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of high uncertainty. Then, based on these results, we identify
key challenges limiting uncertainty reduction in SBO layout
design and propose activities to overcome them. Managerial
implications are highlighted.
2. Frame of reference
2.1. Criticality of uncertainty in process innovation
Empirical evidence shows that uncertainty is inherent to and
has a moderating effect on the operational outcomes of process
innovation [9, 10]. This has motivated an increased interest in
the study of uncertainty in process innovation literature which
adheres to the definition of uncertainty as the difference
between the information one has and the information one needs
to complete a task [11]. These definition overreaches the
configuration of production systems, including facility layout,
to express both the probability that assumptions made during
design may be incorrect or that facts necessary for design are
entirely unknown [12]. Based on the definition above, Table 1
presents the different levels of uncertainty starting from a
condition of true ambiguity, or high uncertainty, to a clear
enough future, or low uncertainty [13].
To achieve the benefits of process innovation, recent
publications emphasize the need to reduce the level of
uncertainty before long term commitments are made [14].
According to contingency theory, transferring from a level of
higher to lower uncertainty is accomplished through organized
iterative activities focused on generating agreement and
acquiring information that convert uncertainty into a calculated
risk [15-17].
Table 1. Characterization
Courtney (2003)
Uncertainty level
1. Clear enough future
2. Alternate futures
3. Range of futures
4. True ambiguity

of increasing levels of uncertainty based on
Description
An outcome can be forecasted
Defined set of possible outcomes, one of which
will occur
Defined range of possible outcomes
Outcomes are unknown and unknowable

2.2. Establishing the importance of a conceptual model
Current literature reporting the use of SBO presents a shift
of perspectives in its approach to dealing with uncertainty.
Recent publications emphasize the importance of addressing
uncertainty early to minimize the amount of prerequisite
knowledge a designer should have to propose, develop, and
evaluate a simulation model [18]. Example of the above
include understanding the changing levels of uncertainty in
emerging design [19], estimating which uncertain parameters
are most relevant [20], proposing strategies to design and
simulate production systems with imperfectly defined
information [21], and communicating SBO results in
conditions of high uncertainty [22]. This change of perspective
is not contrary to consideration of uncertainty as the implicit
variation of a system, its environment or inaccuracies due to a
lack of knowledge [23].
In agreement with this, two circumstances underpin the
importance of conceptual models for SBO facility layout
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design in relation to uncertainty. First, empirical evidence
shows that the restrictions set forth in a conceptual model
constrain the range of values or types of models in the analysis
of uncertainty [8]. Second, extant literature describes the
conceptual model as the point of origin for the abstraction of a
real or proposed systems and the place of return for the
continuous iterations of a model to reach an increased level of
understanding during SBO analysis [24, 25]. Table 2 describes
the activities that define the content and function of a
conceptual model according to Robinson [26].
Table 2. Conceptual model activities
Activities
Description
Understand the problem
Definition of the need to improve a problem
situation
situation
Determine the modeling
Purpose expressed in terms of achievement,
objectives
performance and constraints
Identify the model output
Model responses
Identify the model input
Experimental factors. Data changes to
achieve objective
Determine model scope
Model boundaries in terms of entities,
activities, queues and resources
Establish level of detail
Specification of entities, activities, queues
and resources
Formulate assumptions
Beliefs about real world being modeled
Single out simplifications
Essential information for rapid model
development

2.3. Simulation-based Optimization in facility layout design
Facility layout design is a well-researched area that
investigates the disposition of entities needed to produce goods
or deliver services [1]. Studies by Azadivar and Wang [27],
Heilala et al. [28], and Tempelmeier [29] evidence the frequent
use of SBO for facility layout design. The incidence of SBO in
facility layout design is explained because of the suitability of
this technique in the analysis of process improvements for
complex systems with high variability [30, 31].
Facility layout design does not lend itself to being framed
into a “one-size-fits-all” procedure, and consequently the field
present a broad set of SBO methodologies. This is exemplified
by Moslemipour et al (2012) who present areview of intelligent
approaches for designing dynamic and robust layout in flexible
manufacturing systems and show a hybrid approach combining
simulation and generic algorithms [32]. Also, Yang and Hung
[33] review multiple-attribute decision making (MADM)
methods for the plant layout design problem, and describe a
MADM method considering both qualitative and quantitative
design criteria.
Literature prescribes that in the introduction of new or
improved processes, manufacturing companies should set
objectives, conceive abstract solutions, assign details, and
evaluate a production system under design, facility layout
included, in an organized process [34]. This requires a tradeoff analysis between the characterization of all elements in
production and the form and function of a facility layout [35].
Emerging from studies focused on the characterization of
production, five criteria guide the design of a facility layout:
strategic objectives or high-level goals pursued by a
manufacturing organization, products to be produced, market
in the form of production volumes, production processes or the
series of steps and resources necessary to produce a product,
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and the interrelation of decision in facility layout design where
the criteria above are considered holistically [36-39]. The
process by which facility layouts design is carried out and the
criteria that play a role in this process are shown in Figure 1.

assumptions and simplifications. This provided a link between
characterization criteria and conceptual modeling activities.
Table 3. Description of cases
Case A
Product type
Heavy vehicles
Objective of
Multi-product
change
assembly system

Case B
Vehicle cabins
Multi-product
assembly
system

Case C
Water pumps
Multi-product
assembly system

Process
innovation
type

New production
process

New production New production
process
process

Expected
benefits

Shorten lead
time to
customer,
reduce
manufacturing
footprint,
provide a
common
product
architecture,
increase
flexibility

Shorten lead
time to
customer,
reduce
manufacturing
footprint,
provide a
common
product
architecture,
increase
flexibility

Shorten lead
time to
customer,
provide a
common
product
architecture,
increase
flexibility

Design time

24 months

12 months

8 months

Fig. 1. Production system design process and characterization criteria
including facility layout design.

3. Method
To meet the aim of this paper, a case study method was
selected [40]. This decision is explained by the need to
understand the changes in the subject of study, conceptual
modeling activities of SBO, in a real-world context over which
the researchers had no control, facility layout design [40]. This
choice of method was considered important to investigate the
linkage between the subject of study and circumstances upon
which this took place [41], specifically the relation between
conceptual modeling activities of SBO and conditions of high
uncertainty.
Three cases in two manufacturing companies were
considered. The cases were selectedbased on five criteria: first,
manufacturing companies who designed a facility layout
because new or substantially improved production processes
were introduced; second, use of SBO in facility layout design;
third, unknown outcome of form for facility layout at the start
of design; fourth, a visible need from decision makers to
acquire additional information during design because of
incomplete information or entirely unknown facts. Finally, the
companies in this study were chosen because of their
experience in the development of process changes in
production systems and their strong interest in the
implementation of new operational processes to increase
competitiveness. These characteristics of the cases are
summarized in Table 3.
Data was collected during the different phases of the case
studies between 2014 and 2016. This focused on design
activities, hence forth referred to as data, which lead to the
development of a SBO model for facility layout design and
included company documents, participant observations, and
simulation model documentation including conceptual models.
To provide an analysis, data were labelled based on the
characterization criteria of strategic objectives, products,
market, production process, and decision interrelation.
Additionally, data was also labelled in relation to the targeted
conceptual modeling activities of problem definition, modeling
objectives, model outputs and inputs, scope, level of detail,

3

Afterwards, the analysis concentrated on understanding the
level of uncertainty in conceptual models supporting the
facility layout design in each case based on the classification as
presented in Table 1. This was achieved by examining the
agreement in conceptual modeling activities and information
increase in conceptual model development during the process
of facility layout design. Then, the point in time during the
project for the development of SBO conceptual models for
facility layout design within each case was established.
Because each case differed in the labelling of stages for the
design of facility layout, the analysis was framed in relation to
stages of initiation, conceptual design, detailed design, and
testing in facility layout design according to the academic
description of each stage and not on whether these stages were
strictly followed within a case. Cases were first analyzed
separately. This was followed by a cross case analysis to
increase generalizability, deepen understanding, and strengthen
data analysis [42].
4. Empirical findings
4.1. Description of cases
The first company, from which Case A and Case B are
drawn, specializes in the design and production of heavy
vehicles and their components. This company has 12
manufacturing sites and 14,000 employees around the world.
The second company develops and manufactures products for
the transportation and analysis of water. This company has over
1,200 employees at its Swedish site where Case C took place.
Processes considered in the different production layout were
manually performed.
The objective of Case A was to design a multi-product
assembly system of heavy vehicles that would increase the
competitiveness of a manufacturing site in America. This
required that five existing independently assembled product
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assembly, organization of operators, tools, material supply and
logistics, and safety requirements. Uncertainty in decision
interrelation refers to the absence of agreement and information
in relation to the trade-off between the criteria above and the
designed facility layout. The level of uncertainty describes how
uncertainty was perceived within each case for each of the
above criteria ranging from true ambiguity to a clear enough
future as previously described in the frame of reference.

√

√

1
1
2
3
2
3

1
1
2
2
1
2

Test

3
2
3
4
4
4

Detail

1
1
1
2
1
2

Concept

√

1
1
1
2
1
3

Initiation

√

1
1
1
2
1
3

Test

2
2
2
4
3
4

Detail

√

1
1
1
1
1
2

Concept

√

1
1
1
2
2
3

Initiation

Test

Criteria
Strategic objectives 2 1
4 2
Product
3 3
Market
4 3
Production process
4 3
Layout
Decision
4 3
interrelation
Conceptual model
√
development
Uncertainty measurement
4 = true ambiguity
3 = a range of possible futures

Detail

Table 4. Level of uncertainty in characterization criteria for facility layout
design
Case A
Case B
Case C
Design phases
Design phases
Design phases
Concept

families ranging in weight between 5 and 56 tons with
differences in size, sub assembly parts, product design,
assembly procedure, and capabilities be produced in the same
assembly system. Facility layout design was considered a
decisive step to enable these changes and five SBO models
were developed.
Parallel to and independent from Case A, Case B pursued
similar objectives yet focused on the assembly of vehicle
cabins at a Swedish manufacturing site. Case B required that
three existing and independently assembled vehicle cabins with
over 600 variants be assembled in the same assembly system.
Facility layout design was supported by the development of
two SBO models in Case B.
Case C was developed as a final year project in production
engineering as part of an ambitious long-term transformation
plan at a Swedish factoryto meet demand in coming years [43].
This included the design of different concept layouts focused
on increased assembly efficiency, a safe work environment,
and improved use of factory space. Case C concentrated on the
development of a multi-product assembly system that could
cope with the assembly of 300 different product variants
currently assembled in two assembly systems. This was
achieved using two SBO models for facility layout design. To
clarify the type of layout in focus of this research, Figure 2
shows a simplifiedfacility layout used in the simulation models
in Case C, compound by several manual stations and material
façade on the sides to manufacture water pumps.

Initiation

4

1
1
2
1
1
2

2 = alternate futures
1 = a clear enough future

4.3. Conceptual modeling activities in SBO of facility layout
design

Fig. 2. Layout design of multi-product assembly system in Case C.

4.2. Process innovation uncertainty in facility layout design
Empirical data show that facility layout design was nonintuitive and required continuous investigation of
characterization criteria including strategic objectives, product,
market, production process, and decision interrelation. The
extent of this challenge is underscored by the uncertainty levels
affecting characterization criteria during the initiation, concept,
detail, and test phases described in Table 4. Uncertainty about
each criterion was defined as follows. Uncertainty about
strategic objectives concerns a lack of agreement and
information about the aim and concept of multi-product
assembly and the quantification of operational benefits.
Uncertainty in products and markets involves the insufficiency
of agreement about the selection of products and of information
concerning the effects of product demand changes in the
assembly system. Production process uncertainty relates to a
dearth of agreement and information about the process of

Empirical evidence shows the conceptual modeling
activities in SBO of facility layout design. These findings trace
the incidence of characterization criteria of facility layout
design in Cases A, B, and C and are presented in Table 5.
Conceptual modeling activities were initiated by the
definition of a problem which included the need to design a
facility layout where new organizational processes were
introduced in the form of multi-product assembly systems.
Data show that within each case, models pursued independent
objectives that led to the design of a facility layout. Also, model
objectives described the approach taken to facility layout
design. For instance, Case A included five different conceptual
models with the objectives of layout selection, detailing,
refinement, improvement, and preparation for implementation.
In Case B the objective of the first model was to assess a
proposed layout and the objective of the second was to refine
this proposal. Case C included two conceptual models, the
objective of the first was to assess a proposed layout and the
objective of the second was to compare the current layout to
the proposed one.
The validation process of the simulation models was
performed regarding the throughput and processing times in
each case study. Model outputs were described by the strategic
objectives of each Case and were specified through the units
produced, product lead time, utilization of assembly stations,
and the visualization of material flow. Model inputs were
determined by characterization criteria of product and market
that established the product type and changes in demand over
the period over which the model was evaluated. Additionally,
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model inputs of assembly operation sequence, assignment of
resources in the form of operators, and disturbances to the
assembly process were specified by the characterization criteria
of production process. The scope of each model included the
boundaries of layout design as well as the entities, activities,
queues, and resources defined by the interrelation of decisions
where strategic objectives, products, market, and production
process were considered holistically. The detail of a conceptual
model closely followed the level of uncertainty in the form of
the lack of information about the characterization criteria for
the designed facility layout. Initially, details about the layout
included a range of possible characteristics lying anywhere
along a continuum of loosely based information. In its final
form, details were precise enough and sufficiently narrow to
point to a full layout description. Model assumptions related to
the amount of information about strategic objectives, products,
markets, production processes, and decision interrelation.
Conceptual models incurred in assumptions in the absence of
information. While model simplifications did not relate to the
amount of information but the agreement about the type of
information considered basic to achieve the objective of a
model.
Table 5. Conceptual modeling activities and characterization criteria for
facility layout design
Characterization Criteria
Conceptual
Case B
Case C
model activity Case A
Objective
Layout selection,
Layout
Layout
detailing,
assessment,
assessment,
refinement,
layout refinement layout
improvement,
comparison
preparation
Model output Strategic
Strategic
Strategic
objectives
objectives
objectives
1. Units produced 1. Units produced 1. Units produced
2. Lead time
2. Lead time
2. Lead time
3. Utilization
3. Operator
3. Operator
4. Visualization
quantity
quantity
4. Visualization
Model input
Product,
Product,
Product,
production
production
production
process, market
process, market
process, market
1. Assembly times 1. Assembly
1. Assembly
2. Products
times
times
3. Demand
2. Products
2. Products
4. Operation
3. Demand
3. Demand
sequence
4. Operation
4. Initial layout
5. Disturbances
sequence
6. Operators
5. Disturbances
Model scope
Detail level

Assumption

Simplification

Decision
interrelation
Information
amount of
characterization
criteria
Information
amount of
characterization
criteria
Agreement on
information type

Decision
interrelation
Information
amount of
characterization
criteria
Information
amount of
characterization
criteria
Agreement on
information type

Decision
interrelation
Information
amount of
characterization
criteria
Information
amount of
characterization
criteria
Agreement on
information type

5. Analysis
Our results provide new insight that can help understand the
conceptual modeling activities of SBO for facility layout
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design in conditions of high uncertainty. Firstly, case findings
show that in conditions of high uncertainty, conceptual
modeling activities for facility layout design are determined by
the characterization criteria and the amount and agreement of
information. Thus, the characterization criteria of strategic
objectives, products, market, production processes, and
decision interrelation, specify the conceptual model activities
of model output, input, and scope. Also, uncertainty level in the
form of information amount about characterization criteria
specify the level of detail and assumptions of a conceptual
model. While the agreement about the type of information
considered basic to achieve the objective of a model determine
the simplifications incurred in the conceptual model.
Secondly, our findings show that conceptual model
development of SBO for facility layout design requires
transferring from a level of higher to lower uncertainty before
conceptual model start. To do so, design work should include
agreement about what constitutes the strategic objectives,
products, markets, and decision interrelation in facility layout
changes. This is followed by the acquisition of information that
takes ambiguity in strategic objectives, products, markets, and
decision interrelation to a level where these are neither
unknowable nor entirely unknown.
6. Conclusions and future work
This paper aims to understand the conceptual modeling
activities of SBO for facility layout design in conditions of high
uncertainty. This was underpinned by the following research
question: How do uncertainties in process innovation affect the
conceptual modeling of SBO in facility layout design?
This paper showed that uncertainty in the layout design
process of production systems is a considerable challenge. In
this paper an analysis of the different levels of uncertainty in
SBO shop-floor layout design projects, combined with a
selection of relevant criteria considered during the different
design phases of every case study is presented. Additionally,
characterization criteria for facility layout design in conceptual
modeling activities are analyzed for the three case studies.
Managerial implications of this study help identify when to
use SBO for facility layout design and what criteria matter to
achieve this end when dealing with conditions of high
uncertainty. Taking into consideration the lack of information
in layout design projects and in its support with SBO, results of
this study may benefit the administration of production system
layout projects and the allocation of resources. The results of
this study may be used in a context of novel production process
affecting facility layout design that look to increase
manufacturing competitiveness.
An immediate next step would include generalization of
results beyond the scope. Thus, future work could determine
whether the identified characterization criteria are necessary,
sufficient, and exhaustive in conditions other than those of
process innovation projects. Future research could also provide
a solid guideline or methodology for the reduction of
uncertainty in production layout design.
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