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Abstract: Modeling and simulation techniques are
becoming an important research method for
investigating operational and organizational systems.
Many literatures report different aspects and views of
modeling and simulation but thereislittleliteraturethat
coversafull cycleof modeling and simulation, including
both model design & development and model
verification & validation, for use in industrial product
development systems. This paper introduces modeling
and simulation concepts, methods and tools, and
discusses approaches that can be used for model
verification and validation. A modeling and simulation
procedure, designed for use in understanding industrial
product development systems, is introduced that
accommodates both model creation and verification &
validation. The overall goal of the research isto bridge
the gap between model design & development and model
verification & validation in a modeling and simulation
procedure which, as a whole, is essential for the
application of modeling and simulation techniques to
under stand any real-world system.

Keywords. Modeling and Simulation, Modeling and
Simulation Procedure, Model Verification and
Validation, Agent-Based Simulation (ABS), Discrete-
Event Simulation (DES)

1. BACKGROUND

Modeling and simulation techniques are being widely

simulation (DES) method [5], and Macal and North
proposed an agent-based simulation (ABS) tutorial [4]
Siebers et. al. presented advantages and disadvantages
between DES and ABSSargent considered different
approaches for simulation model verification and validation
[7], Hughes et. al. reported modeling and simulation
applicationgo organizational systemf8], and Abar et. al.
provided a review of agent-based simulation methods and
development [9].

Many researchers worlon modeling and simulation
methods, procedures, strategies and applications in different
scientific research areas. However, there is little literature
that covers a full cycle of modeling and simulation,
including both model design & development and model
verification & validation, for use in industrial product
development systems. As a result, it can be difficult for
practitioners to determine the validity of given simulation
models and so the reliability of results from simulation
experiments.

This paper introduces a procedure (see Section 5) that
covers a full cycle of modeling and simulation, including
both model design & development and model verification &
validation, for use in industrial product development
systems. The procedure was evaluated through application
to a real-world new product development process case study
as part of a PhD research project [48]. The procedure is
based on modeling and simulation concepts discussed in
Section 2; and modeling and simulation domains and
methods that are introduced in Sections 3 and 4 respectively.
Section 6 considers model verification and validation
methods in more details and Section 7 concludes the paper.

applied in organizational and operational systems, in2 MODEL ING AND SIMULATION CONCEPTS
addition to their success in physical system design,”

manufacture, analysis and improvementodeling and

Two definitions of modeling and simulation were used as

simulation involves a process of designing a model of a reathe basis of this workModeling and simulatiois defined
world or anticipated system such as a design concept, thedy Bratley et. alasa process of driving a model of a system
conducting experiments with the model for the purposes oWith suitable inputs and observing the correspondingly
understanding the performance of the system undefutputs [10] and by Shannon as the process of designing a
different operating conditions and evaluating alternativemodel of a conceptual system and using it to conduct
management strategies and decision-making processes [@xperiments for the purpose of understanding the

2]. Modeling and simulation technology is increasingly Performance of the system and/or evaluating alternative
considered to be a third scientific research methodology, ifmanagement strategies and decision-making processes
addition to the traditional deductive and inductive using simulation results [1, 2]

approaches [3, 4]. The purpose of modeling and simulation inclide
Many researchers have contributéd modeling and Performance assessmenproof, prediction, discovery,
simulation technologies. For exampl8hannon gave a training, entertainment and education .[3$imulation
definition of simulation and predictive modelinfi], techniques are appligd various research fields including
Klingstam and Gullander introduced the discrete-evencomputer systems, manufacturing processes, societal
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systems, business organizations, government systemagdditional time resources for design iteration across
ecology environment systems, and other complex processelkfferent stages in the process with a view to identifying
and systems [1, 2Modeling and simulation methods have improved management strategies, with an overall goal to
also been applied to interdisciplinary research fields such ashorten product development duration and so improve
design system decision-making mechanisms [11, th2] time-to-market performance. The focus of the rest of this
management of integrated product teams [13], new produgtaper is on process and system modeling and simulation.

development processes [14, 15, ,18hd organizational
management [8]Application of modeling and simulation
methods to understand the performance of complex socid
technical systems is becoming a promising research area |
8].

3.MODELING AND SIMULATION DOMAINS

In engineering, modeling and simulation techniques aré
applied to two distinct types of system physical
mechanisms whose performance is governed by the laws of

physics and process-based systems whose performance are

Priliminary Desian

Fig. 2 Process and system simulation

governed by human, group and organizational behavio

3.1. Mechanism Simulation

4. MODELING AND SIMULATION METHODS
Two common simulation methods applied in operation

management systems are agent-based simulation (ABS) [6]
and discrete-event simulation (DES) [22]. These can be used
{51 conjunction with other simulation methods such as
mathematical simulation and Monte Carlo simulation.

Mechanism simulation relates to the simulation of physical
systems, through which movememtegree of freedoms
(DOFs) velocities and component stresses can be simulate
and analyzed for whole machine optimizatidfig. 1
displays an example kinematic simulation of 3D CAD 4.1. Agent-Based Simulation (ABS)

model. Agent-based simulation (ABS) is a fast-developing
modeling and simulation method [9, 23, 24, 25] that can be
used to model and simulate industrial process and complex
scientific systems [26, 27]. Agent-based simulation builds
up its models using a bottom-up architecture [4, 23]. It
comprises a series of autonomous agents that act and
interact with each other complying with defined simulation
specifications in a simulation world. Key characteristics of
agent-based simulation are as follows [15; 23]

¢ bottom-up modeling architecture;

e focus on modeling individual agents and interactions
between them;

a decentralized simulation model architecture, i.e.,
each agent has its own thread of control;

The modeled system performance is not defined in the
simulation model but emerges from the autonomous
agent’ actions, interactions and decision-makings;
queueing issues are not defined;

model inputs are often based on theories and subjective
datarelated to the agents’ behaviors; and

Fig. 1 Mechanism simulation d

Fig. 1 shows an assembly afspatial linkage mechanism
that includes different mechanical parts. Simulation °
purposes are specified, for example, to examine whether it
can produce three spatial degrees of freedoms (DOFs), and
the strength of the materiassufficient when external force ~ *
applies.

3.2. Processand System Simulation .

Process and system simulation relates to the simulation of
different organizational and operatasystemsincluding

individual agents can use their own initiative and make
decisions that influence the behavior of the overall
system.

but not limited to manufacturing syste [17], industrial

Within agent-based simulation models, autonomous agents

production proces business service systems, &mplex
problem-solving process [18pusiness organizations [19]
souo-teghmcal systems [8], humalj systems ,[20d individual agent’s actions and behaviors influence and
automotive assembly systems [21]. Fig. 2 gives an exampl@atermine macro-level system performance which, as a

of anew product development process simulation case St“d\}(/hole can be observed and analyzed by users of the
conducted by the authors. simulation model 23]

In F('jg' 2,dthe IS|muIat|on modes %ev‘?'of’e(f tofm|m|c aknew Agent-based simulation is becoming an important problem-
product development process that includes four work teamsy\ing approach for many situations where overall system
i.e. prellmlnary design, deta_ll des_lgn, manufacturing andbehaviors emerge from micro-level behasif9, 27, 28]

service. The purpose of the simulatieas to understand the a0 ore many for agent-based simulation software tools,

operatioml proceses and find out which teams consume gach gyited to particular kinds of application. Agent-based

act and interact with each other complying with defined
simulation rules in a simulation worldMicro-level
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simulation tools include, but are not limited to: NetLogo,
Spread sheet, Repast, Starlogo, Swarm,

Introduction to Modeling and Simulation Techniques

MatlabSeila proposed another modeling and simulation pce

Mathematica, Anylogicard others [6, 8, 9, 23, 26, 29, 30]. [33], which includes thirteen eys:

4.2. Discrete-Event Simulation (DES)

Discrete-event simulation (DES) is a more mature
simulation method than agent-based simulation. [6]
Discrete-event simulation is one wiybuild up models in

a top-down architecture and observe time-based behaviors®
within a system. Formal methods have been developed toe
construct discrete event simulation models and ensure thate
the models are credible [6pArena and Witness are two e
examples of discrete-event simulation tools [5, 31].Primary e
characteristics of discrete-event simulation are as follows

Problem Statement and Objectives

Systems Analysis

Analysis of Input Distribution

Model Building

Design and Coding of the Simulation Program
Verification of the Simulation Program

Output Data Analysis Design

Validation of the Model

Experimental Design

Making Production Runs

[6]: e Statistical Analysis of Data
e top-down modeling approach; e Implementation
e focus on modeling overall system proaesia detail;  Final Documentation

e a centralized simulation system architecture, ice.,
given simulation has one thread of control;

e the modeled system performance is related to th
defined system process;

5.2. Modeling and Simulation Procedure

Fig. 3shows a simulation procedure designed by the authors,

%o guide research activities and experimenia rieal-world

. . . . .. problem solving case study. The process was evaluated

* the identification of queues a key consideration in ;4 application to a case study where the research intent
overall_system performance; o was to explore the time-related performarafea new

e model inputs are often based on objective data, €.9nroquct development process, with a view to identifying
that has been collected from the system that is beingine resource used by work teams in the process and
modeled; and _ proposing improved management strategies that would

* Entities in the simulation model are process stepSeduce product development cycle times. The thirteen-step

related to other steps but with no capacity to actprgcedure, shown in Fig, and each step is described in the
independently; the performance of the overall systememainder of this section.

depends on relationships between process steps.
| 1. Define I

Research Problem

5.MODELING AND SIMULATION
PROCEDURES

Modeling and simulation procedures guides modeling anc g : 3
simulation activities, including creating a problem —-[5'59’;“3;1’2:'“'““]-—[ ABulld Uy ]-—-[3'“"”*““‘“’&

t X Conceptual Model Information
statement, conceptual model development, simulatior
6. Choose
7. Develop
Simulation Model

model construction, and model verification & validation.
[ 8. Conduct Verification Experiments ]

Specific procedures used to simulate real-world problems
N°/\N°

2. Specify Purpose

]._

problem statement, purpose of simulation experiments
experimenters’ preferences, and limitation of the simulation
technologies that are used.

may vary for a range of reasgrmich as differences in
Yes

5.1. Modeling and Simulation Processes

Contributions to modeling and simulation process
development include [1, 28, 32, 33]. For example,
Shannon’s simulation procedure includes the following

[10. Conduct Validation Experiments]

No A Na
11. Validated?

steps [1] e
. [ 12. Simulation Experiments ]
e System Definition T
° Model Formulation [ 13. Documentation ]
e Data Preparation Fig. 3 Modeling and simulation procedure
* \I\;l old del tTransIat|on 1. Defineresearch problem: research interests from case
¢ aliaa |pn ) study owners are elaborated, the real-world problem is
* Strategic Planning identified, and expectationsf the research outcomes
e Tactical Planning are agreed.
* Experimentation 2. Specify purpose: the purpose of the simulation
e Interpretation experiments, in the form odin aim & objectives, is
e Implementation specified.
e Documentation
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10.

11.

12.

13.

Introduction to Modeling and Simulation Techniques

Collect data & information: the data and information enhances confidence for users applying the model to
needed for the definition of both conceptual and solve the real-world problems. In the case study used to
simulation models is specified and collected as input  evaluate this process, a user manual for operating the
data for the simulation experiment. It should be noted  simulation model was developed.

that this is typically an iterative negotiation process

between the research team and case study owne& MODEL VERIFICATION AND VALIDATION

becausg the necessary data. needg 'to exist in athe purpose of model verification and validation is to make

appropriate form_and be accgsmble. Ifitis not then €a5he simulation model meaningfuh a real-world context.

st:\goov;ngritrg grijggrlge\tmth the research team tOFor this reasonthe modeling and simulation procedure
pasy ' includes model verification and validation, in addition to

Bu[ld up conceptual mpdel: a conceptuqll model is model design and developmehig. 3 gives an example of
defined and built up with respect to specified researchfu” vision of a model verification and validation

purpose using data and information collected, in order___, . e S e
. . architecture Model verification and validation activities
to represent relationships that are relevant to the L . : .
include validation of the simulation model with respect to
research problem. the real-world situation and the conceptual model
Select smulation method: a modeling and simulation '

method is selected to represent the defined researdfill. Modd Verification and Validation Concepts

problem. Selection of the simulation method includes),qqe verification concerns the identification and removal
consideration of both suitability and feasibility. of errors in the simulation model by comparing simulation
Choose simulation tool: the software todh which the reqyits from the model to analytical solutions from the real-
simulation model will be implemented is selected. This\yqrig situation [34] In this way the model verification
selection process includes consideration of both toobrocess deals with the mathematicelationships and
availability and adaptability. simulation specifications associated with the model [35, 36]
Develop smulation model: a computer-based yodel verification ensures that the model is as complete and
simulation model of the conceptual model is developedygrect as is necessary to give a sufficiently accurate
using the selected simulation method and tool. representation of the real-world situation [37,.38] this
Conduct  verification ~experiments: verification 5y ‘model validation ensures that the simulation model is
experiments are conducted with the simulation model,,caful  for real-world problem-solving  [35] Model

with a focus on checking whether the simulation model,,jigation processs are concered with quantifying the
gives reliable and anticipated outputs for given inputSyccyracy of the model by comparing simulation results to
in scenarios with which the case study owners argyperimental or operational outcomes in the real world [36]
familiar. Contribubrs to model verification and validation

Verify the smulation model: simulation results from knowledge domains include [7, 39, 40, 41, 42, 43, 44, 45]
verification experiments are reviewed; the simulation T

model and results are verified against specified6.2. Verification and Validation Architecture
verification methods and indicators. If necessary, stepsig. 4 illustrates a model verification and validation
3,4,5,6, 7 and 8 may be revisited. By addressingarchitecture for the implementation of relevant activities in

comments, feedbacks, and suggestions from differenfig, 3.
RESEARCH
PROBLEM

perspectives, the simulation model is improved and

upgraded for the next stage.

Conduct validation experiments.  validation

experiments are conducted using revised simulation

model. Validation experiments are to check whether the St
simulation model possesses sufficient accuracy to Model
represent and then address the research problem, with Validation
respect to the specified research purpose.

Validate the simulation model: results from the
validation experiments are validated against specified
validation methods and indicators. If necessary, earlier
steps may be revisited.

Simulation experiments. simulation experiments are
conducted to simulate real-world operational scenarios.
Simulation results are analyzed and discussed. Potential
management solutions are considered to address the
specified research problems.

Documentation:  instructions and  documents
supporting the simulation model and simulation The oblongs in Fig. 4 represent outcomes from three
experiments are deve|0ped' e.g. how to Operate th@rimary StepS in Flg 3: the definition of the research
simulation model, how to set input data values, and howproblem from the research problem definition (Stepttig

to analyze model results. This step is necessary for othetonceptual model (from Step 4) and the simulation model
users or clients to understand, modify, or further(from Step 7)

improve the simulation model if necessary. It also

Conceptual
Mode
Verification

Data
Validity

SIMULATION CONCEPTUAL
MODEL MODEL

Simulation
Model
Verification

Fig. 4 Model verification and validation architecture
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As shown in Fig. 4, three verification and validation Different model verification and validation methods have
activities are needeéirstly, conceptual model verification different advantages and limitations, which means, again,
ersures that the conceptual model is an accuratéhat different methodare suitable for different real-world
representation of the research problem in real-worldproblem situations and research purposes. Regarding model
situation Secondly, simulation model verification ensures verification and validation method selection, more
that the computer-based simulation model is a sufficientlyinformation can be found in publicationsedtabove.

accurate implementation of the concept model. And finally,

simulation model validation conducts a series of simulation7. CONCL USIONS

experiments which focus on checking the madel

efficiency and accuracy with respect to specific researctMOde“ng and S'PTUIat;?n ftechnlqugs are becomlngl an
purposeIn addition, at the ceat of the diagram in Figd, Important research method for investigating operational and

all data used in all aspects of both model design gorganizational systems. Existing literatures report different
development and model verification & validation needs toviews and aspestof modeling and simulation techniques
bevalidated. with specified interests, but there is limited literature that

6.3. Model Verification and Validation Strategies presents a fl.J” vision of _mod<_al|ng a|_1d S|mu_lat|on n a
procedure suitable for engineering design applicatidhe

Researchers have developed different model verification,sntrinution of this paper is to bridge the gap between model
and validation strategies with their experience in e|therdesign and development, and model verification and

academic research or industry. Contributions to this _. =~ . - . : )
knowledge domain include [7, 36, 39, 41, 46, 47]. There aré/ahdatlon by providing such a modeling and simulation

four primary strategies used to verify and Va”dateprocedur.e. ) .
simulation models [7] A modeling and simulation procedure was demonstrated

with focus on a real-world problem-solving case study Th
* Self-Validation: The simulation model development nrqcedure accommodates model verification & validation
team itself makes the decision as to whether &, ities into model design & development process which,
S|mulat.|on _quel IS V’C.l“d or.not; : as a whole, forms a full cycle of modeling and simulation.
¢ Co—Vahdatpn. The simulation team |nvol\{es model This paper discussed modeling and simulation concepts,
users Wlthln model Qeyelopment process; the modeld i hod q T dell
validation process is integrated withthe model omains, methods and processes. Two common modeling

development process; and simulation methods were discussed, i.e. agent-based

o Independent Validation: An independent third party simulation (ABS) and discrete-event simulation (DHS)

is employed to decide whether a simulation model isaddition, model verification and validation concepts,
valid or not; and strategies and methods were evaluated. The research is

e Scoring Validation: A scoring model is used to expectedto be helpful for researchers and practitioners
determine whether a simulation model is valid or not. working in modeling and simulation fiedd

Each strategy has distinct features which means that
different strategies are suitable for different real-world
situations and simulation purposes. Detailed explanation oACK NOWLEDGEMENTS

m<f)del verif:_catign gnd validation strategies is available intpg research is supported by China 13th Five-Year National
references listed above. Key Research and Development Plan (Project No.:
6.4. Model Verification and Validation M ethods 2017YFD0701102-1). The work reported in this paper was
There are many model verification and validation methods‘éirt o{Na CF;hD prgject tha(; was co-supervised by Professor
developed for specific simulation situatio@ontributions ris W. Clegg (deceased).
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