distributed teams, and assembled from parts
obtained from geographically distributed suppliers.

Product View of Systems Integration

These advances allow for ...

... development of systems where management of system functionality and
improvements to performance are achieved through use of software.
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Case Study 01: Outsourcing for the Boeing 787

Boeing 777

• A wonder of systems engineering development ...

Boeing 787 Dreamliner Aircraft (Source: Tang and Zimmerman, 2009).

• Redesigned to offer an improved travel experience and improved comfort. How ...

... lightweight composite material fuselage allows for increased pressure and
humidity to be maintained in the passenger cabin on long-haul flights.

• Improve flight operational efficiency by providing big-jet ranges to midsize airplanes
while flying at approximately the same speed. Better fuel efficiency ...

... the 787 Dreamliner is designed to use 20% less fuel for comparable missions
than today’s similarly sized airplanes.

... large light sensitive windows imply less need for interior lighting.

• Utilizes an unconventional supply chainintended to reduce development cost from $10
to $6 billion, and development time from six to four years.

– p. 8/114



Case Study 01: Outsourcing for the Boeing 787

Boeing 787 Dreamliner versus Airbus A380

Airbus: A380: Long-haul, hub-to-hub. Boeing 787: Short- and long- haul, city-to-city.
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Case Study 01: Outsourcing for the Boeing 787

Suppliers for the Boeing 787 Aircraft
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Case Study 01: Outsourcing for the Boeing 787

Comparison of Boeing 737 and 787 Programs

By outsourcing more ...

... Boeing can shorten the development time by leveraging the suppliers’ ability to
develop parts at the same time.
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Case Study 01: Outsourcing for the Boeing 787

Traditional Supply Chain for Airplane Manufacturing (Boei ng 737)

Boeing plays the role of ...

... a key manufacturer who assembles parts and subsystems produced by thousands
of suppliers.
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Case Study 01: Outsourcing for the Boeing 787

Redesigned Supply Chain for Dreamliner Program(Modeled after Toyota Supply Chain)

Approximately 50 Tier-1 partners serve as integrators – they assemble different parts
and subsystems produced by the Tier-2 suppliers.
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Case Study 01: Outsourcing for the Boeing 787

Excerpts from an Article in the Seattle Times, February 2, 2013

• Boeing 787’s problems blamed on outsourcing, lack of oversight ...

• Company engineers blame the 787’s outsourced supply chain, saying that ...

... poor quality components are coming from subcontractorsthat have operated
largely out of Boeings view.

• A senior Boeing engineer (not directly involved with the 787) said ...

... the supplier management organization (at Boeing) didnthave diddly-squat in
terms of engineering capability when they sourced all that work.

Source:
http://seattletimes.com/html/businesstechnology/2020275838_boeingoutsourcingxml.html
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Case Study 01: Outsourcing for the Boeing 787

Boeing’s Reactive Risk Mitigation Strategies
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Case Study 01: Outsourcing for the Boeing 787

Alternative Strategies for Mitigating Program Risks
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Case Study 02: Process Modeling at BMW.

To develop a first-class product line, BMW needs ...

... first-class processes that are stable and repeatable.
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Case Study 02: Process Modeling at BMW.

State-of-the-Art Process Modeling

Process models and associated measures of effectiveness are important because ...

... they enable understanding and learning (i.e., transparency), documentation and
reusability, what-if analyzes, and process managements, planning and
improvement.

Process Modeling Goal

The goal is to create ...

... models of development processes (..not just organizations or people), to show
how the processes can be integrated,

and ...

... to understand the process activities at an appropriate level of abstractions.

Without process modeling, there is a slim likelihood of process improvement and
learning.
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Case Study 03: Systems Integration at GE.
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Case Study 03: Systems Integration at GE.
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Case Study 03: Systems Integration at GE.
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Part 2. Organizational Processes

Part 2. Organizational Processes
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Organizational Processes

Elements of an Organizational Process

The key elements of an organization are ...

... its people, they way in which they relate to one another, and the infrastructure
and resources that transfer inputs into outputs.

Services

ProductsProduction

Maintenance

Management

Adaptation

Transformation  Process Output

Financial  Resources

Information  Resources

People

Raw  Materials

Input

Internal organizational processes will exist for ...

• Technical Management, production, and manatenance,

• Adaptation (strategic planning)
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Organizational Dimensions

Collage of Dimensions

--  Professionalism

--  Centralization

--  Complexity

--  Hierarchy of  Authority

--  Standardization

--   Specialization

--  Formalization

Goals and  Strategy

Environment Size

TechnologyCulture
Structure

THE   ORGANIZATION
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Organizational Dimensions

Goals and Strategy

• Define the purpose and competitive characteristics that set the organization apart
from other organizations.

Structure

• Defines the processes, relationship among processes, hierarchy of authority.

• Centralized structures keep decision making at the top level.

• Decentralized structures delegate decision making to lower levels in the organization.

Culture

• Underlying set of key values, beliefs and norms shared by the employees, e.g., ethical
behavior.

Environment

• Factors that surround the organization, e.g., customers and stakeholders, economic
conditions, competition, government/federal regulations.
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Organizational Processes

Phases of the Product Life Cycle(...from the mid 1990s)

MaturityGrowthIntroduction Decline
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Marketing  critical

Change  price /  image

of  quality.

Poor  time  to  change

of  quality.

price  or adjust  image

Cosr  control  is

critical.

EXAMPLES

PRODUCTION  /  MARKETING   STRATEGY

Frequent  changes to  

product  design 

Short  production  runs ......

High  production  costs ....

Limited  number  of

models .....

Utmost  attention  to

quality.

Product  design  and
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to  annual  model
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in  manufacturing  process
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costs.

Control  overcapacity  in

the  industry

Prune  line  to  eleminate

a  good  margin.

products  not  returning
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Types of Organizational Process

Nearly all organization processes belong to one or more of three types:

Process Focused

• Production characterized by small qualitities and large variation.

• Units move slowly through the plant.

• Fixed costs are small. Variable costs are high. Costs done by the job.

Product Focused

• Production characterized by large qualitities of input and small variations.

• Fixed costs are high. Variable costs are low. Overall costs depend on production
capacity.

Repetitive

• Long production runs of a standardized product having options.

• Product assembed from modules.
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Types of Organizational Process

Side-by-Side Comparison of Organizational Processes

Item

End

Many  Inputs.... Raw  Materials  and
Module  Inputs....

Few  Inputs

size, shape, and packaging

Output  Variations  in Modules  compbined  for
many  output  options ....

High  variety  of  outputs ...

Inputs

High  variety,  low  volume.
Low  utilization  (5% - 25%).
General  purpose  equipment ..

Assembly  lines Low  variety,  high volume.

High utilization  (70% - 80%).

Specialized  equipment

Print shop ,  Machine  shop
Fine  dining  restaurant.

Automobiles,  Consumer electronics.

Fast  Food  Restaurant.

Paper ,  light  bulbls.
Aluminum,  Beer...

Examples

Key  Characteristics

PROCESS  FOCUSSED REPETITIVE PRODUCT  FOCUSSED
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Organizational Excellence

Excellent companies tend to adopt the following traits (Daft, 1997):

Strategic Orientation

• Excellent companies are customer driven, and increasingly look to their customers as
their most important stakeholders.

• Companies respond quickly to problems when they arise.

• Maintain a clear business focus and goals.

Top Management

• Provide a vision of what an organization can be and what it stands for, thereby giving
employees a sense of direction.
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Organizational Excellence

Organizational Structure

• Minimize bureaucracy via a simple organizational structure and lean staff.

• Organizational design is decentralized to enable innovation and change.

• Use a mix of financial and non-financial measures in the bottom line.

Corporate Culture

• Employement commitment is a vital component of organizational success.

• Harness employee energy and enthusiasm by creating a climate of trust (a
prerequisite for people to deal openly with one another), encouraging productivity
through people, and taking a long-term view.

• Encouraging productivity through people means that everyone must feel that their
participation in the production is important.

• Giving workers a voice in how a company operates.
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Lean Organizational Processes

The term “lean procedures” describes ...

... repetitive processes having operations approaching perfection.

Perfection can be measured in many ways, e.g.,

• Inventory Reduction

By eliminating virtually all inventory, losses due to defective inventory are minimized,
as is time and cost of switching from one product to another.

• Quality Control

These producers build equipment that helps employees build a perfect product every
time.

• Good Relations with Suppliers

The producers make sure suppliers understand their needs and the customers
needs.
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Organizational Structures

Relations Among Reference Organization Paradigms
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Organizational Structures

Structures that Resist Change

Closed

• Traditional hierarchy of control where someone is in charge of others.

• Standards and rules of operation promote continuity.

• Information is carefully controlled and channeled along lines of authority.

• Advantage of stability and control. Weak on genuine innovation.

Examples: government bureaucracies, military services.

Synchronous

• Operate under harmonious/coordination through alignment of members with a
common vision that reflects common goals and methods for reaching those goals.

• Can be remarkably efficient in smoothly performing established procedures, yet tend
not to be highly responsive or adaptive to changing requirements.

Examples: Amish community engaged in a barn raising.
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Organizational Structures

Structures that are Open to Change

Random

• Relies on the independent initiative of individuals for direction and decision making.

• Freedom of the individual to create and act independently is considered more
important than group interests.

Examples: Research and Development centers in large companies.

Open

• Based on adaptive collaboration, integrating innovation with stability and individual
with collective interests through negotiation and discussion.

• Roles and responsibilities are flexibly shared.

Examples: Open source software development (e.g., WWW, linux).
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Organizational Structures

Functional and Divisional Organizational Structures

R & D Acct Mfg

R & D R & DAcct AcctMfg Mfg

ProductProduct

Division 1 Division 2

FUNCTIONAL     STRUCTURE

DIVISIONAL     STRUCTURE

Functional Structures

• Employees are organized according the functions they perform.

• High internal efficiency.

Divisional Structures

• Employees are organized according the department they belong.

• Can readily adapt to changes in the external environment.
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Organizational Structures

Matrix Organization

The matrix organization ...

... combines the best features of the functional and divisional structures.

MfgAcctR & D

Division 1

Division 2

Division  3

Division  4

MATRIX    STRUCTURE
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Horizontal Organizational Structures

The Horizontal Corporation
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Horizontal Organizational Structures

Key points:

• Horizontal organizations represent a move away from top-heavy
functional/departmental structures.

• The structure of an organization is designed around workflows or processes rather
than departments.

• The vertical hierarchy is flattened – upper management may consist of only a few
high-level executives.

• Management tasks are delegated to the lowest level possible. Most employees will
work in multidisciplinary self-directed teams.

Example

• Volvo uses self-directed teams of 7-10 hourly workers to assemble four cars per shift.
Team members are trained to handle all assembly jobs.

– p. 38/114



Learning Organizational Structures

Learning Organizations
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Learning Organizational Structures

Key points:

• Employees in learning organizations work together in self-directed teams.

• Unlike their counterparts horizontal organizations, ...

... employees in learning organizations are expected to exercise their curiosity,
talk to customers (and suppliers and competitors), and identify needs so that
strategy emerges from the accumulated activities of the employee team.

• Learning organizations have a customer focus – the employees must understand the
current and near-term needs of a customer.

• Masses of customer input/feedback evolve into company strategy.

• Providing employees with the freedom to experiment and learn can take many forms,
thereby enhancing technical/engineering capability, marketing capability, and
financial capability. The focus on ideas and learning applies even when physical
products are being produced.
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Part 3. ANSI/EIA 632 Standard

Part 3. ANSI/EIA 632 Standard
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ANSI/EIA 632 Process Overview

Background

Work on the EIA-632 standard dates back to 1994.

The standard (intended for voluntary compliance defines 13 systems engineering
processes (see details below), representative tasks for each process, and expected
outcomes of each task.

Concepts

1. Systems include not only "end" products, but also "enabling" products.

2. Building blocks are the main unit of a system.

3. Systems are developed in layers.

Therefore, the systems engineer is the keeper of the processes, methodologies and
tools that enable systems development.
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ANSI/EIA 632 Process Overview

Organization of Systems Engineering Processes

The 13 systems engineering processes are organized into five areas as follows:

1. Technical Management
Planning process; Assessment process; Control process.

2. Acquisition and Supply
Acquisition process; Supply process

3. System Design
Requirements definition; Solution definition.

4. Product Realization
Implementation process; Transition to Use process.

5. Technical Evaluation
Systems Analysis Process; Requirements validation process; System verification
process; End products validation process.
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ANSI/EIA 632 Process Overview

Top-Level Systems Engineering Processes

ProcessProcess
Planning

Systems Analysis
Process

Requirements
Validation

System
Verification

End−product
Validation

Supply Processes
Aquisition Processes

Requirements Definition Process
Solution Definition Process

Implementation Process
Transition to Use Process

Outcomes and
Feedback

Plans,
Directives,
Status

Aquisition & Supply

System Design 

Product Realization

Technical Management

Technical Evaluation

Requirements

Design Alternatives

Products

Control
Process

Assessment
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ANSI/EIA 632 Process Overview

Technical Management Process

Plans, Directives

Acquisition Outcomes and Feedback

Plans, Directives, .. Status

Planning
Process

Control
Process

Process
Assessment

Status

OutcomesReplanning

Plans, Directives
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ANSI/EIA 632 Process Overview

Acquisition and Supply

Acquisition

Process

Process

Agreement

Acquisition Requirements

Developer

Acquirer

Supplier

Serves in the role of ...

Serves in the role of ...

uses

uses

Supply
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ANSI/EIA 632 Process Overview

System Design

Requirement

Specifications, Models,...Drawings

Acquirer and other Stakeholder Requirements

Requirements
Definition
Process

Solution 
Definition
Process

Validated
System Technical
Requirements

Product
Chatacteristics

Issues
Conflicts &
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ANSI/EIA 632 Process Overview

Product Realization

Supplier− or Acquired− Products

Agreement and other Stakeholder Satisfaction

Process
Transition to Use

Process
Implementation

Specified Requirements
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ANSI/EIA 632 Process Overview

Technical Evaluation (Source: ANSI/EIA-632 Standard)

charicteristics

Analysis Requests, Requirements, Implemented Products

Analytical Models and Assessments,
Validated Requirements, Verified Products,

Validated Products ...

Process
Verification
System

End Product

Process
Validation

Systems
Analysis
Process

Requirements
Validation
Process

and issues
Requirement conflicts

results

results
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Capability Maturity Model Overview

Methodology

The maturity model provides a formal methodology for assessing an organization’s
capability in software engineering.

• The assessment consists of 100 plus questions. A list of sample questions for
systems engineering is appended to this chapter.

• On the basis of question answers, an organization is determined to be at one of five
levels of software development maturity.

• A key motivation for organizations to reach at least level 3 is that it is a major factor is
source selection of large projects.
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Capability Maturity Model Overview

Process Categories and Key Process Areas

==============================================================================

Organizational Systems Management Engineering Process

==============================================================================

Process management Planning Systems requirements

Training Tracking and oversight System design

Technology management Subcontract management System integration and test

Environment and tool Intergroup coordination Integrated engineering

support analysis

Configuration management

Quality management

Risk management

==============================================================================
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Capability Maturity Model Overview

Framework of SEI Process Maturity

KEY  PROCESS
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PROCESS
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PROCESS
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Capability Maturity Model Overview

Five Levels of SEI Maturity

LEVEL RISK

Level 5

Optimized

Level  4

Managed

FOCUS

Continuous

Improvement

Product  and

Process  Quality

KEY   PROCESS   AREA

Defect   Prevention

Process   Change   Management

Technology  Change  Management

Quantitaticve   Process  Management

Software  Quality   Management

Level  3 Engineering

Process

Organization   Process  Focus

Organization   Process  Definition

Peer  Reviews

Training   Program

Intergroup   Coordination

Software  Product  Engineering

Integrated  Software  Management

Project

Management

Level  2

Repeatable

Software  Project   Planning

Software   Project  Tracking

Software  Subcontract   Management

Software  Quality  Assurance

Software   Configuration   Management

Requirements  Management

Level  1

Ad - Hoc

Quality

Risk

Defined
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Part 4. Design Structure Matrices

Part 4. Design Structure Matrices
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Design Structure Matrices

Definition

A design structure matrix (DSM) is ...

... a compact, matrix representation of a system or project.

The matrix contains ...

... a list of all constituent subsystems/activities and thecorresponding information
exchange and dependency patterns.

Purposes

1. Systems Analysis.Capture the interactions, interdependencies, interfaces between
system elements.

2. Project Management.Provide a project representation that allows for feedback and
cyclic task dependencies.
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Design Structure Matrices

Design structure matrices can be used to represent four different types of data:

Data Types Representation Application Analysis
Method

Component-
based

Multi-component rela-
tionships

System architecting, en-
gineering and design

Clustering

Team-
based

Multi-team interface
characteristics

Organizational design,
interface management,
team integration

Clustering

Activity-
based

Activity input/output re-
lationships

Project scheduling, ac-
tivity sequencing, cycle
time reduction

Sequencing,
partitioning

Parameter-
based

Parameter decision
points and necessary
precedents

Low-level activity se-
quencing and process
construction

Sequencing,
partitioning
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Design Structure Matrices

DSM Binary Matrix Building Blocks

Binary matrices can represent ...

... the presence or absence of a relationship between pairs of elements of a system.

If the system is a project represented by a set of tasks to be performed, then ...

... off-diagonal marks in a single row of the DSM represent all of the tasks whose
output is required to perform the task corresponding to that row.

Interpretation of Marks

• Marks below the diagonal represent forward information transfer to later (i.e.
downstream) tasks.

• Marks above the diagonal depict information fed back to earlier listed tasks (i.e.
feedback mark) and indicate that an upstream task is dependent on a downstream
task.
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Design Structure Matrices

Types of System Configuration

Relationship Parallel Sequential Coupled

Graph representation

B

A
BA

A

B

DSM representation
B

A B

A

X

A B

A

B

X

A B

A

B X
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Design Structure Matrices

Key Point: Parallel Configuration

• The system elements do not interact with each other.

• Understanding the behavior of the individual elements allows us to completely
understand the behavior of the system.

Key Point: Sequential Configuration

• One element influences the behavior or decision of another element is a
uni-directional fashion.

That is, the design parameters of system element B are selected based on the system
element A design parameters. Again, in terms of project tasks, task A has to be
performed first before task B can start.
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Design Structure Matrices

Key Point: Coupled System

• The flow of influence or information is intertwined: element A influences B and
element B influences A.

• This would occur if parameter A could not be determined (with certainty) without first
knowing parameter B and B could not be determined without knowing A.

Iterative processes are common in most engineering design and development projects.

Design iterations create ...

... rework and require extra communication and negotiationwhich result in a
prolonged development process.

The DSM methodology suggests ...

... the manipulation of the matrix elements such that iterative behavior is removed
from the matrix, or at least minimized.
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DSM Example

Directed Graph and Design Structure Matrix

DIRECTED   GRAPH   OF   DESIGN    TASKS DESIGN   STRUCTURE    MATRIX
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A B C D E F G
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X X

X X

X

XX

X

X

X

X

X
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R
E

C
E

IV
E

R
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DSM Example

Partitioning of Design Structure Matrix

NEW    TASK    SEQUENCEORIGINAL    TASK    SEQUENCE

A B C D E F G

E
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A XX BAD    REGION BAD    REGION

X X
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X X
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R
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E
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R

R
E

C
E
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E
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Design Structure Matrices

Design Partitioning and Tearing

Once a design has been mapped to a design structure matrix, analysis can proceed in
two directions [?] :

1. Partitioning. The goal of partitioning is to re-sequence the design tasks so that
availability of information is maximized at each stage of the design process.

2. Tearing. The goal of tearing is to re-sequence within the groups (or blocks) of
coupled tasks to find an initial ordering to start the iteration.

A Few Observations

1. If there a no loops in the dependency relationships, then the optimal ordering of
design tasks can be computed with a topological sort.

2. Otherwise, an iterative strategy such as simulated annealing must be used.
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Workflow Modeling

Definition

According to the Workflow Management Coalition (WFMC), the term "workflow"
describes ...

... the automation of procedures where documents, information or tasks are passed
between participants according to a defined set of rules to achieve, or contribute to,
an overall business goal.

Therefore, a workflow management system provides ...

... procedural automation of a business process by management of the sequence of
work activities.

In short the ultimate goal of workflow management is to:

...make sure that the proper activities are executed by the right person at the right
time.
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Workflow Modeling

Benefits

Workflow modeling can provide end-users with the following types of information:

Identification of Bottlenecks

• If one task in sequence is poorly handled, the entire process is delayed.

• Therefore, it is of great importance to identify and fix the cause of these bottlenecks.

Opportunities for Parallel and/or Simultaneous Executionof Tasks

• Workflow modeling can identify situations where tasks are sequenced, but because
they have no dependencies between them, can be reconfigured to execute in
parallel, thereby reducing processing time per execution.
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Benefits of Workflow Modeling

Identification of Dependencies

• Classifying each task with its dependencies is useful in optimizing the workflow.

• A task might be indirectly dependent on another if they share certain resources.
Before re-organizing the flow of work, pre- and post-conditions as well as all indirect
dependencies for each task must be recognized.

Resource Identification

• Each task is performed by a resource. The resource could be a person, a machine, or
software.

• Modeling these resources is also important in order to obtain a clearer picture of the
flow of tasks and to identify the sharing of resources that might limit parallel
execution of certain tasks.
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Task Routing in Workflow Modeling

Workflow Process Definition

Workflow process definition is concerned with ...

... the design of tasks, procedures, roles and resources, with the assitance of design
and analysis tools.

Sequential Routing of Tasks

Task 3Task 1 Task 2

Parallel Routing of Tasks

Task 4

Task 2

Task 3

Task 1
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Task Routing in Workflow Modeling

Conditional Routing of Tasks

Task 3

Task 1

Task 2

Task 4

Iterative Routing of Tasks

Task 3Task 1 Task 2
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Part 5. Petri Net Modeling

Part 5. Petri Net Modeling
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Introduction to Petri Nets

Background

Petri Nets (also known as a place/transition net or P/T net) were invented by Carl Adam
Petri in 1939 as a means for modeling chemical processes.

The general idea is to:

... replace ambiguous textual descriptions (and/or mathematical notations difficult
to understand), ...

with

... a graphical specification of system requirements.

Purpose of Models and Analyses

Petri net models provide a means of studying ...

... the dynamic concurrent behavior of network-based systems where there is a
discrete flow.
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Introduction to Petri Nets

Petri net analyses can be classified into three types:

Validation (Static model check for correctness of workflow)

• Testing of the static model to observe that a case can pass from beginning to end
from all listed paths and that there isn’t any task that is never performed.

• The workflow model can be fed with cases to see how they flow through the model.

Verification (Check for workflow correctness)

• Validating workflow behavior is much more complicated than verification.

• Linear algebraic techniques can be used to verify many properties, e.g., place
invariants, transition invariants, and (non-) reachability.

• Coverability graph analysis, model checking, and reduction techniques can be used to
analyze the dynamic behavior of a Petri net.

– p. 71/114



Introduction to Petri Nets

Performance Analysis(Dynamic behavior)

• Performance analysis is concerned with the ability of a system to satisfy requirements
with respect to throughput times, service levels, and resource utilization.

• Performance analysis of workflow models can be achieved using a simulator.

Benefits of Workflow Modeling with Petri Nets (Source: Van der Aalst).

• Formal semantics (despite its graphical nature).

• State-based modeling instead of event-based modeling.

• Abundance of modeling techniques.

Simulation tools like YASPER (details in a moment) are capable of providing a lot more
data.
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Mathematical Definition of Petri Nets

Mathematical Definition

C = ( P, T, I, 0 )

• Places P = { p1, p2, · · · , pn }

• Transitions T = { t1, t2, · · · , tn }

• Input I : T → P r (r = number of places)

• Output O : T → P q (q = number of places)

A distribution of tokens over the places of a net is called a marking.

Markings µ

• Assignment of tokens to the places of the Petri net. µ = µ1, µ2, µ3, · · · µn.
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Graphical Definition

Graphical Specification of Petri Net Elements

Petri Nets are composed of four symbols:

• Circles, bars or rectangles, arcs and dots.

• Bars (or squares) represent actions, processes or events.
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Introduction to Petri Nets

Petri Net Elements/Notation

1p p1 2t

1. Circle represents a place which models a condition.

2. Bars or squares represent actions (or processes or events) that occur.

3. Arcs are directional connections between places and transitions. A place can only
connect to a transition and vice versa, thus making it a bipartite graph.

4. Dots are known as tokens which if present in a place demonstrate the fulfillment of
the condition to perform the next transition.

A place may have zero or more tokens.
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Introduction to Petri Nets

Transition Node Behavior

1p p1 2t

A Transition node is ready to fire if and only if ...

... there is at least one token at each of its input places.

Tokens are removed from the input places (p1) and added to the output places (p2), i.e.,

1p p1 2t

– p. 76/114



Introduction to Petri Nets

Nondeterministic Execution

Petri nets have nondeterministic execution, i.e., when ...

... multiple transitions are enabled at the same time, any one of them may fire.

If a transition is enabled, it may fire, but it doesn’t have to.

Also, because multiple tokens may be present anywhere in the net (even in the same
place), Petri Nets are ...

... well suited for modeling the concurrent behavior of distributed systems.
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Introduction to Petri Nets

Trigger Mechanisms

There are four types of triggering mechanism for Petri Net actions (or tasks).

Time Triggered

Message Triggered

User Triggered

Automatic Triggered
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Properties of Petri Nets

Sequential Execution

3p p1 2t1 t 2 p

Transition t2 can fire only after the firing of t1. This imposes the precendence t2 after t1.

Synchronization

1t

Transition t1 will be enabled only when there is at least one token at each of the input
places.
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Properties of Petri Nets

Merging

1t1 t

Merging happens when tokens from several places arrive for service at the same
transition.

Concurrency

Transitions t1 and t2 can execute concurrently.

2

t1

t
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Properties of Petri Nets

Conflicts in Behavior

1t1

t2

t

t2

Transitions t1 and t2 are both ready to fire, but firing any leads to the disabling of the
other transitions.

Strategies to Resolve Conflicts

• May be resolved in a purely non-deterministic way or in a probabilistic way, by
assigning appropriate probabilities to the conflicting transitions.
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Introduction to Petri Nets

Summary. Types of Splits and Joins for Behavior Modeling

– p. 82/114



Simple Applications of Petri Nets

Example 1. A Restaurant Waiter Serves Two Customers
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Simple Applications of Petri Nets

Example 1. Continued ...

Scenario 1

• Waiter takes order from Customer 1.

• Waiter serves Customer 1.

• Waiter takes order from Customer 2.

• Waiter serves Customer 2.

Scenario 2

• Waiter takes order from Customer 1.

• Waiter takes order from Customer 2.

• Waiter serves Customer 2.

• Waiter serves Customer 1.

– p. 84/114



Simple Applications of Petri Nets

Example 1. A Restaurant Waiter Serves Two Customers
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Simple Applications of Petri Nets

Example 2. Buying a Snack Bar from a Vending Machine
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Simple Applications of Petri Nets

Example 2. Payment Scenarios

Scenario 1

• Deposit 5c, deposit 5c, deposit 5c, deposit 5c, take 20c snack bar.

Scenario 2

• Deposit 10c, deposit 5c, take 15c snack bar.

Scenario 3

• Deposit 5c, deposit 10c, deposit 5c, take 20c snack bar.
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Simple Applications of Petri Nets

Example 2. Continued ...
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Petri Net Extensions

Color Extension (for modeling data)

• In the basic petri net model, tokens are representations of objects (e.g., electrical
service).

• These tokens do not represent attributes of these objects.

If we wish to classify applications based on the voltage type, instead of adding additional
check steps in the process, we can ...

... use colors for tokens to differentiate between the two applications.

Transitions can check for these variations to move the token further in a particular path of
the process.

Time Extension (for modeling time)

• No system or process works instantly.

• A time extension allows for the temporal modeling of system behavior (durations and
delays) and processes.
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Petri Net Extensions

Hierarchy Extension (for simplifying complexity of larger processes)

• Organizing a system model into a hierarchy is the standard way of combating cluster
and confusion in larger system models.

• A subnet is an aggregate of a number of places, transitions and subsystems.

• At one level we want to give a simple description of the process (without having to
consider all the details).

• At another level we want to specify a more detailed behavior. The extension with
hierarchy allows for such an approach (2).
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Activity Diagram to Petri Net Transformation

Strengths and Weaknesses of Activity Diagrams

• Activity diagrams from UML/SysML provide all of the basic constructs (e.g.,
sequence, parallel path, iteration, fork decision) for workflow modeling.

• Unlike Petri Nets, Activity diagrams do not lend themselves to formal analysis of
workflows.

Solution

• Use activity diagrams for workflow modeling.

• Use petri nets for analysis (e.g., reachability, coverability, liveliness).

• Create activity diagram to Petri net mapping.

• PNML is the Petri Net Markup Language.
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Activity Diagram to Petri Net Transformation

Transformation of an Activity State to Petri Net Notation
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Activity Diagram to Petri Net Transformation

Transformation of an Activity Decision Node to Petri Net Notation
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Activity Diagram to Petri Net Transformation

Transformation of Activity Parallel Flows to Petri Net Para llel Flows
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Activity Diagrams and Petri Nets

A Side-by-Side Comparison of Features
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Part 6. Workflow Modeling with YASPER

Part 6. Workflow Modeling with YASPER
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YASPER Workflow Modeling Tool

The YASPER (Yet Another Smart Process EditoR) Workflow Modeling Tool supports ..

.. specification and execution of models of discrete-step processes.

Observations

• Process modeling must express concurrency and cooperation.

• Petri Nets are adequate, but need better support.

• Most processes are workflow nets, with fixed start points and end points.

High-Level Goals (Source: Van Hee et al.)

• Make workflows easy to simulate.

• Make Petri Nets more palatable (for industry).
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YASPER Workflow Modeling Tool

Basic Concepts

The basic concepts and approach are as follows:

1. A Yasper process model shows the steps of a process and the order dependencies
between them in one or more diagrams.

2. The diagram technique supports alternative and parallel paths, repetitions of steps,
and contention for resources between steps.

3. The diagram isn’t merely a sketch, but provides an exact formal specification of the
order dependencies; this allows simulation.

Thus, a simulation is ...

... an execution of consecutive process steps that satisfiesthe specification.
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YASPER Modes of Simulation

Manual Mode

• The user selects the next step to execute in the diagram, and

Automatic Mode

• The choice of steps is randomized.

• Yasper produces an aggregated report with relevant statistics.
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Graphical Notation

Basic Petri Net Elements
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Graphical Notation

General Purpose Extensions
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Graphical Notation

Extensions for Automatic Simulation
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Simple Process Model with YASPER

A Simple Workflow

A simple workflow, with a start (E) and end (C) and transitions with time (indicated by the
circles).
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Simple Process Model with YASPER

Add Properties for Task Route 1

Roles (not shown in the diagram) can be assigned to the transitions.
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Simple Process Model with YASPER

Manual Execution

Manual execution, i.e., stepwise execution of the process in the diagram.
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Simple Process Model with YASPER

Automated Execution

Automatic execution, i.e., randomized execution of the process displayed in a tabular
format.
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Simple Process Model with YASPER

Drag-and-Drop Editor Support

Edit model with drag-and-drop or by right-clicking on elements.
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Simple Process Model with YASPER

Invoke Editor Operations from the Toolbar

Edit operations can be invoked from the toolbar or the Edit menu.
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Modeling Organizational Processes with YASPER

Problem Statement for Business Process Modeling(Zia, 2009)

The following figures are screendumps from a typical workflow analysis conducted with
YASPER.

• Petri net models are described by means of transitions (steps in the process) and
places (conditions that hold before and after steps).

• After the problem parameters have been set, the model is run to see how long it takes
to process a batch of (say 20) applications.

YASPER will compute ...

... the required run time, plus the time needed to wait for further work.

This can lead to identification of bottlenecks in the workflow processing. The standard
strategy for removing bottlenecks is to adjust the attribute values of task capabilities
(e.g., the resources available to handle the task) and the control logic for how data
moves through the workflow graph.
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Modeling Organizational Processes with YASPER

Shortest Pathway in an Organizational Workflow Process Model
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Modeling Organizational Processes with YASPER

Identification of a Performance Bottleneck in a Workflow Process Model
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Software

Petri Net Software

• Petri Net Tools and Software, Hamburg, Germany. See
http://www.informatik.uni-hamburg.de/TGI/PetriNets/tools/

• Romeo, A Tool for Timed Petri Net Analysis. MS Windows Binaries are available. See
http://romeo.rts-software.org/

• CPN (Colored Petri Net) Tools from Aarhus University. Implemented in Java 6. See
http://cpntools.org.

Workflow Modeling Software

• YASPER (Yet Another Smart Process EditoR): Implemented for .NET. See
http://www.yasper.org.
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