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Abstract: In construction projects, the planning objectives include the safety and labor productivity
of the activities, along with the cost influence affecting the overall performance of construction.
Temporary facilities are critical in supporting structures and equipment that impact the direct task
executions and resource transportation during various construction stages. The positioning of
temporary facilities and the relative spatial relation between multiple facilities are critical factors that
affect the success of construction delivery. To ensure the balance among safety, labor productivity
and construction cost performance, all influencing factors associated with the construction objectives
should be taken into account in temporary facility layout planning. This paper proposes a novel
multi-criteria temporary facility layout planning model that integrates Analytic Network Process
(ANP) modeling and simulation-based sensitivity evaluation, which effectively transforms the spatial
layout planning problem into a mathematical decision problem. An application example is analyzed
to demonstrate its capabilities of optimizing temporary facility layout planning. The proposed
framework provides the construction managers and layout planners with a useful tool for selecting
the optimal alternative of temporary facility layout plan on the construction site.

Keywords: multi-criteria; temporary facility layout; productivity; ANP; safety; cost

1. Introduction

In construction projects, site layout planning is a critical task for managers and planners to provide
labor crews with ergonomic working space and comfortable industrial environment [1]. Within a
construction site, temporary facilities, such as equipment (e.g., cranes and scaffoldings), job offices,
storage areas, warehouse, fabrication shops, and batch plants, are needed by work crews to support
their task operations and various activities [2–5]. In order to improve the project profitability, labor
productivity, safety, quality and controlling ability of project cost, the project managers need to conduct
an effective temporary facility layout planning process properly during the construction planning
phase [6–8]. An appropriate layout plan of facilities can reduce the construction expenses by up to
50 percent [9,10].

Generally, the construction site layout planning problem is to identify the number and size of
temporary facilities to be laid out, and the spatial constraints between different facilities. The relative
positions and relationships among the facilities are analyzed to construct the project effectively
and efficiently [11–14]. To improve the ability for temporary facility layout planning, a number of
research studies were conducted. Different approaches and tools were applied to site layout planning,
which mainly include: simulation methods, knowledge-based approaches, genetic algorithms, GIS
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and other optimization methods [5,14,15]. For example, EI-Rayes and Khalafallah [8] developed
an expanded site layout planning model in order to maximize construction safety and minimize
the travel cost of multiple resources in construction using multi-objective genetic algorithms.
As temporary facility layout planning involves a large number of facilities, the planning process
is very labor-intensive and complex. The artificial intelligence-based systems and knowledge-based
techniques can also be adopted to deal with the large amounts of layout planning data and further
improve the flexibility to the existing temporary facility layout models [16]. In order to improve
safety performance and labor productivity, optimum layout of temporary facilities can be generated
through simulation-based methods within the restricted sites [2,17]. The optimization criteria involved
in temporary facility planning were identified to assist with the planning task using heuristic
algorithms [6,9,18–23]. To automate layout planning, Building Information Modeling (BIM) -based
system can support the dynamic generation of site layout models, instead of manually inputting
the information data [24]. These attempts have shown the effectiveness and improvements in the
temporary facility layout planning and optimization, especially in establishing the mathematical
models and identifying the related criteria to solve the complex multi-objective optimization problem.

In construction layout planning, the temporary facility layout optimization is a multi-criteria
optimization problem, including safety, labor productivity and cost goals. Managers and planners
need to identify the factors that affect the performance of a temporary facility layout plan, recognize
the space requirements of task executions and select the most economic and productive layout plan
from a set of potential alternatives. Each potential alternative may lead to a unique performance
on the project. It remains a decision problem to select the optimal or favorable layout plan in the
preconstruction phase.

To choose the optimal temporary facility layout plan for construction projects, all relevant criteria
should be simultaneously considered and further integrated into the decision model. Therefore, a
suitable multi-criteria decision-making (MCDM) method is required to assess the performance of
different layout plans. A variety of decision-making techniques have been applied in construction
planning problems, e.g., the analytic hierarchy process (AHP) method, data envelopment analysis
(DEA) method, technique for order preference by similarity to an ideal solution (TOPSIS) method,
Analytic Network Process (ANP) method and grey target decision method [25–27]. Raviv et al.
implemented the AHP method as a tool to evaluate the quantitative outcome of severity levels in the
safety risk analyses related to crane work [28]. Erdogan et al. used the AHP method to identify the
construction management problems and determined the best contractor for a construction project
in Turkey [29]. For sustainable construction planning, Zavadskas et al. analyzed and summarized
the application of different multi-criteria techniques in civil engineering and construction building
technology problems [30]. Chanati et al. developed a multi-criteria assessment model using AHP and
ANP methods to optimize the maintenance planning for water pipelines. Ning et al. proposed a fuzzy
decision-making model based on fuzzy set theory and the TOPSIS method to evaluate and select the
construction site layout plan.

Although the previous MCDM-based models are effective in construction planning problems and
building technology optimization, the ability to integrate all relevant criteria into temporary facility
layout planning is limited. In facility layout planning, the developed approaches did not consider all
assessment factors into the model. Furthermore, the interdependency relationships between different
factors involved in temporary facility layout problems were not taken into account. The result accuracy
in temporary facility layout assessments can be improved when all criteria and their interdependency
relationships are considered in the decision problem.

This paper proposes a novel and practical model for multi-criteria temporary facility layout
planning in construction projects, where emphasis is placed on the performance evaluation of the
layout alternatives, with multiple criteria being assessed: (1) construction safety associated with task
executions and space management; (2) labor productivity associated with activity workspace, labor
ergonomics and comfortability; and (3) construction cost caused by the facility setup, dismantling
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process and resource transportation. Considering the factors that significantly impact the criteria, the
proposed model incorporates an ANP-based approach to assess the weight of each criterion related
to temporary facility layout problem. Based on the weight assessment from the established ANP
model, the One Factor at a Time (OAT) -based sensitivity analysis is formulated to identify the criteria
that are especially sensitive to the weight changes, and further find out all possible optimal plans.
The model does not consider the limitations of data collection, and therefore provides a scientific
evaluation system to the potential planning alternatives. The related criteria on layout planning
are discussed and the decision process that contributes to optimal layout plan selection is outlined.
The method, with which the model has been formulated, allows the construction managers and
planners to effectively assess the relative importance of multiple criteria and select the most suitable
plan for the construction project.

2. Multi-Criteria Model of Temporary Facility Layout Planning in Construction

2.1. Problems of Temporary Facility Layout Planning for Construction

In temporary facility layout planning and organization, safety, productivity and cost are the main
factors that significantly impact the spatial facility arrangement and layout planning on the construction
site. Construction industry suffers from more accidents compared to other industries, which can be
significantly prevented or reduced through proper and effective layout planning. Therefore, safety
is one of the most important objectives in construction layout planning [31], which should be taken
into account during site layout planning and optimization. Secondly, on the jobsite, the performance
of task executions and equipment operations are impacted by the facility layout. The position and
spatial relationship of temporary facilities directly affect the productivity of labor crews who execute
and complete activities with the assistance of temporary facilities, such as cranes and scaffoldings.
In order to improve labor productivity and shorten construction duration, managers and planners
should quantify the productivity impacts on the construction layout planning. Besides safety and
productivity, there exists another major impact factor on temporary facility layout planning, which is
defined as the cost factor. Large temporary facilities, such as jobsite offices, tower cranes and batch
plants, are difficult to move during construction. Therefore, the spatial arrangement of facilities directly
determines the path between facilities, which significantly impacts the resource transportation cost
and personnel travel cost caused by the facility movement.

Considering the multiple objectives during temporary facility layout planning, it remains a critical
task for planners and managers to identify the factors that influence the planning process and the
construction delivery. To support planners with this challenging job, there is a need to formulate a
systematic approach to select the optimal temporary facility layout plan for a construction project.

2.2. Identification of Layout Factors and Objectives

In order to formulate a generic temporary facility layout planning model, it is critical to identify
and define all relevant planning objectives and criteria involved in the planning and decision process.

Based on the previous research and studies, the critical factors that influence the main objectives
can be identified. Table 1 presents the list of the related criteria and sub-criteria that significantly
impact temporary facility layout planning, which can be summarized as follows:

• safety criterion: including proper equipment operation (PEO), control of hazardous zones (CHZ),
control of hazardous material (CHM), minimization of the total number of intersections (TNI)
and safety of task execution (STE);

• productivity criterion: including effective space utilization (ESU), labor productivity and
ergonomics (LPE), short construction duration (SCD), the ability to dynamically change the
temporary facilities (ACT), facility closeness relationships (FCRs) and workspace conflicts (WSC);

• cost criterion: including facility setup cost (FSC), facility removal cost (FRC), resource travelling
cost (RTC), resource handling cost (RHC) and worksite personnel visit cost (WPC).
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Table 1. Sub-criteria of safety criterion and their influence on the safety performance.

Criterion Sub-Criteria Influence on the Layout Planning References

Safety (S)

Proper equipment operation
(PEO)

It refers to the safety of temporary equipment operation during
construction, such as tower crane, mobile crane and scaffoldings.
OSHA (Occupational Safety and Health Administration) requires
the contractors to provide protection and safety measures against
falling objects especially below steel erection operations.

[2,31–35]

Control of hazardous zones
(CHZ)

In order to avoid construction site accidents, such as falling
objects, hazardous substances and prohibited areas, proper
“safety zones” and minimum distance between hazardous
facilities and other temporary facilities should be taken into
consideration.

[1,8,35–38]

Control of hazardous material
(CHM)

It refers to the movement and store of hazard materials in
construction. In temporary structure layout planning, excessive
movement of materials should be avoided, and the proper store
and control of hazardous material are required.

[5,8,17,39]

Minimization of the total
number of intersections (TNI)

Temporary facility layout significantly impacts the moving cost of
resources, including labor, material, and equipment. Frequent
movements of resources can cause safety hazards and accidents
when the travel routes of these resources intersect. Therefore,
minimization of the total number of intersections on site helps
improve safety and minimize the risk of accidents.

[2,8,40–43]

Safety of task execution (STE)

The task execution requires temporal and spatial requirements
during temporary facility setting up and dismantling process.
Improving the efficiency and safety of task execution on site can
support the temporary facility layout planning in construction.

[11,36]

Productivity (P)

Effective space utilization
(ESU)

Construction site space can be classified into various types.
According to the relative importance, the site space utilization can
be improved by analyzing workspace and risk on the jobsite to
support site planning.

[36,44–46]

Labor productivity and
ergonomics (LPE)

Workspace inside/around temporary facilities provides labor
crews with adequate space to execute and complete the activities.
The productivity and ergonomics performance of labor crews
supported by temporary facilities, such as cranes and scaffolding,
can affect the plan decision to reduce rework and improve
efficiency of temporary facility planning.

[11,47–49]

Short construction duration
(SCD)

Effective layout planning of temporary facilities provides the
construction planners with a proper positioning of temporary
facilities and enables short moving paths of materials and
equipment, which leads to short construction duration and cost
saving.

[50–52]

The ability to dynamically
change the TFs (ACT)

Construction site changes over time dynamically, which may lead
to on-site congestions. To reduce congestions, the ability to meet
the requirements of temporary facility layout and arrangement
needs to be improved.

[17,24]

Facility closeness relationships
(FCRs)

The facilities closeness relationships affect the resource
transportation cost, labor travel cost, and labor productivity.
Considering the facilities closeness relationships helps controlling
the construction cost and efficiency.

[17,53]

Workspace conflicts (WSC)

Proper layout planning can reduce workspace conflicts, which
exist in construction space planning, including plant and
equipment construction planning, and external site layout
planning.

[54,55]

Cost (C)

Facility setup cost (FSC) The temporary facilities positioning involving in site layout
planning determines the facility setup cost. [11,56]

Facility removal cost (FRC) The facility removal cost is affected by layout planning due to the
relocation times and facility setup times. [11,56]

Resource travelling cost (RTC)
The resource travelling path and congestion determined by
temporary facility layout planning directly impacts the resource
travelling cost.

[4,8,11,44,56]

Resource handling cost (RHC)
The objective of temporary facility layout problem is to minimize
the material handling cost or resource movement cost inside a
facility.

[2,56,57]

Worksite personnel visit cost
(WPC)

The personnel travelling path and work crew movement distance
are significantly affected by the temporary facility layout solution. [35,56,57]
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3. Modeling the Temporary Facility Layout Problem

The proposed framework evaluates and assesses the temporary facility layout plans through a
two-phase analysis process. As illustrated in Figure 1, the model development is described in two
phases: (1) the ANP-based weight assessment on multiple criteria, and (2) the optimal plan selection
and sensitivity analysis to weight changes.
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In the first phase of the proposed framework, an ANP evaluation model is established. During this
phase, all criteria for temporary facility layout planning are identified, which follows an ANP-based
evaluation approach. Then, all criteria are integrated into the layout assessment model. Through
the ANP method, the weight of each criterion is generated. Considering the multiple criteria
of safety, productivity and cost, the assessment weights are reported from the first phase of the
proposed framework.

In the second phase, the potential temporary facility layout alternatives for a given construction
project are predetermined for further assessment to select the optimal solution. For each criterion
obtained from the first phase, an accurate performance value for each alternative is calculated,
which indicates which alternative is the optimal layout alternative. Based on an OAT-based sensitivity
analysis, the criteria which are sensitive to the weight changes can be identified. It assists the
decision-makers to find out all possible optimal layout alternatives for a construction project.

3.1. ANP-Based Modeling for Layout Planning

As a comprehensive decision-making approach, ANP is capable to integrate all relevant factors
and criteria in decision problems [58,59]. ANP, which is an extension of AHP, allows for more complex
interdependent relationships between elements involved in the decision problem. In AHP models,
it is assumed that the elements of different decision levels along the hierarchy have unidirectional
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relationships between them. Within each cluster and between different clusters, the elements are not
correlated with each other. Therefore, in the mathematical problems in which elements are correlated,
AHP is not able to determine the weight of each criterion.

ANP provides planners and decision-makers with a more generalized model considering the
interdependencies between higher-level and lower-level elements. In temporary facility layout
planning, ANP is suitable to select the most important criteria for construction projects. Firstly,
in layout planning problems, some criteria, such as safety criterion and the ability to dynamically
change temporary facilities, are difficult to be quantified. In the ANP approach, the factors, which are
incorporated into the evaluation model, can be either quantifiable or nonquantifiable. Secondly, when
comparing the criteria for weight assessment, the decision-makers are able to check the consistency
by calculating the consistency ratio, which is critical in decision problems involving opposing
influences on the objective. Furthermore, pairwise comparisons are conducted in ANP by engineers,
decision-makers and planners to utilize their knowledge and experiences in construction layout
planning. This can be practical to generate the optimal layout planning solution for a construction
project. Therefore, according to the research objective and the features of the ANP method, it is found
that ANP is a suitable approach to prioritizing among the temporary facility layout planning criteria.

The basic research step of the ANP-based decision-making process are as follows.

1. Development of ANP network, which defines the influential relationship between the clusters
and elements.

2. Pairwise comparisons by the experts and decision-makers based on the previous step. The data
input process is completed during this step, which formulates the pairwise comparison matrix.

3. Consistency check. Through the consistency check, the consistency ratio (CR) is calculated.
4. Formation of unweighted supermatrix, weighted supermatrix and the limit matrix.
5. Based on the ANP decision-making process, the detailed model development and calculation

process is explained in the following sections [59–61].

3.1.1. Step 1: ANP Network Generation

Based on ANP methodology, the temporary facility layout decision problem can be transformed
into a network structure, which is established according to the links and interdependencies between
the considered factors in the evaluation problem. Different kinds of relationships between the factors
are incorporated into the network.

In the network structure, different clusters and elements connect with each other while the
connections represent the relationships existing between the clusters and the elements. For temporary
facility layout planning, a generic network structure is presented in Figure 2, which involves clusters,
elements and relationships between them. At the strategic level, the layout planning objective is
connected to the decision problem, including construction safety, labor productivity and construction
cost. At the lower level, groups of sub-criteria are related to the corresponding objective, which form a
cluster with different tactical planning criteria. The interdependencies between clusters and elements
in the layout planning network structure are illustrated in Figure 2.



Appl. Sci. 2018, 8, 2434 7 of 20
Appl. Sci. 2018, 8, x FOR PEER REVIEW  7 of 20 

Objectives
  
  (1) Safety

  (2) Productivity

  (3) Cost

Safety
 

  (1) Proper equipment operation

  (2) Control of hazardous zones

  (3) Control of hazardous material

  (4) Minimize the total number of    

        intersections

  (5) Safety of task execution

Productivity
  (1) Effective space utilization

  (2) Labor productivity and ergonomics

  (3) Short construction duration

  (4) The ability to dynamically change  

        the TFs uses to alleviate site congestion

  (5) Facilities closeness relationships

  (6) Workspace conflicts

Cost
  

  (1) Facility setup cost

  (2) Facility removal cost

  (3) Resource travelling cost

  (4) Resource handling cost

  (5) Work site personnel visit cost

Strategic level Tactical level

Outer dependence on different management levels 

Outer dependence on the same management levels

Inner dependence

 

Figure 2. ANP network structure for temporary facility layout planning. 

3.1.2. Step 2: Pairwise Comparisons 

Based on the generated temporary facility layout decision network structure, the relative 

importance of clusters and elements are required for final evaluation. In order to derive priorities, 

pairwise comparisons are conducted between clusters and elements according to the relationships 

and interdependencies. 

The experienced engineer or construction planner can make a judgement based on the 

fundamental AHP scale developed by Saaty [62], which is a ratio scale of 1–9. In this scale method, 

given a control criterion, a score of 1 indicates equal importance of two elements while a score of 9 

indicates heightened importance of the ith element (row element in the matrix) versus jth element 

(column element in the matrix) [63]. The dominance between clusters and elements are reflected 

through the judgement. Considering all influences with respect to the same criterion, comparisons 

are made to derive the overall priorities. For each relevant relation between clusters and/or elements 

in the network structure, a pairwise comparison is required to be conducted. 

For an n × n pairwise comparison matrix, the total number of pairwise comparisons that should 

be performed is n × (n − 1)/2, where n is the total number of elements required to be compared. 

Moreover, within the matrix, a reciprocal value can be automatically calculated and assigned for 

reverse comparison. The pairwise comparison number aij should meet the following equation: 

aij × aji = 1 (1) 

where aij is the pairwise comparison number, which is calculated by the value of fundamental scale [64]. 

Through the pairwise comparisons, the final matrix is generated, which is a near consistent 

pairwise comparison matrix. The considered dependence between clusters and elements in the layout 

planning network structure includes several kinds of dependence: (1) outer dependence with respect 

to the objective criterion, (2) inner dependence, and (3) outer dependence on the same management 

level. As illustrated in Table 2, the pairwise comparisons of objectives with respect to the objective 

criterion are conducted. The relation between the objective criteria is defined as the outer dependence 

with respect to the objective criterion. Table 3 shows the pairwise comparison matrix between the 

elements of productivity clusters on the criterion of control of hazard zones, which is one of the cases 

of outer dependence on the same management level. Another category of pairwise comparisons is 

the inner dependence, which is illustrated in Table 4. The elements in Table 4 belong to the safety 

cluster, and their relationships are inner dependent. 

Figure 2. ANP network structure for temporary facility layout planning.

3.1.2. Step 2: Pairwise Comparisons

Based on the generated temporary facility layout decision network structure, the relative
importance of clusters and elements are required for final evaluation. In order to derive priorities,
pairwise comparisons are conducted between clusters and elements according to the relationships
and interdependencies.

The experienced engineer or construction planner can make a judgement based on the
fundamental AHP scale developed by Saaty [62], which is a ratio scale of 1–9. In this scale method,
given a control criterion, a score of 1 indicates equal importance of two elements while a score of 9
indicates heightened importance of the ith element (row element in the matrix) versus jth element
(column element in the matrix) [63]. The dominance between clusters and elements are reflected
through the judgement. Considering all influences with respect to the same criterion, comparisons are
made to derive the overall priorities. For each relevant relation between clusters and/or elements in
the network structure, a pairwise comparison is required to be conducted.

For an n × n pairwise comparison matrix, the total number of pairwise comparisons that should
be performed is n× (n− 1)/2, where n is the total number of elements required to be compared.
Moreover, within the matrix, a reciprocal value can be automatically calculated and assigned for
reverse comparison. The pairwise comparison number aij should meet the following equation:

aij × aji = 1 (1)

where aij is the pairwise comparison number, which is calculated by the value of fundamental scale [64].
Through the pairwise comparisons, the final matrix is generated, which is a near consistent

pairwise comparison matrix. The considered dependence between clusters and elements in the layout
planning network structure includes several kinds of dependence: (1) outer dependence with respect
to the objective criterion, (2) inner dependence, and (3) outer dependence on the same management
level. As illustrated in Table 2, the pairwise comparisons of objectives with respect to the objective
criterion are conducted. The relation between the objective criteria is defined as the outer dependence
with respect to the objective criterion. Table 3 shows the pairwise comparison matrix between the
elements of productivity clusters on the criterion of control of hazard zones, which is one of the cases
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of outer dependence on the same management level. Another category of pairwise comparisons is the
inner dependence, which is illustrated in Table 4. The elements in Table 4 belong to the safety cluster,
and their relationships are inner dependent.

Table 2. Pairwise comparisons of objectives with respect to the objective criterion.

Objective Safety Productivity Cost Priorities CR

Safety 1 2 2 0.4934
0.0516Productivity 1/2 1 1/2 0.1958

Cost 1/2 2 1 0.3108

Table 3. Pairwise comparisons of productivity with respect to control of hazard zones.

Control of Hazard Zones ESU LPE SCD ACT FCR WSC Priorities CR

Effective space utilization (ESU) 1 3 2 2 3 2 0.3075

0.0663
Labor productivity and ergonomics (LPE) 1/3 1 1/2 1/2 1 1/2 0.0918

Short construction duration (SCD) 1/2 2 1 2 1/2 1/2 0.1352

The ability to dynamically change the TFs (ACT) 1/2 2 1/2 1 1/2 1/2 0.1078

Facilities closeness relationships (FCRs) 1/3 1 2 2 1 2 0.1882

Workspace conflicts (WSC) 1/2 2 2 2 1/2 1 0.1694

Table 4. Pairwise comparisons of safety with respect to resource travelling cost.

Minimize the Total Number of
Intersections PEO CHZ CHM STE Priorities CR

Proper equipment operation (PEO) 1 1 2 2 0.3257

0.0172Control of hazardous zones (CHZ) 1 1 3 2 0.3564

Control of hazardous material (CHM) 1/2 1/3 1 1/2 0.1243

Safety of task execution (STE) 1/2 1/2 2 1 0.1936

3.1.3. Step 3: Consistency Check

Through the derived comparison matrices, the eigenvectors of the matrices are obtained,
which represent the weights of the elements. The local priority vector is computed as Equation (2):

Aw = λmax (2)

where A is defined as the matrix of pairwise comparison values; w is the priority vector, which is
called the principal eigenvector; and λmax is the maximum or principal eigenvalue of matrix A.

In order to obtain the pairwise comparison matrices, the local priority vectors are derived, which
are illustrated in Tables 5 and 6.
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Table 5. Unweighted supermatrix for temporary facility layout plan selection.

Objective PEO CHZ CHM TNI STE ESU LPE SCD ACT FCR WSC FSC FRC RTC RHC WPC

PEO 0.0000 0.1906 0.2394 0.3257 0.3835 0.1854 0.2951 0.2405 0.2087 0.1410 0.3388 0.0000 0.0000 0.2447 0.5396 0.0000
CHZ 0.1936 0.0000 0.3498 0.3564 0.2185 0.2447 0.1368 0.1528 0.2279 0.3325 0.0810 0.0000 0.0000 0.1405 0.0000 0.0000
CHM 0.1243 0.4182 0.0000 0.1243 0.1248 0.1065 0.0900 0.0886 0.0992 0.1267 0.1339 0.0000 0.0000 0.1065 0.0000 0.0000
TNI 0.3257 0.1205 0.1788 0.0000 0.2732 0.3229 0.2776 0.3356 0.3249 0.2545 0.2692 0.0000 0.0000 0.3229 0.1634 1.0000
STE 0.3564 0.2707 0.2320 0.1936 0.0000 0.1405 0.2004 0.1825 0.1393 0.1453 0.1771 0.0000 0.0000 0.1854 0.2970 0.0000
ESU 0.3569 0.3075 0.2960 0.2366 0.2358 0.0000 0.1854 0.0977 0.3938 0.3662 0.2000 0.0000 0.0000 0.3486 0.1065 0.2761
LPE 0.2010 0.0918 0.1097 0.0926 0.2231 0.1436 0.0000 0.2786 0.0942 0.0939 0.2000 0.7500 0.7500 0.0000 0.3229 0.0000
SCD 0.1751 0.1352 0.2034 0.0622 0.1051 0.0955 0.3229 0.0000 0.1249 0.1680 0.2000 0.2500 0.2500 0.1074 0.1854 0.1381
ACT 0.1098 0.1078 0.1375 0.1173 0.1319 0.1557 0.2447 0.1858 0.0000 0.2349 0.2000 0.0000 0.0000 0.1577 0.1405 0.1953
FCR 0.0766 0.1882 0.1173 0.2354 0.0784 0.3674 0.1405 0.2977 0.1872 0.0000 0.2000 0.0000 0.0000 0.1464 0.0000 0.0000
WSC 0.0807 0.1695 0.1362 0.2559 0.2257 0.2378 0.1065 0.1402 0.2000 0.1371 0.0000 0.0000 0.0000 0.2399 0.2447 0.3905
FSC 0.0917 0.2075 0.2601 0.1172 0.2847 0.1405 0.2803 0.2543 0.3538 0.1265 0.2171 0.0000 0.0000 0.0000 0.0000 0.0000
FRC 0.1172 0.0923 0.2383 0.1876 0.2390 0.1065 0.2803 0.2543 0.2243 0.0960 0.1656 1.0000 0.0000 0.0000 0.0000 0.0000
RTC 0.2570 0.2251 0.1533 0.1889 0.1325 0.3229 0.1427 0.1344 0.1372 0.2797 0.1362 0.0000 0.0000 0.0000 0.0000 1.0000
RHC 0.3398 0.3208 0.0985 0.2616 0.2371 0.2447 0.1889 0.1028 0.1045 0.1765 0.3773 0.0000 0.0000 0.0000 0.0000 0.0000
WPC 0.1944 0.1543 0.2498 0.2447 0.1067 0.1854 0.1078 0.2543 0.1802 0.3214 0.1038 0.0000 0.0000 1.0000 0.0000 0.0000

Table 6. Unweighted supermatrix for temporary facility layout plan selection.

Objective PEO CHZ CHM TNI STE ESU LPE SCD ACT FCR WSC FSC FRC RTC RHC WPC

PEO 0.0878 0.0878 0.0878 0.0878 0.0878 0.0878 0.0878 0.0878 0.0878 0.0878 0.0878 0.0878 0.0878 0.0878 0.0878 0.0878
CHZ 0.0644 0.0644 0.0644 0.0644 0.0644 0.0644 0.0644 0.0644 0.0644 0.0644 0.0644 0.0644 0.0644 0.0644 0.0644 0.0644
CHM 0.0431 0.0431 0.0431 0.0431 0.0431 0.0431 0.0431 0.0431 0.0431 0.0431 0.0431 0.0431 0.0431 0.0431 0.0431 0.0431
TNI 0.0976 0.0976 0.0976 0.0976 0.0976 0.0976 0.0976 0.0976 0.0976 0.0976 0.0976 0.0976 0.0976 0.0976 0.0976 0.0976
STE 0.0697 0.0697 0.0697 0.0697 0.0697 0.0697 0.0697 0.0697 0.0697 0.0697 0.0697 0.0697 0.0697 0.0697 0.0697 0.0697
ESU 0.0576 0.0576 0.0576 0.0576 0.0576 0.0576 0.0576 0.0576 0.0576 0.0576 0.0576 0.0576 0.0576 0.0576 0.0576 0.0576
LPE 0.1000 0.1000 0.1000 0.1000 0.1000 0.1000 0.1000 0.1000 0.1000 0.1000 0.1000 0.1000 0.1000 0.1000 0.1000 0.1000
SCD 0.0611 0.0611 0.0611 0.0611 0.0611 0.0611 0.0611 0.0611 0.0611 0.0611 0.0611 0.0611 0.0611 0.0611 0.0611 0.0611
ACT 0.0407 0.0407 0.0407 0.0407 0.0407 0.0407 0.0407 0.0407 0.0407 0.0407 0.0407 0.0407 0.0407 0.0407 0.0407 0.0407
FCR 0.0369 0.0369 0.0369 0.0369 0.0369 0.0369 0.0369 0.0369 0.0369 0.0369 0.0369 0.0369 0.0369 0.0369 0.0369 0.0369
WSC 0.0479 0.0479 0.0479 0.0479 0.0479 0.0479 0.0479 0.0479 0.0479 0.0479 0.0479 0.0479 0.0479 0.0479 0.0479 0.0479
FSC 0.0469 0.0469 0.0469 0.0469 0.0469 0.0469 0.0469 0.0469 0.0469 0.0469 0.0469 0.0469 0.0469 0.0469 0.0469 0.0469
FRC 0.0660 0.0660 0.0660 0.0660 0.0660 0.0660 0.0660 0.0660 0.0660 0.0660 0.0660 0.0660 0.0660 0.0660 0.0660 0.0660
RTC 0.0644 0.0644 0.0644 0.0644 0.0644 0.0644 0.0644 0.0644 0.0644 0.0644 0.0644 0.0644 0.0644 0.0644 0.0644 0.0644
RHC 0.0528 0.0528 0.0528 0.0528 0.0528 0.0528 0.0528 0.0528 0.0528 0.0528 0.0528 0.0528 0.0528 0.0528 0.0528 0.0528
WPC 0.0633 0.0633 0.0633 0.0633 0.0633 0.0633 0.0633 0.0633 0.0633 0.0633 0.0633 0.0633 0.0633 0.0633 0.0633 0.0633
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After the local priority vectors are derived, the consistency is verified through a consistency index
(CI) and a consistency ratio (CR). Lack of consistency in the pairwise comparisons indicates lack of
understanding of the problem by the layout planners, which is caused by wrong decisions [65,66].
The consistency ratio is acceptable if it is less than 0.1 [64]. The CI and CR are defined as Equation (3):

CR = CI/RI with CI = (λmax − n)/(n− 1) (3)

where CR represents the consistency ratio; CI represents the consistency index; RI represents the
random index; and n is the size of matrix A.

3.1.4. Step 4: Supermatrix and Global Priority Calculation

Through pairwise comparisons, the relative importance is obtained. However, this is not enough
for demonstration of the differences between clusters and elements. Therefore, the supermatrix,
as shown in Equation (4), is calculated for further evaluation. The supermatrix represents the relative
importance between the elements in the matrix, e.g., W12 indicates the relative importance between
the C1 element on the row and C2 element on the column in Equation (4). The local priority vectors are
derived from the pairwise comparison matrices, which are inserted into the supermatrix. As illustrated
in Table 5, the supermatrix is not normalized and the sum of the elements on each column does not
equal to one, which is defined as the unweighted supermatrix:

W =

C1 C2 · · · Cn

C1

C2
...

Cn


W11 W12 · · · W1n
W21 W22

...
...

Wn1 Wn2

· · · W2n
...

...
· · · Wnn

 (4)

In order to derive the weighted supermatrix, normalization is required to be conducted on the
unweighted supermatrix. The normalized weighted supermatrix W can be calculated by multiplying
the unweighted supermatrix W shown in Equation (4) and the weighting matrix. The weighting matrix
is determined by the comparisons between the criteria of elements in the Strategic Level shown in
Figure 2. To ensure that the weighted supermatrix reaches stabilization or convergence, the limit
relative ordering vector of the supermatrix is calculated as Equation (5):

Wlimit = lim
x→∞

(Wweighted)
x (5)

The weighted supermatrix can be raised to large powers to obtain the global priority vector.
As illustrated in Table 6, the limit supermatrix represents the resulting matrix, which reflects all effects
of relationships and interdependence in the network structure.

The limit supermatrix is the final resultant matrix from the decision-making process of ANP
model, which shows the overall rankings of all criteria. The relative importance between the criteria
and priorities for each criterion are illustrated clearly. From Table 6, it is concluded that the most
importance criterion is the LPE criteria, while the least importance criterion is the FCR criterion.
As the weight changes may affect the final performance rankings of different alternatives, a sensitivity
analysis is conducted to assess the stability of the rankings of potential layout planning alternatives in
the following sections.

3.2. Sensitivity Analysis of Multiple Criteria

The sensitivity analysis of the criteria is capable of determining the most sensitive criteria with
weight changes and can assist the decision-makers to find out the optimal alternative. In this research,
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an OAT-based sensitivity analysis is performed with respect to all weights to assess the stability of the
alternative rankings for the temporary facility layout problem.

The OAT analyzing method is able to identify the most sensitive parameters among all influencing
factors in the model [67]. In the sensitivity analysis, the weights of input factors are changed to check
the results which the weight changes produce [68]. In this process, the weights of all other factors
can be fixed, or at least change to an extent to their baseline value, which makes the comparability
of the different results possible. Generally, the OAT-based sensitivity analysis includes three steps as
follows [69]:

1. Range of percent change (RPC) definition. The changing range is defined as a set of discrete
percent change from an original criterion weight value. The change range is required to be within
the RPC. In this temporary facility layout planning problem, a single weight range of ±40% is
adopted, which is applied to all criteria to see changes of the results.

2. Increment of percent change (IPC) definition. The proposed evaluation engine conducts a series
of runs where each criterion weight is changed in percent increments according to the IPC.

3. Weight calculation. When the main changing criterion cm varies, its weight at the certain percent
change (PC) can be calculated as Equation (6):

W(cm, pc) = W(cm, 0) +W(cm, 0) × pc, 1 ≤m ≤ n, (6)

where cm represents the main changing criterion; W(cm, 0) represents the weight of the main
changing criterion cm at the base run; pc is the percent change of the main changing criterion;
and n is the total number of criteria.

4. Weight adjustment. In order to satisfy the constraint that the sum of each weight of criterion
equals one, the weights of the other criteria need to be adjusted proportionally. The weight of
other criterion W(ci, p) is derived in accordance with W(cm, p) as Equation (7):

W(ci, pc) = (1 −W(cm, pc)) ×W(ci, 0)/(1 −W(cm, 0)), i 6= m, 1 ≤ i ≤ n, (7)

where W(cm, pc) is the weight of the main changing criterion cm at the certain percent change;
W(ci, 0) is the weight of the ith criterion ci at the base run; W(cm, 0) is the weight of the main
changing criterion cm at the base run.

Through the described sensitivity analysis, the weight of the main changing criterion is altered by
an IPC within the RPC. After the main changing criterion changes from the first criterion (PEO criterion)
to the nth criterion (WPC criterion), the sensitivity evaluation summary is generated for all simulation
runs including the input criteria and output results. Combined with the specific performance of each
alternative, the overall rankings among all alternatives are generated from the simulation. According to
the simulation outputs, the decision-makers can check the result changes due to the weight changes
and make the final decisions.

4. Application Example

An application example is analyzed to illustrate the use of the proposed model and demonstrate
its capabilities in temporary facility layout planning. The input information for the planning includes:
(1) the relative importance judged by the selected experts in the in-depth investigation; and (2) the
performance assessment for each criterion in the given alternatives.

The proposed framework is applied to a real-life multistory building project. On the jobsite,
the construction needs the assistance of a set of temporary facilities, which include the storage facilities,
workshops, tower cranes, parking lots, field offices, equipment storage, material storage facilities,
and garage building. In this case, as shown in Figure 3, three potential layout planning alternatives
are predetermined. The detailed positions and spatial relationships for each alternative are illustrated
in Figure 3, and the rectangles with different numbers represent different facilities.
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Figure 3. Temporary facility layout planning alternatives illustration.

As one of the most important temporary facilities on site, tower crane positioning is a critical
temporary facility task which directly influences the performance of the assisted activities. For example,
in Alternative 1, the tower crane is placed to the west of the constructing building, while it is placed to
the southwest of the building in Alternative 2. In Alternative 3, it is placed to the northwest of the
building. The activities supported by the tower cranes in the three alternatives are different, and the
activity performance also varies with the alternative changing. Furthermore, there are another twelve
temporary facilities to be positioned on the jobsite. It remains a complex decision-making task to select
the optimal layout plan and to properly optimize the locations of temporary facilities.

In order to support planners and decision-makers in the challenging decision task, the proposed
framework was applied to identify the optimal solution for temporary facility layout in this
case. The relative importance among different criteria was judged by eight selected construction
superintendents, managers and experts. The work experiences and background of the selected experts
are shown in Table 7.

Table 7. Experiences and background of the selected experts.

Expert Role Company/Organization Work Experiences and Background

E1 Superintendent Contractor
Construction superintendent on civil project in China. He has
about 10 years of experiences in building construction and
facility management.

E2 Superintendent Contractor
Crane superintendent in the subcontractor company in China.
He has about 10 years of experiences in construction
equipment management.

E3 Engineer Contractor
Construction superintendent in building contractor company
in China. He has about 15 years of experiences in budgeting
and planning.

E4 Engineer Contractor
Construction scheduling engineer in the subcontractor
company in China. He has about 15 years of construction
experiences.

E5 Professor University University professor. He has about 30 years of teaching and
on-site working experiences in construction and engineering.

E6 Professor University University professor. He has about 15 years of teaching and
working experiences in civil and industrial engineering.

E7 Engineer Real estate company Associate project engineer in a real estate company. He has
about 10 years of experiences in facility design and planning.

E8 Engineer Real estate company
Associate project engineer in a real estate company. She has
about 12 years of experiences in process control and
management.

Through the detailed descriptions of the proposed ANP-based framework, the relative importance
of the criteria was assessed through a questionnaire investigation. The average value of the results from
eight experts was utilized as the input of the model. The model is solved through the Super Decisions
software to analyze and evaluate the judgment matrices [70]. Then, the unweighted supermatrix and
limit supermatrix were obtained from the evaluation, as shown in Tables 5 and 6. The priorities were
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extracted from the limit supermatrix (shown in Table 6) to generate the weight of each criterion and to
study the relative importance of criteria and sub-criteria.

As illustrated in Figure 4, the weight results are illustrated. The generated weights for all criteria
provide further insights into the layout planning for the construction planners and decision-makers.
From Figure 4a,b, it is concluded that criteria of LPE and minimization of the TNI are the most
important sub-criteria at the tactical level. The weights are 0.1000 and 0.0976, respectively. On the
other hand, the criteria of FCRs and the ability to dynamically change the temporary facilities (ACT)
are the least important sub-criteria among all sub-criteria, which are respectively 0.0369 and 0.0407.
Therefore, construction layout planners and decision-makers can determine the weights of different
criteria and further evaluate the performance of the criteria.
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In order to determine the overall ranking of all alternatives, the performance value of each
criterion was measured and quantified to be within the range of 0 to 100% due to the features of
each alternative. Specifically, the performance degree is 100% when the construction managers are
completely satisfied by the actual performance for a certain criterion. In this example, the performance
degree for each criterion of each alternative is shown in Table 8.

The sensitivity analysis directly utilizes the criteria weights obtained from the ANP-based
approach and the performance degree for each criterion to determine the most sensitive criteria in the
layout problem. In this example, the RPC was defined from –40% to 40% while the IPC was defined
from –2% to 2%, which were applied to all sub-criteria. The simulation process involved 640 runs
while each run generated a single result for the alternative. Through the simulation runs, the optimal
alternative can be concluded from the results for each combination of weights. For example, when TNI
is the main changing criterion, results from the 40 simulation runs are illustrated Table 9. The criteria
weights, the overall performance for each alternative and the optimal alternative are summarized
in Table 8. It can be concluded when the weight of TNI criterion changes within the range between
–40% and 40%, the optimal alternative is Alternatives 2 or 3. Specifically, the optimal alternative is
Alternative 2 in most conditions. On the other hand, Alternative 1 is never the optimal alternative.



Appl. Sci. 2018, 8, 2434 14 of 20

Table 8. Performance of each criterion in each alternative.

Alter-Native
Performance for Each Criterion (%)

PEO CHZ CHM TNI STE ESU LPE SCD ACT FCR WSC FSC FRC RTC RHC WPC

A1 75 80 68 40 75 60 48 70 72 83 50 74 65 65 82 45
A2 50 90 70 40 60 40 70 80 50 85 70 40 50 65 82 70
A3 60 40 65 70 78 48 75 80 56 40 60 80 38 66 88 50

Table 9. Result summary from the simulation runs for the TNI criterion and selection of the optimal alternative.

Change (%) Weight Value Alternative Optimal
PEO CHZ CHM TNI STE ESU LPE SCD ACT FCR WSC FSC FRC RTC RHC WPC 1 2 3

−40 0.0916 0.0671 0.0450 0.0586 0.0727 0.0601 0.1043 0.0637 0.0424 0.0385 0.0499 0.0489 0.0688 0.0672 0.0551 0.0661 60.77 63.07 60.79 2
−38 0.0914 0.0670 0.0449 0.0605 0.0726 0.0599 0.1041 0.0636 0.0423 0.0384 0.0498 0.0488 0.0687 0.0671 0.0549 0.0659 60.72 63.02 60.81 2
−36 0.0912 0.0669 0.0448 0.0625 0.0724 0.0598 0.1039 0.0634 0.0423 0.0383 0.0497 0.0487 0.0685 0.0669 0.0548 0.0658 60.68 62.98 60.83 2
−34 0.0910 0.0667 0.0447 0.0644 0.0723 0.0597 0.1037 0.0633 0.0422 0.0383 0.0496 0.0486 0.0684 0.0668 0.0547 0.0657 60.64 62.93 60.85 2
−32 0.0908 0.0666 0.0446 0.0664 0.0721 0.0596 0.1034 0.0632 0.0421 0.0382 0.0495 0.0485 0.0683 0.0667 0.0546 0.0655 60.59 62.88 60.87 2
−30 0.0906 0.0664 0.0445 0.0683 0.0720 0.0594 0.1032 0.0630 0.0420 0.0381 0.0494 0.0484 0.0681 0.0665 0.0545 0.0654 60.55 62.83 60.89 2
−28 0.0904 0.0663 0.0444 0.0703 0.0718 0.0593 0.1030 0.0629 0.0419 0.0380 0.0493 0.0483 0.0680 0.0664 0.0544 0.0652 60.51 62.78 60.91 2
−26 0.0902 0.0662 0.0443 0.0722 0.0717 0.0592 0.1028 0.0628 0.0418 0.0379 0.0492 0.0482 0.0678 0.0663 0.0543 0.0651 60.47 62.74 60.93 2
−24 0.0900 0.0660 0.0442 0.0742 0.0715 0.0591 0.1026 0.0626 0.0417 0.0379 0.0491 0.0481 0.0677 0.0661 0.0541 0.0650 60.42 62.69 60.94 2
−22 0.0899 0.0659 0.0441 0.0761 0.0714 0.0590 0.1024 0.0625 0.0416 0.0378 0.0490 0.0480 0.0675 0.0660 0.0540 0.0648 60.38 62.64 60.96 2
−20 0.0897 0.0658 0.0440 0.0781 0.0712 0.0588 0.1021 0.0624 0.0415 0.0377 0.0489 0.0479 0.0674 0.0658 0.0539 0.0647 60.34 62.59 60.98 2
−18 0.0895 0.0656 0.0439 0.0800 0.0711 0.0587 0.1019 0.0622 0.0415 0.0376 0.0488 0.0478 0.0673 0.0657 0.0538 0.0646 60.29 62.55 61.00 2
−16 0.0893 0.0655 0.0439 0.0820 0.0709 0.0586 0.1017 0.0621 0.0414 0.0375 0.0487 0.0477 0.0671 0.0656 0.0537 0.0644 60.25 62.50 61.02 2
−14 0.0891 0.0653 0.0438 0.0839 0.0708 0.0585 0.1015 0.0620 0.0413 0.0375 0.0486 0.0476 0.0670 0.0654 0.0536 0.0643 60.21 62.45 61.04 2
−12 0.0889 0.0652 0.0437 0.0859 0.0706 0.0583 0.1013 0.0619 0.0412 0.0374 0.0485 0.0475 0.0668 0.0653 0.0535 0.0642 60.16 62.40 61.06 2
−10 0.0887 0.0651 0.0436 0.0878 0.0705 0.0582 0.1011 0.0617 0.0411 0.0373 0.0484 0.0474 0.0667 0.0651 0.0533 0.0640 60.12 62.35 61.08 2
−8 0.0885 0.0649 0.0435 0.0898 0.0703 0.0581 0.1008 0.0616 0.0410 0.0372 0.0483 0.0473 0.0665 0.0650 0.0532 0.0639 60.08 62.31 61.10 2
−6 0.0883 0.0648 0.0434 0.0917 0.0702 0.0580 0.1006 0.0615 0.0409 0.0371 0.0482 0.0472 0.0664 0.0649 0.0531 0.0637 60.04 62.26 61.12 2
−4 0.0881 0.0646 0.0433 0.0937 0.0700 0.0578 0.1004 0.0613 0.0408 0.0371 0.0481 0.0471 0.0663 0.0647 0.0530 0.0636 59.99 62.21 61.14 2
−2 0.0880 0.0645 0.0432 0.0956 0.0699 0.0577 0.1002 0.0612 0.0408 0.0370 0.0480 0.0470 0.0661 0.0646 0.0529 0.0635 59.95 62.16 61.15 2
0 0.0878 0.0644 0.0431 0.0976 0.0697 0.0576 0.1000 0.0611 0.0407 0.0369 0.0479 0.0469 0.0660 0.0644 0.0528 0.0633 59.91 62.12 61.17 2
2 0.0876 0.0642 0.0430 0.0996 0.0695 0.0575 0.0998 0.0609 0.0406 0.0368 0.0478 0.0468 0.0658 0.0643 0.0527 0.0632 59.86 62.07 61.19 2
4 0.0874 0.0641 0.0429 0.1015 0.0694 0.0573 0.0995 0.0608 0.0405 0.0368 0.0477 0.0467 0.0657 0.0642 0.0525 0.0631 59.82 62.02 61.21 2
6 0.0872 0.0639 0.0428 0.1035 0.0692 0.0572 0.0993 0.0607 0.0404 0.0367 0.0475 0.0466 0.0655 0.0640 0.0524 0.0629 59.78 61.97 61.23 2
8 0.0870 0.0638 0.0427 0.1054 0.0691 0.0571 0.0991 0.0605 0.0403 0.0366 0.0474 0.0465 0.0654 0.0639 0.0523 0.0628 59.73 61.92 61.25 2

10 0.0868 0.0637 0.0426 0.1074 0.0689 0.0570 0.0989 0.0604 0.0402 0.0365 0.0473 0.0464 0.0653 0.0637 0.0522 0.0626 59.69 61.88 61.27 2
12 0.0866 0.0635 0.0426 0.1093 0.0688 0.0568 0.0987 0.0603 0.0401 0.0364 0.0472 0.0463 0.0651 0.0636 0.0521 0.0625 59.65 61.83 61.29 2
14 0.0864 0.0634 0.0425 0.1113 0.0686 0.0567 0.0985 0.0601 0.0401 0.0364 0.0471 0.0462 0.0650 0.0635 0.0520 0.0624 59.60 61.78 61.31 2
16 0.0863 0.0632 0.0424 0.1132 0.0685 0.0566 0.0982 0.0600 0.0400 0.0363 0.0470 0.0461 0.0648 0.0633 0.0519 0.0622 59.56 61.73 61.33 2
18 0.0861 0.0631 0.0423 0.1152 0.0683 0.0565 0.0980 0.0599 0.0399 0.0362 0.0469 0.0460 0.0647 0.0632 0.0517 0.0621 59.52 61.68 61.35 2
20 0.0859 0.0630 0.0422 0.1171 0.0682 0.0563 0.0978 0.0597 0.0398 0.0361 0.0468 0.0459 0.0645 0.0630 0.0516 0.0620 59.48 61.64 61.36 2
22 0.0857 0.0628 0.0421 0.1191 0.0680 0.0562 0.0976 0.0596 0.0397 0.0360 0.0467 0.0458 0.0644 0.0629 0.0515 0.0618 59.43 61.59 61.38 2
24 0.0855 0.0627 0.0420 0.1210 0.0679 0.0561 0.0974 0.0595 0.0396 0.0360 0.0466 0.0457 0.0643 0.0628 0.0514 0.0617 59.39 61.54 61.40 2
26 0.0853 0.0626 0.0419 0.1230 0.0677 0.0560 0.0972 0.0593 0.0395 0.0359 0.0465 0.0456 0.0641 0.0626 0.0513 0.0615 59.35 61.49 61.42 2
28 0.0851 0.0624 0.0418 0.1249 0.0676 0.0558 0.0970 0.0592 0.0394 0.0358 0.0464 0.0455 0.0640 0.0625 0.0512 0.0614 59.30 61.45 61.44 2
30 0.0849 0.0623 0.0417 0.1269 0.0674 0.0557 0.0967 0.0591 0.0394 0.0357 0.0463 0.0454 0.0638 0.0623 0.0511 0.0613 59.26 61.40 61.46 3
32 0.0847 0.0621 0.0416 0.1288 0.0673 0.0556 0.0965 0.0589 0.0393 0.0356 0.0462 0.0453 0.0637 0.0622 0.0509 0.0611 59.22 61.35 61.48 3
34 0.0845 0.0620 0.0415 0.1308 0.0671 0.0555 0.0963 0.0588 0.0392 0.0356 0.0461 0.0452 0.0635 0.0621 0.0508 0.0610 59.17 61.30 61.50 3
36 0.0844 0.0619 0.0414 0.1327 0.0670 0.0553 0.0961 0.0587 0.0391 0.0355 0.0460 0.0451 0.0634 0.0619 0.0507 0.0609 59.13 61.25 61.52 3
38 0.0842 0.0617 0.0413 0.1347 0.0668 0.0552 0.0959 0.0586 0.0390 0.0354 0.0459 0.0450 0.0633 0.0618 0.0506 0.0607 59.09 61.21 61.54 3
40 0.0840 0.0616 0.0412 0.1366 0.0667 0.0551 0.0957 0.0584 0.0389 0.0353 0.0458 0.0449 0.0631 0.0617 0.0505 0.0606 59.04 61.16 61.56 3
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In addition to the TNI criterion changing case, there are another 15 criteria changing cases.
Six typical cases were selected to evaluate the result changes, as illustrated in Figure 5. In addition to
the six typical cases shown in Figure 5, the results of the other 10 typical cases are similar to the case of
PEO criterion (shown in Figure 5a). In the selected cases, the main changing criteria are individually
PEO, CHZ, CHM, TNI, ESU and FRC criterion. As shown in Figure 5, it can be concluded that:

• CHZ and TNI are the most sensitive criteria among all criteria. When the weight of CHZ or TNI
criterion changes, significant change can be caused to the results and final decision. As shown in
Figure 5b, with the main criterion CHZ changing, the most suitable layout alternative changes
from Alternative 3 (shown in the red dashed line) to Alternative 2 (shown in the black dashed
line), while Alternative 2 is optimal in most cases. As shown in Figure 5d, the optimal layout
alternative changes from Alternative 2 to Alternative 3 while Alternative 2 is optimal in most
simulation runs.

• As illustrated in Figure 5a,c,e,f, Alternative 2 is always the optimal plan. With the weight changing,
the performance of Alternative 2 may be improving or decreasing; however, its performance
value is always higher than the other two alternatives.

• In all cases, Alternative 1 is never the optimal plan. Therefore, Alternative 1 is considered to be
the most unacceptable plan among all plans, which indicates that planners should avoid selecting
Alternative 1 in the final decision.
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Through the sensitivity analysis, the result stability of the optimal alternative is evaluated and
assessed. All potential optimal alternatives are generated from the simulation runs. According to the
simulation results, the decision-makers are able to avoid selecting the alternative which is impossible
to be the optimal one, and further determine the most preferred solution among the potential optimal
alternatives. This can significantly improve the performance of the temporary facility layout planning
in actual construction practices.

5. Discussions

In order to optimize multiple construction objectives and determine the optimal temporary
facility layout plan, an effective and appropriate assessment approach is critical. However, the ability is
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limited in formulating a multi-criteria layout optimization framework. Based on the previous studies,
this research establishes the criteria system which integrates all relevant indicators related to temporary
facility layout planning. By evaluating the criteria system, this study identifies the relative importance
of the criteria and sub-criteria in temporary facility layout planning through an in-depth investigation.
Meanwhile, based on the OAT approach, a sensitivity analysis was conducted to analyze the result
stability of the optimal layout alternative, which provides further insights into the decision-making
process for construction planners and managers.

From Table 10, it can be seen that minimization of the TNI, PEO and STE rank the second,
third and fourth place among all sub-criteria, respectively. Considering that TNI, PEO and STE are
three sub-criteria belonging to the safety criterion, it is shown that safety criterion is significantly critical
in the temporary facility planning. This is consistent with the fact that the previous layout planning
research mainly focused on the safety impact on the temporary facility layout [2,15,71]. It is indicated
that safety is the most significant factor in the planning task. In our research, the specific safety
sub-criteria that impact layout planning are identified. Meanwhile, LPE belonging to the productivity
criterion ranks first among all sub-criteria. This is also indicated by the previous research, which mainly
focused on evaluating the productivity influences on the layout performance [11,72]. Therefore, labor
productivity is another important factor in temporary facility layout planning. Furthermore, cost
criterion is required to be taken into account in the layout planning, as the construction project has a
budget limit [4,13].

Table 10. Rank of sub-criteria for temporary facility layout planning.

Rank Sub-Criterion Weight Value Criterion.

1 Labor productivity and ergonomics (LPE) 0.1 Productivity

2 Minimization of the total number of intersections
(TNI) 0.0976 Safety

3 Proper equipment operation (PEO) 0.0878 Safety
4 Safety of task execution (STE) 0.0697 Safety
5 Facility removal cost (FRC) 0.066 Cost
6 Control of hazardous zones (CHZ) 0.0644 Safety
7 Resource travelling cost (RTC) 0.0644 Cost
8 Worksite personnel visit cost (WPC) 0.0633 Cost
9 Short construction duration (SCD) 0.0611 Productivity
10 Effective space utilization (ESU) 0.0576 Productivity
11 Resource handling cost (RHC) 0.0528 Cost
12 Workspace conflicts (WSC) 0.0479 Productivity
13 Facility setup cost (FSC) 0.0469 Cost
14 Control of hazardous material (CHM) 0.0431 Safety
15 The ability to dynamically change the TFs (ACT) 0.0407 Productivity
16 Facility closeness relationships (FCRs) 0.0369 Productivity

Secondly, the previous methods applied in temporary facility layout planning mainly focused
on one or two criteria related to this field, such as safety and productivity. The previous research did
not consider all relevant sub-criteria in the facility planning. In this study, the established criteria
system integrates a set of sub-criteria to effectively and efficiently determine the optimal layout plan,
which has not yet been seen in the previous efforts.

Furthermore, in this research, the sensitivity analysis shows that the results are not very sensitive
to the weight changes. With the weight changing, the results of the selected optimal alternatives
are relatively stable except two changing conditions. Therefore, the decision-makers can effectively
estimate the possible optimal alternatives and avoid selecting the other alternatives which will never
be the optimal solutions.

6. Conclusions

The study proposed an integrated framework for multi-criterion temporary facility layout
evaluation and decision-making, aiming at optimizing multiple construction objectives and
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determining the optimal layout alternative. The proposed framework presented a two-phase decision
process, which integrated the ANP approach, simulation-based sensitivity analysis, and optimization
methods. The generic temporary facility layout framework and network structure were formulated.
With the ANP modeling approach, the spatial layout decision problem was transformed into a
multi-criterion mathematical problem. It supports the construction planners and managers in
generating the relative importance among objectives and criteria at the practical level and determining
the weight value of each criterion in the layout problem. Through the OAT-based simulation,
the sensitive factors that significantly impact the layout performance were identified and the potential
optimal alternatives were determined.

In the present research, the proposed model was implemented on an application example to
validate its effectiveness and capabilities. From the results of the case study, the overall rankings of
sub-criteria were provided to the decision-makers, which indicated that some sub-criteria belonging
to the productivity and safety criteria were relatively important. In the application example, it can
assist site managers with the decision-making task to determine the optimal solution for temporary
facility layout. The most important sub-criteria were identified through the ANP-based model,
which were specifically the LPE, minimization of the TNI and PEO. Therefore, the facilities should
be arranged reasonably according the evaluation results. Considering the cost impact on layout
planning, the facility removal cost should be minimized through effective layout optimization.
Furthermore, the sensitivity analysis generated the possible optimal alternatives through the simulation
process and help construction planners to avoid selecting the alternatives which would never be the
optimal solutions.

The analysis results highlight the new and unique capabilities of the temporary facility layout
planning model in generating the optimal alternative considering multiple criteria. This provides
the construction managers and planners with a useful tool to improve the overall performance of
temporary facility planning in construction projects.
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