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Abstract: Model verification and validation is an
essential part of any modeling and simulation process.
Many literatures report mode verification and
validation strategies and methods in a theoretical
framework, but there is limited literature on the
application of such strategies and methodsto real-world
simulation problems such as manufacturing operation
system simulation. This research aimed to bridge the
gap for a simulation case study from a large UK -based
manufacturing company. This paper demonstrates
model design and validation processes using a
manufacturing case study, explains model verification
and validation concepts, and demonstrates the
application of a model verification and validation
architecture. The emphasis of this paper is on model
verification and validation strategies and methods. An
example application of such strategies and methods to
the verification and validation of a manufacturing
operation system simulation case study is presented.

Keywords: Modd Verification and Validation,

Verification and Validation Strategies, Verification and
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1.INTRODUCTION

application of such strategies and methods for model
verification and validationin real-world simulation
problems. It is extremely important for modelers to
incorporate appropriate model verification and validation
strategies and methods modeldevelopment process in a
systematic manner.

This paper presentm application of distinct strategies and
methods to model verification and validation process

part of simulation project based on a manufacturing
operation system case study [21]. The case study came from
a large UK-based manufacturing company. The research
aim was to bridge the gap between model verification and
validation theoretical research and simulation problem-
solving practice.

The rest of the paper is structured in the following way.
Section 2 introduces simulation case study, Section 3
demonstrates model design and validation processes with
respect to the case study, and Section 4 discusses model
verification and validation concepts. On this basis, Section
5introduces a model verification and validation architecture
and Applications of different verification and validation
strategies and methods to each stage of the simulation case
study are shown in Sections 6 and 7 respectively and Section
8 concludes the paper.

2.MODEL VERIFICATION AND VALIDATION
CASE STUDY

Model verification and validation is an essential part of A manufacturing operation system case study from a large
simulation model development, and is normally carried outYK-based manufacturing company was used in the research.
in parallel with the model desigprocess. It is relatively The aim of the simulation case study was to develop a
straight forward to implement a simulation model, but morecomputer-based  simulation model representing the
difficult to ensure that it is a useful model for real-world manufacturing operation system, and examine the system

problem-solving Model verification and validatioersures ~ Performance under a range of different operating conditions.
that a simulation model is useful for spemifiresearch ~ The case study system involves a series of work teams that

problems in a real-world scenario. are allocated to different stages in a new product
Model verification and validation cannot guarantee that adevelopment process, e.g. preliminary design, detail design,
model is 100% complete and correct for all possible manufacture and service. Fig. 1 gives the structure of the
applications [1, 2, 3, 4However model verification and ~ case study development process.

validation can provide evidence that a given model is

accurate (within._an accuracy range) to represent an _'_'_’
understand specific research probleisdel verification

and validation processes are complete when the required rig 1 Manufacturing operation system case study structure
accuracy is achied|[2, 3, 5, 6]. ] ) ] .
There are many existing literatures reporting differentThe simulation case study arose from working with
aspects and views of model verification and validation€ngineering teams in the company where researchers
processs strategies and methods [2, 3, 5, 6, 7, 8, 9, 10, 110bserved time resources consumed by additional reiwork
12, 13] However, there is limited literature on the particular teams significantly influenced the operational
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performance of the whole systeWith a view to improving  were employed to ensutteatthe concept model represented
efficiency and product competitiveness, an opportunity washe research problems with sufficient accuracy.
identified to apply modeling and simulation techniques toAt the simulation model development stage, the concept
the manufacturing operation system. The ultimate goal ofmodel was implemented using a computer-based simulation
the researchwas to explore effective and efficient model. A series of model verification strategies and methods
management strategies with aim to improve thewere employed tersure the simulation model represented
manufacturing operation system performance. the concept model with sufficient accuracy. In addition, the
Fig. 2 shows the three primary phases in the prosss$to  simulation model was validated with respect to the
carry out the simulation case study. Firstly, simulationsimulation problems by applying appropriate validation
problems were identified with focus on research interests strategies and methods.
of owners of the manufacturing operation system case studVhis paper focusson the model validation process in Fig.
secondly, a conceptual modeas built up to represent the 3, which includes three verification and validation phases
simulation problem using data collected from the case studgoncept model verification with respect to the simulation
owners; and finally, a simulation modebs developed as problems, simulation model verification with respect to the
an implementation of the conceptual model. concept model, and simulation model validation with
respect to the simulation problems. Different verification

simulation Probloms W Concept Model W - Simulation Model and validation strategies and methods and their applications
BEITEED ETihg Dvellepmen to the case study problem-solving are introduced in the

Fig. 2 Simulation case study model verification and validation following sections.
As discussed in Section 1, all phases in the process e&f.INTRODUCTION TO MODEL
simulation model development need to be verified andVERIFICATION AND VALIDATION
validated. That is, the conceptual model needs to b
validated with respecto the simulation problems, the
simulation model needs to be validated with resfebbth
the conceptual model and the simulation problem. This wa
done by conducting a series of simulation experiments an
comparing the simulation results from the model with real-
world operational situations.

%t is relatively straight forward to implement a simulation
model but more challenging to ensure that the model is a
gneaningful representation ofa real-world problem
Snvironment. Model verification and validation proasss
ensure that a simulation model makes sense for specific
research purposesModel verification and validation
involves a series of strategies, methods and activities that
3 MODEL DESIGN AND VAL |DATION gdr:eéaltlj)gvirlipa::elmepgrgegirt of the simulation model design
PROCESSES Model verification deals with the identification and removal
As introduced in Section 2, Fig. 3 shows a full cycle of theof errors in the model by comparing simulation model
model design and validation processes for the simulatiomutcomes to practical solutions from the real-world situation
case study. It includes three research stages: simulatidd4]. For this reasonthe purpose of model verification
problems definition, concept model building, and processes, which deal with logical relationships within and
simulation model development. It also includes two reversesimulation specifications associated with the model [6, 7]
research processes: model design process and modein be seen as being to ensure the simulation model is
validation process. complete and correct [8, 9Dn the other hand, model
validation determiashow accurate the simulation model is
as a representation of a real-world system for the simulation
purpose. [6, 7]Model validation process quantify the
accuracy of the model by comparing simulation results to
experimental or operational outconjés8, 9}

Contributions to model verification and validation
knowledge domains include [2, 3, 5, 10, 11, 12, 13, 15].

model design process

design strategies

verification
strategies &
methods

verification
strategies &
methods

5.MODEL VERIFICATION AND VALIDATION
ARCHITECTURE

Fig. 4 shows a model verification and validation architecture
[5] that was used to implement the model validation process
At the simulation problem definition stage, the case studyin the simulation case study in Fig. 2.

manufacturing operation system was analyzed and formallyrhree model verification and validation phases are shown
defined with respect ta specified simulation purpose. By Firstly, conceptual model verificatioernsures that the
doing this, the simulation problems were identified andconceptual model is an accurate representation of the
informed subsequent research activities. simulation problems identified in the real-world system
At the concept model building stage, a concept ma@dsl  Secondly, simulation model verification ensures that the
built up to represent the simulation problems andcomputer-based simulation model possesses sufficient
demonstrate logical relationships in the case study systenaccuracy to represent the conceptual model. And finally,
At the same time, model verification strategies and methodsimulation model validation entails a series of simulation
experiments which focus on confirming the modsel

< validation strategies & methods |

model validation process

Fig. 3 Model design and validation process
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accuracy, effectiveness and efficiency to understand th
real-world problemsn addition, all data involveth model
verification and validation process itself needs to be

validated.
SIMULATION
PROBLEMS

Simulation Model
Validation

Concept Model
Verification

Data
alidation

SIMULATION CONCEPT
MODEL MODEL

Simulation Model
Verification

Fig. 4 Model verification and validation architecture

6. APPLICATION MODEL VERIFICATION
AND VALIDATION STRATEGIESIN
SIMULATION CASE STUDY

Researchers have develombstinct model verification and
validation strategies with their experience in either

e, [model model user orithe independejmodel
% development [clients third party development
% team itself team itself
o
the model the model usea third party |scores are
development |is heavily (independent (determined
s team itself  |incorporated [from both considering
= [makes the  \within the model \various
% decision that [model development |aspects of th
g whether the (development team and modivalidation
©

model is valid
or not.

and validation
process.

users) decides
whether the
model is valid.

process.

this is a the validation |independent [the validatior
subjective activity is assessment isresult may bg
decision. It hajconducted by [conducted by |influenced by
its own both model |an independensubjective
£ ladvantages (development [third party. nature of the
g since the team and the |model method. ove
£ [model model users. |development [confidence
8 [development this method [time and budgffor a higher
team itself  |shortens modgsignificantly  [score may
possesses beidevelopment |increase. mislead the
understandingcycles. model users.

of the model.

Each verification and validation strategy has distinct
features which means that different strategirssuitable

for different real-world model validation situations. The
four strategies are further explained in the remainder of this

academic research or industrial practice. Contributions tGection.
this knowledge domain include [2, 3, 5, 6, 16, 17]. There areThe Self-Validation strategy tend to besd in real-world

four primary verification and validation strategies used in
model validation process|[5].

e Self-Validation: The simulation model development

team itself makes the decision as to whether a

simulation model is valid or not.
Co-Validation: The simulation team involves model

users within the model development process; the mode

validation process is integrated with the model
development process.

Independent Validation: An independent third party
decides whether a simulation model is valid or not.
Scoring Validation: A scoring model is used to
determine whether a simulation model is valid or not.

6.1. Model Verification and Validation Strategies
Characteristics

modeling and simulatignwhere the modeler(s) decide
whether the simulation model is valid or not, based on
results from a series of simulation experiments under
various operating scenarickhe advantagef applying ths
strategy is that the modeler possesses a better understanding
of the model quality and limitations than others. On the
ther hand, the disadvantage is that the model validation
esult is vulnerable tenodeler’s subjective judgment. As a
result, self-validation may produce a subjective decisian [5]
However, it is still broadly appdin practice.

The Co-Validation strategy involves simulation model
sponsor(s) within the model validation process. The
sponsor(s) are members of the team carrying out model
validation activities and making decisions. This strategy
enables both model design and model validaiqoroceed

in parallel, which produces potential advanstpereduce
model development cycle. In addition, the responsibility of

Key characteristics of verification and validation strategiesgetermining whether a simulation model is valid or not is
are summarized in Table 1 in terms of what the procesgnoved to the model sponsor(s) party by using this strategy.

involves and to roles of the people involved.

Table 1 Model verification and validation strategies

independent scoring
self-validation| co-validation | validation validation
_ [simulation both model [an independerjsimulation
g model development (third party model
2 development team and development
< team project team
8 owner(s)
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Co-validation strategies shorten model development time,
save costs, and increase model reliability as a result [5].
The Independent Validation strategy is conducted by an
independent third party. Independent validation strategies
ensures high credibility of model validation process and
results. A prerequisite is that the third party has to
understand the simulation purpose and the modeling process
which can mean that independent validation cannot start
until the model design process is completed. As a result, this
validation strategy can consume a significant amount of
additional time and budget. Independent validation
strategies are best seitto large-scale, long-term, high-
budget, and high-credibility model validation projects [18].
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The Saoring Validation strategy considers different 6.3. Summary

perspectives when users run the model.[T®ie scoring  This section discussed four model verification and
model is designed, conducted, and analyzed by thggjidation strategies: self-validation, co-validation,
modekr(s) themselves. Given that model users are typicallyindependent validation and scoring validation. The
not involved in the process, the scoring validation method igharacteristics of each strategy were analyzed and discussed
vulnerable to subjective validation judgment and, for thiSThe model verification and validation strategies agupto
reason, is not often used in practice [5]. In addition, there ighe simulation case study were then discusseslimmary,
limited guidance in the literature on how to go about theihe co-validation strategywas used for concept model

design and development of suitable scoring models. verification and validation of the simulation model with
6.2. Application of Verification and Validation respect to the real-world problem, and self-validatias
Strategiesin Simulation Case Study used to verify the simulation model with respect to the

Based on the characteristics efch verification and concept model.

validation strategy, Fig. 5 shows the different verification
and validation strategies that we used in the simulation cas
study.

.APPLICATION OF MODEL VERIFICATION

ND VALIDATIONMETHODSINTHE
SIMULATION CASE STUDY

SIMULATION

PROBLEMS There are many model verification and validation methods
developed for specific research interegentributions to
model verification and validation methods development
include [2, 3, 5, 10, 11, 12, 13, 15The following are
different kinds of model verification and validation methods.

Co-Validation Strategy Co-Validation Strategy
for for
Simulation Model Validation Concept Model Verification

Animation Validation

Model to Model Validation
Event Validation

Extreme Condition Validation
Face Validation

Historical Data Validation
Operational Graphics Validation
Sensitivity Analysis Validation
Predictive Validation

Traces Validation

Turing Test Validation
Fig. 5 Application model verification and validation strategies . L
o o _ 7.1. Model Verification and Validation M ethods
As shown in Fig. bthe Co-Validation strategwas applied  characteristics

to verify the co.nceptgql mo del with resp(_ect tothe SlmulatlonEach validation method hafistinct characteristics which
problems. This verification process involved both the . ; - .
ake them suitable for different real-world simulation

modeler and case study owners. The main reason for usi e o -
; . 1 . : rposes and validation criteria. Key characteristics of the
this strategy was that it capitalized on the wide experienc e s ; .
model verification and validation methods are described in

and expertise of the case study owners. In doing so, tht%e remainder of this section
model development timeas shortened, and future risk '

were significantly reduced. Animation Validation: Simulation model operational
The Self-Validation strategywas selected for the behavior of each element is graphically displayed as the
verification of the simulation model with respect to the model runs over time.

concept model. The modeler himselés responsible for Model to Model Validation: Outcomes of a simulation
this verification process. Considerations for this selectionrmodel being validated are compared with outcomes from
were that the modeler possessed the best understanding afother valid model, related to the same simulation
the simulation model design and programming code, so wagroblems.

able to use his judgement and reduce overall modelEvent Validation: Event occurrencein the simulation
development time and cost. model are compared to those of the real-world system to
The Co-Validation strategywas used to validate the determine how similar they are.

simulation model with respect to the case study problemsExtreme Condition Validation: The simulation model

A series of simulation experiments were carried out andarchitecture and outputs are tested using extreme and
results were reviewed by the modeler and case study awnetsilikely combinations in the real-world.

The modeler continuously improved the modetil the Face Validation: Asking knowledgeable professionals
case study owners were satisfied with the simulation modehbout the system and whether the simulation model and its
performance and experimahtresults. In doing this, the behaviors are reasonable.

simulation model was able to accubgteepresent the Historical Data Validation: If historical data exists, some
identified simulation problems and provide a reliable basisof the datais used to build the simulation model and the
for problem solving in the real-world situation.

SIMULATION CONCEPT
MODEL MODEL

Self-Validation Strategy
for
Simulation Model Verification
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remaining datais used to determine whether the model development and verification of the concept moddiich
performs as the system does. reduces modeling time and increases model reliability.
Operational Graphics Validation: Observing entities  Both Sensitivity Analysis and Animation methods were
operational curves in simulation outputs, to determineemployed in the verification of the simulation model with
whether the model performance is reasonable with respecespect to the concept model. Model verification activities
to the real-world scenario. were carried out by the modeler himself. To apply the
Sengitivity Analysis Validation: This method consists of sensitivity analysis validation method, the modeler design
changing the values of the input data and parameters of @and conduad a series of sensitivity experiments and
simulation model to determine the effect upon theanalyzed model results. The simulation modebs
performance of the model and its output. The samemproved and modified until the simulation model
relationship should occur in the simulation model as in theaccurately represented the concept model. The research
real-world system. used agent-based simulation (ABS) NetLogo as the
Predictive Validation: The simulation model is used to simulation tool. NetLogo includes a simulation world where
predict the system performance, and comparisons are ma@itonomous agents act and interact with each offer.
between the performance produced from the system and tHeature of the NetLogo tool enabled applicatioof
forecast from the model, in order to determine if they are theanimation validation method in the simulation model
same or similar enough. verification process [20].

Traces Validation: The behaviors of different types of Face-Validation methodvas employed for simulation
specific entities in the simulation model are traced throughmodel validation with respedb the real-world problem

the simulation model operation to determine whether thelThe validation team involved both modeler and case study
model’s logic is correct and the necessary accuracy is owners. Firstly, the case study owners designed a series of
obtained. simulation questions that would be addressed by operating
Turing Test Validation: Individuals who are the simulation model. The modeler then designed a series of
knowledgeable about the real-world operaticsystem are  simulation experiments to provide answers to these
asked whether they can discriminate between outputs fromquestions. Both modeler and case study owners conducted
the real-world system and the simulation model. simulation experiments and analyzed simulation results
from the simulation modelModel improvements and
modifications continued until the case study owngese
satisfied with the simulation model results.

7.2. Application Verification and Validation Methods in
Simulation Case Study

Fig. 6 shows applications of model verification and
validation methods in the simulation case study.

SIMULATION
PROBLEMS

7.3. Summary

This section discussed a series of model verification and
validation methods and their key characteristics that were
applied to the simulation case study. In summary, the face
validation method was used for concept model verification

e i VI with respect to the simulation problem, both sensitivity
by by analysis and animation methods were employed for
Co-Validation Strategy Co-Validation Strategy . . . . .
for for simulation model verification with respeti the concept
Simulation Model Validation Concept Model Verification mOdel, and the face validation method was applled for

validation of the simulation model with respect to the case
study problem

8. CONCLUSIONS

MODEL
Model verification and validation is an essential aspect of
the model development process. Many literatures report
A"imation\fa":aﬁon Methods model verification and validation concepts, policies,
Self-Validation Strategy strategies and methods, but there is little on applications of
Smulation Mot Verification such strategies and methotls real-world engineering
simulations problems such as design and manufacturing
Fig. 6 Application model verification and validation methods ~ This research bridged the gap between model verification
and validation theory and practice in a real-world simulation
case study. The research used a simulation case study from
Both modeler and case study owners wawelved in the the manufa_cturing operation system of a Iar.ge UK—based
gmanufacturing company. The purpose of the simulation case

concept model verification activities, which were integrate q devel imulai gel th g
into concept model building process in a parallel patternStudywas to develop a simulation model that represente
ge real-world system, conduct experiments on the

The case study owners advised the modeler how and whef _ ) . .
to improve the concept modahtil the model performed s!mulat|o_n mod_el, and an_alyze simulation results with a
accurately enough to represent the real-world system. ThE€W (0 improving operatical management of the case

advantage ofdcevalidation is that the modeleanuse best ~ Study system.

practice and knowledge from the case study owners in thg_he simulation case st_udy included three F’”m"?‘ry. phases:
simulation problem definition, concept model building and

SIMULATION
MODEL

Sensitivity Analysis Validation
&

The Face-Validation methadas selected for verification of
the conceptual model with respé&ethe simulation problem.
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simulation model deve|opment_ The research frameworKk13] O. Balci, Golden rules of verification, validatiomesting, and

alsoincluded two reverse processes: model design process

Igl

and model validation process.
This paper emphasized the model validation process withi

certification of modeling and simulation applicatioMndeling and
Simulaiton Magazine2010.

4] A. M. Law, Simulation modeling and analysi<"(&d.), New York:
McGraw-Hill, 2007.

the whole research framework. Four common modelis) o. Balci, A life cycle for modeling and simulation, Joal of

verification and validation strategies are: self-validation, co-

validation, independent validation and scoring validation.

This paper discussed characteristics of these strategies and

described their applicatiotn the simulation case study

along with the application of different verification and
validation methods. In summarg covalidation strategy

was applied for concept model verification, self-validation
was selected for simulation model verification, and co-
validation was employed for simulation model validation.
In terms of validation methods selection, face validation
method was used for concept model verification with
respect to the simulation problems, both sensitivity analysi

face validation wasised for simulation model validation
with respect to the simulation case study problems.
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