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Abstract The adaptive layout for operating theatre (ALOT) problem in hospitals seeks to
determine the ‘most efficient’ layout placement of a set of health-care operating facilities,
corridors and elevators in a designated area subject to a set of constraints on professional
standards. Such standards include regulations on: hygiene, safety and security of stakeholders
(doctors, medical staff, patients and visitors); movements of technologies; and specifications
of operating rooms (functions, orientations, space sizes, and desired closeness). Existing
ALOT layouts are mostly generated from designs based on experiential judgments of experts.
Due to the lack of scientific rigor and huge impact of layout design on the efficiency and
effectiveness of an operating theater, the paper proposes mixed integer linear programming
models to find optimal layouts under three different design variants: ALOT with multiple
sections; ALOT with multiple rows and ALOT with multiple floors. Each variant has dif-
ferent demands for personnel, patients, and technologies over a planning horizon. Operating
facilities can exchange functions at rearrangement costs from one period to another to meet
the changing demands. The general objective consists of two sub-objectives: the first sub-
objective is to minimize the total sum of the rearrangement and travel costs whereas the
second sub-objective is to maximize the total sum of desired closeness among facilities.
Computational experiences are presented on a set of quasi-real data instances for a hospi-
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tal in France. They demonstrate the effectiveness of the formulations in providing optimal
layouts for realistic-sized instances. Conclusion and future research directions are presented.

Keywords Layout design for operating theatre ·Mixed integer linear programmingmodels ·
Adaptive and robust layout · Health-care standards

1 Introduction

The operating theater (OT) is the heart of any hospital having a surgical operation unit. The
layout design involves a set of facilities/rooms of different functions (rooms for changing,
sterilizing, induction, decontamination, surgery and scrub) and characteristics (space sizes,
lengths, widths and x–y orientations); a set of patients’ care units (like post-anesthesia care
unit (PACU)which is a specialty unit in a hospital for patients recovering from anesthesia and
intravenous sedation); and a set of human actors (medical-staff, non-medical staff, patients,
and visitors). Each actor has different travel frequencies (number of trips) between facilities.
Each trip has also a different complexity depending on the required health-care request,
closeness of facilities and the type of actors performing it (Rosko 1996). The desired closeness
among facilities is often based on an AEIOUX proximity scoring system in Muther (1973).
The complexity of design of an OT layout is also coming from the required professional
standards on the work environment to be safe, efficient, and user friendly (McHugh and
Payne 2012).

In the basic design, the main objective is to determine the optimal placements in a desig-
nated floor of a hospital for equal-sized facilities with pre-fixed orientations along the x–y
directions. The objective is to minimize the sum of total travel costs by actors and to max-
imize the total sum of desired closeness among facilities, subject to a set of constraints on
the physical placements of the various operating facilities in the available space according to
international health-care standards. Figure 1 depicts a typical layout design for an operating
theatre on a single floor involving two sections. Sections are separated by internal doors
along a single and long corridor, and each section consists of two horizontal rows consisting
of operating facilities with different functions, sizes and pre-fixed orientations. For instance,
the dotted boundaries define Sect. 1, which includes the post-Anesthesia care unit. It has a
length orientated along the x-axis and its width orientated along the y-axis, whereas the other
facilities have lengths orientated along the y-axis. Both the placement of a facility and its
orientations determine its layout design.

The layout design for anOT problem is practically relevant and theoretically important. Its
practical relevance was emphasized by Reiling et al. (2008). They reported that “the design of
a structure with its fixed and moveable components can have a significant impact on human
performance, especially on the health and safety of employees, patients, and families”. They
called for “improving the physical environment in which nurses and other caregivers work,
and thus improve both nurse and patient outcomes”. They mentioned that the facility layout
design of a hospital, with moveable components was not considered before. Recently, Harri-
son et al. (2013) discussed some aspects of managing and improving the drivers of efficiency
for an operating theater and highlighted the lack of mathematical models. They noted the
need for standard metrics for applying the mathematical approaches of operations research
to minimize or maximize various quantities that affect the operating theater functions. The
theoretical complexity of the OT layout problem can be deduced from its generalization
of the well-known quadratic assignment problem (QAP), Burkard (2013). The QAP seeks
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Fig. 1 A typical layout design for an operating theater with two-sections

the placement of a set of facilities of equal sizes into a set of known locations on the same
floor space. However, in the Adaptive Layout of an Operating Theater (ALOT) problem,
the facilities have different sizes and orientations; they can be placed freely on the space
floor without pre-fixed known locations. Moreover, the facilities can change their operating
functions at rearrangement costs to meet the changing demands over a planning horizon.
Further, the general ALOT objective consists of two sub-objectives. The first sub-objective
minimizes the total sum of travel costs and the total sum of rearranging costs of the operating
functions of facilities over the planning time. The second sub-objective maximizes the total
sum of desired closeness among facilities. Since the placement of facilities is free on the
floor space, the distance measure between any two facilities becomes a rectilinear function
which can be linearized at an additional modeling complexity. Moreover, there are guidelines
on the required health care standards and desired configurations in cases of evacuation and
emergency responses, they need to be met in the design in a final OT layout, Bish et al.
(2014). Therefore, the QAP can be considered as a relaxation of the ALOT problem. Since
the QAP is NP-complete, the ALOT problem can be considered as an extended and more
complex NP-complete problem. Thus, even if we attempt to provide a mathematical model
for the ALOT problem, the mathematical model remains very difficult to solve to optimality
for large-sized instances due to the exponential growth in the required computational effort
and associated working memory (Tayal et al. 2017).

Reviewing the literature on the design of layout for hospitals, one can find a few publica-
tions in the past and a recent interest from academics. Such publications can be classified into
QAP-based, no QAP-based, andmulti-period methodologies. First, theQAP-based methods
started with Elshafei (1977) who proposed a QAP formulation to locate clinics on a hospital’s
floor at Cairo hospital. The objective was to reduce the efforts of patients when traveling from
one clinic to another. Butler et al. (1992) proposed a QAP formulation to layout facilities
and to allocate bed capacities, followed by a simulation model to capture the complexities
of the hospital operations. Recently, Yeh (2006) developed a QAP model for designing an
architectural layout of a hospital. The objective was to maximize the total sum of preferences
for assigning facilities to specific sites and the total sum of desired preferences for placing
facilities next to each other, in addition to minimize the total sum of violations of constraints.
Due to the complexity of the model, it was solved approximately using a combined simulated
annealing and Hopfield neural network approach. Feng and Su (2015) considered a QAP for-
mulation for locating departments in a hospital. Helber et al. (2016) proposed a two-stage
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hierarchical facility layout planning approach for Hannover’s hospital. In the first stage, a
QAP formulation was used to assign departments to locations. The QAP model was solved
using a fix-and-optimize decomposition approach. The second stage located organizational
units and wards within a given department with the objective to minimize the consumption
of resources by the transportation processes.

Second, the no QAP-based method included Vos et al. (2007) who used a discrete event
simulation to evaluate the flexibility and fitness of the operations management in supporting
the efficiency and effectiveness of the health care processes. Similarly, Gibson (2007) used a
discrete event simulation approach to design a hospital layout to provide an efficient delivery
of quality services to patients, to make the best use of staff, equipment and facilities, and to
provide a safe work environment for patients, staff and visitors. Gibson (2007) argued that the
design of hospitals often uses approaches based on best-practice benchmarking and human
expert judgements. He claimed that such approaches are inefficient and often generate layout
designs with high maintenance costs and poor provisions of good services to patients since
theywere notmodeledmathematically to address the various demands from patients; medical
and non-medical staff; and equipment and technology materials. Barrett (2008) addressed
the weakness of the layout design of a Clinic at the Toronto General Hospital by developing a
modified Systematic Layout Planning approach to evaluate the clinic’s space usage, operating
levels, travel demands and facility patterns. Motaghi et al. (2011) used a three-stage heuristic
based on a qualitative objective to maximize the sum of desired closeness for determining
a facility layout at the Shafa Hospital. An initial layout of various wards was determined at
the first stage using a survey of the hospital architectural plans, and drawing of its current
operating processes. At the second stage, a facility desired closeness relationship chart was
developed. Finally a diamond algorithm was used to calculate the efficiency of the final
layout, which has generated an improved efficiency up to 45% over the efficiency of the
original layout. Stummer et al. (2004) developed a multi-objective decision support system
to solve the hospital layout problem. It determines the location and size of departments in a
hospital network. De Bruin et al. (2010) determined how many beds must be allocated to a
specific clinic ward to meet an estimated occupancy target of 85% for all wards. A decision
support was developed based on an Erlang loss model to evaluate the current size of nursing
units. Lin et al. (2015) applied a fuzzy constraint theory to optimize the facility layout for
operating theater. Lorenz et al. (2015) presented an adjacency-based method to determine
the layout plan for a hospital using a Newton gravitation model to propagate changes to the
whole space layout. Rismanchian and Lee (2017) used a process-based mining approach
to extract information on clinical pathways and developed a goal programming approach
to find the layout which can satisfy simultaneously several objectives for an emergency
department in a Korean hospital; Ma et al. (2016) considered a multi-objective evolutionary
approach for the layout design of departments in a hospital. Kokoç et al. (2016) used a data
mining algorithm to improve the efficiency of an emergency department by increasing the
satisfaction of patients and employees and decreasing the travelled distance. Arnolds and
Gartner (2017) presented a clinical pathway mining approach to improve the hospital layout
planning. The authors adopted a three-phase approach:Thefirst phase uses amachine learning
phase to identify the significant clinical pathways from the data captured in the hospital’s
information system. The second phase develops amathematicalmodel for the layout planning
of a hospital based on the identified clinical pathways and associated probabilities, and expert
knowledge. The third-phase solves the developed model to obtain a final layout-design. The
three-phase approach was shown to reduce substantially the distances traveled by patients
over the baseline method. Finally, Chraibi et al. (2017) developed a multi-agent approach
to solve large-sized instances of the operating layout problem using a Mixed Integer Linear

123



Ann Oper Res (2019) 272:493–527 497

Programming (MILP) formulation. The authors investigated the efficiency of cooperation
and negotiation between the agents while searching for an optimal solution. Instances with
more than 100 facilities were solved in a reasonable amount of time.

Third, the multi-period planning method included Arnolds et al. (2012) who developed a
robust optimization tool for a multi-period layout planning for hospital wards. It combined
a discrete event simulation and improvement heuristics to generate a robust hospital layout.
Arnolds and Nickel (2013) considered the layout planning for fixed and variable wards
over multiple periods. The variable ward-layout allowed re-arranging and removing walls
between facilities in order to satisfy the changing demands from one period to another,
whereas the fixed-ward layout installed fixed-patient facilities with penalty costs for the
demand violations. The objective function minimized the total of costs of flows as well as the
costs of moving walls among facilities. Instability analysis of the different layout plans was
conducted under different scenarios of stochastic flows of patients. Other researches related
to an operating theater included Lin et al. (2013); they evaluated the performance of operating
rooms in a hospital. Rachuba and Werners (2017) addressed the operating room schedules
which are regularly influenced by uncertain demands such as unknown surgery durations or
randomly arriving emergency patients. A simulation approach was performed to develop a
robust compromise schedule focusing on stochastic surgery times and different objectives and
simultaneously reserve time windows dedicated to randomly arriving emergency demand.
Tayal et al. (2017) considered a stochastic dynamic layout problem with material handling
cost and re-arrangement cost, solved using various metaheuristics. A pool of layouts was
generated and analyzed using data envelopment analysis to identify efficient layouts. The
efficient layouts were ranked using multi-attribute decision making techniques including an
analytic hierarchy process. Instances of 12 facilities were used to validate the model over a
planning horizon of 5 periods.

In summary, today’s health-care systems are exposed to a dynamically changingwork envi-
ronmentwhere the health-care demands frompatients are unstable due to a fierce competition.
Health-care managers are also under pressure to cut cost and to become more efficient. In
response to the demand changes over time, providing an analytics tool for designing alterna-
tive layouts to adapt for the demand change in each period as well as improving the efficiency
and effectiveness of health-care operations would be a great step in the right direction. In
light of the above literature review, there is no mathematical model to the best of our knowl-
edge that takes into accounts all human and technical aspects, and health-care professional
standards in the design of an optimal layout for the operating theater layout problem. In this
paper, we shall aim to close such gap and propose three new mathematical programming
models and solve them to generate optimal alternative layouts. Our methodologies are based
on an integrative approach which combines both qualitative human judgments of experts and
quantitative technical aspects. The general objective is to improve both the efficiency and
effectiveness of the operating theater operations while taking into account the rapid change
in demands over a multiple-period planning horizon. It should be noted that the layout design
of an operating theater is not a frequent process; it is often used when building of a new unit
in a hospital, or re-configuring existing facilities to improve certain performance efficiency
measures. Therefore, the layout planning design is a long-term decision; it involves a capital
investment and may lead to a disruption of the health-care operations. Therefore, providing
an analytical tool to generate optimal alternative layouts for each period of the planning
horizon for an operating theater would provide a great help in reducing the operating costs,
minimizing the travel distances by patients and staff and above all have a better plan for min-
imizing the impact of disruptions on the health-care provisions. Hence, it would provide a
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tool to achieve the health-care management goals for improving efficiency and effectiveness
of a hospital and satisfaction of stakeholders (Bilsel and Davutyan 2014).

The current researchworkwasmotivated by the need of themanagement team at Roanne’s
hospital.1 They want to develop an easy-to-implement and inexpensive plan to re-configure
the existing facilities and their operating functions to meet the fluctuating demands of health-
care services over a planning horizon. In response, an Adaptive Layout for an Operating
Theater (ALOT) was formulated to determine the recommended changes to carry out in each
period of the planning horizon. The ALOTmultiple objectives are to maximize the adjacency
closeness between facilities; and to minimize both the total inter-facility travelling costs and
the rearrangement costs of operating functions. The real data for the experimental analysis
was provided by the senior management of the Roanne hospital. This paper contributes three
new Mixed Integer Non-Linear Programming (MINLP) models to meet the required man-
agement and health care standards for three different ALOT designs. Linearization of the
non-linear relationships are provided for determining the optimal placements and orienta-
tions of facilities as well as generating the recommended changes in the operating functions
of facilities for each period of the planning horizon. More precisely, three different layout
configurations are investigated in a multi-period planning horizon, namely: ALOT with mul-
tiple sections on a single floor; ALOT with multiple floors and ALOT with multiple rows
on a single floor (i.e., health care facilities are placed inside parallel lines while facilities
are connected using corridors so that the total traveling cost is minimized). The remaining
part of the paper is organized as follows. Section 2 defines the robust layout for an operating
theater problem (RLOT) and the adaptive layout for an operating theater (ALOT) problem,
and highlights their differences. Section 3 introduces the different mathematical models. The
computational results on several realistic-sized instances are presented in Sect. 4. Finally,
conclusion and some future research perspectives are exposed in Sect. 5.

2 Robust and adaptive layouts for an operating theater problem

In the multi-period planning horizon, the demand for health-care services at an operating
theater varies from one period to another. To cope with the fluctuating demands, two layout
designs can be adopted: A robust layout (RLOT) or an adaptive layout (ALOT). In the RLOT
problem, an optimal placement for each facility and its associated layout orientations along
the x–y dimensions is determined, subject to a set of constraints on the physical placements
of the various operating facilities in the available space according to international health-care
standards. The objective is to minimize the sum of total travel costs by all actors and to
maximize the total sum of the desired closeness among facilities. An optimal robust solution
is obtained at the first period of the planning horizon, using the average sum of the total travel
costs and the sum of desired closeness values for the entire periods. The obtained optimal
robust layout plan of the facilities remains fixed and in use for the entiremulti-period planning
horizon. Therefore, it may not necessarily remain optimal at subsequent periods due to the
fluctuating demands.

In the adaptive layout for an operating theater (ALOT) problem in a multi-period plan-
ning horizon, the aim is to meet the fluctuating demands (such as the travel frequency of each
actor) from one period to another by generating alternative layouts at the beginning of period

1 This workwas a collaboration between the hospital management of Roanne city (the Region of Rhône-Alpes
in France) and our research team to provide themwith an optimal OT design tomeet their requirements. Hence,
they provided data on the operating theatre specifications to report our computational experience.
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subject to the same constraints of the RLOT problem. At the beginning of the multi-period
planning horizon, an optimal layout design for the placements and orientations of facilities
is determined at the first period. Then, at the beginning of each subsequent period, the first
optimal layout design is kept unchanged, but an optimal re-arrangement of existing facilities
(i.e., exchanging their operating functions) is determined to satisfy the new demands of the
current period. The ALOT objective aims to minimize both the total traveling costs for all
actors (doctors, patients, medical and non-medical staff) as well as the total rearrangement
costs for changing the operating functions among facilities while maximizing the desired
closeness among facilities over the entire planning horizon. In summary, an optimal lay-
out with locations and orientations of facilities is obtained at the first period. In subsequent
periods, the obtained layout configuration is kept fixed but an optimal exchange of operat-
ing functions among facilities is obtained to meet changing demands at subsequent periods.
Although, it may be desirable to generate alternative layout configuration for each period, it
becomes an expensive operation to change to a new alterative configuration at each period
in addition to disruptions to the provision of the health-care services. The senior manage-
ment deemed sufficient the exchanging of the operating functions among facilities provided
improved provisions of health care services and better matching of the periodic demands can
be achieved.

Chraibi et al. (2015) presented a preliminary model for the robust layout design. It gener-
ates a fixed layout for the entire planning horizon. It did not allow rearrangements of operating
functions among facilities at later periods. However, the proposed adaptive layout approach
generates a layout plan with possible rearrangements of operating functions to match the
changing demands of health-care services at each period of the planning horizon. Normally,
a planning horizon is divided into a set of periods (months, quarters, or years). The length of
a period has an impact on the choice of desired layout approach. In a short period, when the
demand for services is fairly constant, there is no need to change the layout of facilities and
the robust layout approach would be sufficient. However, in a long period where the demand
of services (seasonal) varies from one period to another, the adaptive layout approach would
becomemore appropriate since it does take into account the rearrangement costs, the demand
of services in the generation of alternative layouts, and the desirability closeness values into
account when searching for an optimal exchange of operating functions among facilities.
Note that the demand of services is translated into an appropriate travel frequency for each
actor, and these travel frequencies are then converted into appropriate transportation costs to
use in our developed models. Table 1 summarizes the differences between the robust layout
and the adaptive layout approaches.

3 Mathematical modeling

In this section, different scenarios are suggested by the seniormanagement ofRoanne hospital
in France to explore alternative layout designs for the Operating Theater at the surgery ward,
they are listed as follows:

• The operating facilities have rectangular shapes with different known lengths and widths;
• A single facility cannot be split among multiple sections, floors or rows;
• The maximum number of corridors and elevators with their orientations are given;
• The locations of facilities, corridors, and elevators are decision variables;
• The movements between facilities, sections, and rows can only occur through corridors;
• The movements between floors can only occur through elevators;
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Table 1 Robust layout (RLOT) versus adaptive layout (ALOT) designs for an operating theater

Robust layout Adaptive layout

Facilities • Fixed placements of facilities
• Fixed orientations of corridors
and elevators

• Optimal solution of facilities is
generated using the average
costs of the entire planning
horizon

• Fixed placements of facilities
• Fixed orientations of corridors
and elevators

• Optimal solution for the
exchanges of operating
functions of facilities is
generated using the actual cost
of each period

Operating Functions • Fixed operating functions of
facilities for the entire planning
horizon

• Variable operating functions of
facilities to meet the changing
demands in each period

Costs • Fixed travel costs • Variable travel and
rearrangement costs

Objective • Minimize the total travel costs
and

• Maximize the desired closeness
values

• Minimize the total travel and
rearrangement costs and

• Maximize the desired closeness
values

• The travel frequency of actors, the difficulty of movements, the closeness values between
facilities and the traveling costs per actors are given;

• The travel distance between facilities, sections, or rows is measured using a rectilinear
centroid-to-centroid function;

• The number of sections with different sizes, the number of same-sized floors, and number
of same-sized rows are given;

• Certain facilities are allowed to exchange operating functions and are limited to the operat-
ing rooms (OR) and the induction rooms (IR). An exchange implies changing the operating
functions, equipment and materials among the rooms from one period to another, but not
their dimensions or orientations;

• A horizontal-oriented layout (parallel to x-axis) is considered in all formulations.

Based on the above specifications, threemulti-objectivemixed integer non-linear program-
ming (MINLP) models are proposed for the multi-section, the multi-floor and the multi-row
layout designs, respectively. In the sub-sections, the different MINLP models are presented
with associated sets of constraints related to the required ALOT configurations including
facilities’ orientation, facilities’ non-overlapping, facilities and corridors’ location among
others. Some of the constraints involve non-linear (rectilinear) expressions in absolute (|…|)
formats in order to compute the travel distances among facilities using centroid-to-centroid
movements through the corridors, lifts, and floors. Theses rectilinear distances have a great
influence on the complexity of computing the objective function values of the MINLP for-
mulations. They make the various MINLP formulations more difficult to solve to optimality.
Therefore linearization of all rectilinear expressions is conducted to develop mixed integer
linear models which are easier to solve than their corresponding MINLP ones. Linearization
of the expressions is either provided in the text or in the Appendix 1. However, the general
principle to linearize a single rectilinear constraint of the form A � |X| is defined by its sub-
stitution by two additional constraints to ensure no loss of information. The two additional
constraints are obtained from the relationship (−X≤A≤X) and can be re-written as X≥A
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and X ≥ − A constraints. We shall present below a list of common notations for an easy
referencing and a better understanding of the various models in the subsections.

Definition of sets

C� {1,…, #c} be the set of corridors (i.e., cleaning, public, and staff corridors) of dimension
#c

E � {1,…, #e} be the set elevators of dimension #e
F = {1,…, #f} be the set of floors of dimension #e
K � {1,…, #k} be the set of actors (i.e., doctors, patients, medical staff, non-medical staff…)

of dimension #k
O = {1,…, n} be the set of operating facilities of dimension n
P = {1,…, #p} be the set of periods in the planning horizon of dimension #p
R = {1,…, #r} be the set of rows of dimension #r
S= {1,…, #s} be the set of sections (i.e., outer, restricted, aseptic, disposal….) of dimension #s.

Note that for the sake of clarity without the loss of generality, we shall use indices in our
models to refer to objects belonging to the defined sets, e.g., “c” refers to a corridor in the
set of corridors “C”, instead of xc ∈ C .

Constant parameters

DC be the distance separating the centroids of two successive corridors in
the multi-row model

I be the ordered set of indices where i � 1,.., n refers to a facility in the
set O; i � n+1,…, n + #c represents a corridor in the set of corridors,
C and i � n+#c + 1,…,n + #c + #e refers to an elevator in the set of
elevators, E

NM be the set of non-exchangeable facilities
σk be the travel cost by an actor ‘k’
ADi j be 0 or 1 constant for permissible exchange of operating functions

among facilities ‘i’ and ‘j’
C i j be the rearrangement cost between operating facilities ‘i’ and ‘j’
Ri j be the desired closeness value between facilities ‘i’ and ‘j’
(αi, βi) be the length and width of operating facility ‘i’ without orientations, αi

≥ βi
(δi , ∂ i ) be the length and width of corridors i � n + 1,…, n + #c; elevators

i � n+#c + 1,…, n + #c + #e
(Xl, Xr) (Yb,Y t) be the two left and right points on x-axis and the bottom and top points

on y-axis defining a section or a floor(
xc, yc

)
be the coordinates of the centroid of a corridor ‘c’

(Xmax ,Ymax ) be two large bounds on the x-axis and y-axis for the linearization of the
rectilinear distance function between facilities

Ft
ijk be the travel frequency between facilities ‘i’ to ‘j’ by actor ‘k’ at period

‘t’
ϕt
ijk be the difficulty of travel between facilities ‘i’ to ‘j’ by actor ‘k’ at period

‘t’
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Binary decision variables

�t
i �

{
1 if length αi of operating facility ‘i’ is parallel to x-axis at period ‘t’
0 otherwise

At
i jc �

{
1 if facilities ‘i’ and ‘j’ are adjacent to the same corridor ‘c’ at period ‘t’
0 otherwise

Bt
i j f �

{
1 if facilities ‘i’ and ‘j’ belong to the same floor ‘f’ at period ‘t’
0 otherwise

Lt
i j �

{
1 if facilities ‘i’ and ‘j’ are exchanging operating functions at period ‘t’
0 otherwise

Stir �
{
1 if facility ‘i’ is assigned to row ‘r’ at period ‘t’
0 otherwise

U t
is �

{
1 if facility ‘i’ is assigned to section ‘s’ at period ‘t’
0 otherwise

V t
i f �

{
1 if facility ‘i’ is assigned to floor ‘f’ at period ‘t’
0 otherwise

W t
ic �

{
1 if facility ‘i’ is adjacent to corridor ‘c’ at period ‘t’
0 otherwise

μt
i j �

{
1 if facilities ‘i’ and ‘j’ are adjacent at period ‘t’
0 otherwise

Continuous decision variables

(lti , d
t
i ) be the x-length and y-length of facility ‘i’ at a period ‘t’

Dt
ij be the total distance between facility ‘i’ and ‘j’ at period ‘t’

(xti , y
t
i ) be the x and y coordinates of the geometric center of gravity a facility ‘i’ or the

centroid of a corridor “c” at period ‘t’
(Xt

ij,Y
t
ij) be the x-distance and y-distance between facility ‘i’ and ‘j’ at period ‘t’

Zt
ij be the vertical distance between facility ‘i’ and ‘j’ in different floors or rows at

period ‘t’

The three different formulations in the sub-sections aim to optimize quantitative technical
aspects related to facilities in addition qualitative aspects corresponding to human preferences
and medical experts. The common objective of the three different formulations is presented
below. This objective is composed of three components. The first component minimizes the
total sum of non-linear traveling costs by all actors (doctors, patients, medical and non-
medical staff) in each period of the planning horizon; the second component maximizes the
total sum of adjacency rating values between facilities (it is converted into a minimization
component by a multiplication factor (− 1); the last component minimizes the total sum
of rearrangement costs for moving the appropriate equipment when changing the operating
functions of facilities. Equation (1) provides an expression of the sumof the three components
to be optimized under a different set of constraints related the desired organization of the
layouts.

min

⎡

⎣
# p∑

t�1

n∑

i�1

n∑

j�1

#k∑

k�1

Ft
i j k · Dt

i j · ϕ i j k · σ k −
# p∑

t�1

n∑

i�1

n∑

j�1

Ri j · μt
i j +

# p∑

t�1

n∑

i�1

n∑

j�1

ADi j · Ci j · Lt
i j

⎤

⎦

(1)
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The closeness values Ri j determine the desirability of locating two facilities adjacent
to each other. The closeness value is generated based the following importance letters:
A—absolutely necessary; E—especially important; I—important; O—ordinary importance;
U—unimportant and X—not desirable. The AEIOUX letters are set to take the respective
values of A � 16, E � 8, I � 4, O � 2, U � 0 to X � − 2.

3.1 ALOT with multi-section on a single floor

Given a set of facilities (O), a number of sections (S), and a set of corridors (C), the ALOT
with multi-section model consists of assigning facilities to sections and using corridors to
connect facilities within a section and across sections while optimizing the objective function
in Eq. (1). Figure 1 of Sect. 1 provides an illustration example of ALOT design with two
adjacent sections with a common corridor. Each section has two rows.

3.1.1 Constraints for ALOT with multi-section

Equation (2) uses binary Ut
is variables to ensure the assignment of each operating facility

and each corridor) are assigned each to only one section at period t.

#s∑

s�1

Ut
is � 1 ∀i � 1, . . . , n, . . . , n + #c; ∀t ∈ P (2)

3.1.2 Constraints related to corridors

To ensure that the corridors are located within the boundary of the section to which they
belong, the following four equations are developed using the left-bottom (Xl, Yb) and the
right-top points ((Xr, Yt) on x-axis and y-axis defining a section or a floor.

xtc +
δc

2
≤ Xr ·Ut

cs + Xmax · (
1 −Ut

cs

) ∀s ∈ S;∀c � n + 1, . . . , n + #c;∀t ∈ P (3)

ytc +
∂c

2
≤ Y t ·Ut

cs + Ymax · (
1 −Ut

cs

) ∀s ∈ S;∀c � n + 1, . . . , n + #c;∀t ∈ P (4)

xtc − δc

2
+ Xmax · (

1 −Ut
cs

) ≥ Xl ·Ut
cs ∀s ∈ S;∀c � n + 1, . . . , n + #c;∀t ∈ P (5)

ytc − ∂c

2
+ Ymax · (

1 −Ut
cs

) ≥ Yb ·Ut
cs ∀s ∈ S;∀c � n + 1, . . . , n + #c;∀t ∈ P (6)

A corridor must have common boundaries between two different sections to facilitate
the movements of actors to perform heath care services, in addition to two new boundaries
needed to connect with the entrance or the exit in order to allow for movements with the
outside area. Equation (7) assure that if two corridors (c and o) are belonging to two adjacent
sections at time (t), the corridors should have common boundaries. Equation (8) force that
the two corridors to be connected on the same horizontal x-axis line. Note that the absolute
term in Eq. (7) indicate whether the corridor (c) is on the left or on the right of corridor (o)
for computing the distance between them.

∣∣xtc − xto
∣∣ �

(
δc + δo

2

)
∀c, o � n + 1, . . . , n + #c;∀t ∈ P (7)

ytc � yto, ∀c, o � n + 1, . . . , n + #c;∀t ∈ P (8)
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Fig. 2 lti and d
t
i values depend on

the orientations of the facility i
Facility i

Facility j

3.1.3 Constraints related to facilities

The orientation of operating facility (i) is a decision variable �t
i indicating whether an oper-

ating facility is parallel to x-axis or y-axis. Figure 2 illustrates the two different orientations
of two facilities with associated lengths and widths (lti ,d

t
i ) and (ltj , d

t
j ) according to their

dimensions (αi, βi) and (αj, βj). Equations (9) and (10) express the relationships between
the length and the width dimensions and orientations of facility (i) according to the defined
binary variable �t

i . Note that the aim is to determine the length and width for a facility (i)
along the x-axis and the y-axis from the orientations. For instance, facility (i) would have a
length (lti) along the x-axis equals to its width (βi) instead of its normal length αi since the
length αi is assumed to be greater than the width βi as shown in Fig. 2.

lti � αi · Ω t
i + βi · (

1 − Ω t
i

) ∀i � 1, . . . , n;∀t ∈ P (9)

dti � αi · (
1 − Ω t

i

)
+ βi · Ω t

i ∀i � 1, . . . , n;∀t ∈ P (10)

Similar to what was done in Eqs. (3)–(6) for corridors, the operating facilities must be
located within the boundaries of the section to which they belong. Thus, Eqs. (11)–(14) are
introduced to make sure that the length and width of the operating facilities do not exceed
the left-bottom (Xl, Yb) and the right-top (Xr, Yt) coordinates defining a section (s) at period
(t).

xti +
lti
2

≤ Xr ·Ut
is + Xmax · (

1 −Ut
is

) ∀i � 1, . . . , n;∀s ∈ S,∀t ∈ P (11)

yti +
dti
2

≤ Y t ·Ut
is + Ymax · (

1 −Ut
is

) ∀i � 1, . . . , n;∀s ∈ S,∀t ∈ P (12)

xti − lti
2
+ Xmax · (

1 −Ut
is

) ≥ Xl ·Ut
is ∀i � 1, . . . , n;∀s ∈ S,∀t ∈ P (13)

yti − dti
2

+ Ymax · (
1 −Ut

is

) ≥ Yb ·Ut
is, ∀i � 1, . . . , n;∀s ∈ S,∀t ∈ P (14)

In a feasible OT layout, an operating facilitymust not overlap either with another operating
facility or with a corridor. Four constraints are used to avoid potential overlaps either on the
x-direction or on the y-direction: Eqs. (15) and (16) ensure that two operating facilities ‘i’
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and ‘j’ do not occupy the same physical location in a period ‘t’, while Eqs. (17) and (18)
ensure no-overlaps between operating facilities and corridors.

∣
∣
∣xti − xtj

∣
∣
∣ ≥ lti + ltj

2
∀i, j � 1, . . . , n;∀t ∈ P (15)

∣
∣
∣yti − ytj

∣
∣
∣ ≥ dti + dtj

2
∀i, j � 1, . . . , n;∀t ∈ P (16)

∣
∣xti − xtc

∣
∣ ≥ lti + δc

2
∀i � 1, . . . , n;∀c � n + 1, . . . , n + #c;∀t ∈ P (17)

∣
∣yti − ytc

∣
∣ ≥ dti + ∂c

2
∀i � 1, . . . , n;∀c � n + 1, . . . , n + #c;∀t ∈ P (18)

From one period to another period, our adaptive layout formulation allows facilities to
exchange their operating functions. The exchange of operating functions requires moving
equipment according to the change in demand of patients in consecutive periods. Thus, the
operating facilities are divided into two categories: fixed and movable. Equations (19) and
(20) ensure that the operating facilities belonging to the fixed category (NM) do not undergo
any exchange in the planning horizon.

xti � xt−1
i ∀i ∈ NM ;∀t ∈ P (19)

yti � yt−1
i ∀i ∈ NM ;∀t ∈ P (20)

Since, it was assumed that the layout is horizontally oriented; the travel distance between
any two facilities Dt

i j at period (t) is computed by going through the common corridors using
the rectilinear distance. Equation (21) present the rectilinear expression of the distance Dt

i j
at period “t” between two facilities “i” and “j” through corridor “c”.

Dt
i j �

∣∣∣xti − xtj

∣∣∣ +
∣∣ytc − yti

∣∣ +
∣∣∣ytj − ytc

∣∣∣ ∀i, j � 1, . . . , n;∀c � n + 1, . . . , n + #c;∀t ∈ P
(21)

3.2 ALOT with multi-floor

Given a set of facilities and a number of floors (F), the ALOT with multi-floor model
consists of assigning facilities to floors and using corridors to connect facilities within the
same floor and elevators to move between floors while optimizing the objective function.
Figure 3 provides an illustration of such layout variant. Some of the ALOT with multi-
section constraints (especially, the constraints related to orientation, non-overlapping and
within-boundaries) will be used: in Eqs. (3)–(6) and (9)–(20) the binary variables related to
sections will be replaced by those related to the floors (i.e.,Ut

is is replaced by V
t
is for i� 1,…,

n + #c). The following additional set of constraints is added to reflect the multi-floor nature
of the formulation.

3.2.1 Constraints related to floors

Equation (22) is developed to ensure that each of the operating facilities, corridors and eleva-
tors is assigned to only one floor ‘f’ at period ‘t’ using the binary variable V t

i f . Equation (23)
indicate whether two facilities ‘i’ and ‘j’ belong to the same floor or not (i.e., they are on
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Fig. 3 ALOT with multi-floor design

the same floor if Bt
i j f � 1when V t

i f � V t
j f � 1; or not if Bt

i j f � 0when either V t
i f �

0 or V t
j f � 0).

# f∑

f �1

V t
i f � 1 ∀i ∈ I ;∀t ∈ P (22)

Bt
i j f � V t

i f · V t
j f ∀i ∈ I ;∀t ∈ P (23)

3.2.2 Constraints related to elevators

The locations of elevators in each floor must be vertically aligned. Equation (24) assure that
they have the same x-coordinate in each floor, while Eq. (25) force the elevators to have the
same y-coordinate in each floor. In addition to that, the elevators have to be located within
the boundaries of the floor to which they belong, i.e., within the floor space defined by its
left-bottom (Xl, Yb) and right-top (Xr, Y t) coordinates. The constraints on elevators are
imposed in Eqs. (26)–(29).

xte � xtq ∀e, q � n + #c + 1, . . . , n + #c + #e;∀t ∈ P (24)

yte � ytq ∀e, q � n + #c + 1, . . . , n + #c + #e;∀t ∈ P (25)

xte +
δe

2
≤ Xr · V t

e f + Xmax ·
(
1 − V t

e f

)
∀e � n + #c + 1, . . . , n + #c + #e;∀t ∈ P (26)

yte +
∂e

2
≤ Y t · V t

e f + Ymax ·
(
1 − V t

e f

)
∀e � n + #c + 1, . . . , n + #c + #e;∀t ∈ P (27)

xte − δe

2
+ Xmax ·

(
1 − V t

e f

)
≥ Xl · V t

e f ∀e � n + #c + 1, . . . , n + #c + #e;∀t ∈ P (28)

yte − ∂e

2
+ Ymax ·

(
1 − V t

e f

)
≥ Yb · V t

e f ∀e � n + #c + 1, . . . , n + #c + #e;∀t ∈ P (29)
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Equations (30) and (31) are used to avoid overlaps between the operating facilities and
the elevators, while Eqs. (32) and (33) are used to avoid overlaps between corridors and
elevators.

∣
∣xti − xte

∣
∣ ≥ lti + δe

2
∀i � 1, . . . n;∀e � n + c + 1, . . . , n + #c + #e;∀t ∈ P (30)

∣
∣yti − yte

∣
∣ ≥ dti + ∂e

2
∀i � 1, . . . n;∀e � n + #c + 1, . . . , n + #c + #e;∀t ∈ P (31)

∣
∣xtc − xte

∣
∣ ≥ δc + δe

2
∀c � n + 1, . . . , n + #c;∀e � n + #c + 1, . . . , n + #c + #e;∀t ∈ P

(32)
∣
∣ytc − yte

∣
∣ ≥ ∂c + ∂e

2
∀c � n + 1, . . . , n + #c;∀e � n + #c + 1, . . . , n + #c + #e;∀t ∈ P

(33)

3.2.3 Constraints related to facilities

In the context of multi-section formulation on a single floor in Sect. 3.1, Eqs. (9)–(20)
were used to determine for the boundaries, orientations, non-overlapping and exchanging
constraints of sections. Similar constraints are needed for the multi-floor layout design. To
compute the distance between two facilities ‘i’ and ‘j’, at period ‘t’, there are two cases to be
considered depending on whether the two operating facilities are located on the same floor
or not.

(i) Case of two operating facilities ‘i’ and ‘j’ are located on the same floor ‘f’

The travel distance between the two facilities is the computed using the two rectilinear
measures:

Xt
i j �

∣∣∣xti − xtj

∣∣∣ and Y t
i j � ∣∣yti − ytc

∣∣ +
∣∣∣ytc − ytj

∣∣∣

The linearization of Y t
i jand Xt

i j are represented in Eqs. (34)–(37) and (38), (39) respec-
tively.

Y t
i j ≥ (

yti − ytc
)
+

(
ytc − ytj

)
−

(
2 −

(
Bt
i j f + Bt

ic f

))
· (Xmax + Ymax )

∀i, j � 1, . . . n;∀ f ∈ F ;∀t ∈ P
∀c � n + 1, . . . , n + #c

(34)

Y t
i j ≥ (

yti − ytc
)
+

(
ytj − ytc

)
−

(
2 −

(
Bt
i j f + Bt

ic f

))
· (Xmax + Ymax )

∀i, j � 1, . . . n;∀ f ∈ F ;∀t ∈ P
∀c � n + 1, . . . , n + #c;

(35)

Y t
i j ≥ (

ytc − yti
)
+

(
ytc − ytj

)
−

(
2 −

(
Bt
i j f + Bt

ic f

))
· (Xmax + Ymax )

∀i, j � 1, . . . n;∀ f ∈ F ;∀t ∈ P
∀c � n + 1, . . . , n + #c;

(36)

Y t
i j ≥ (

ytc − yti
)
+

(
ytj − ytc

)
−

(
2 −

(
Bt
i j f + Bt

ic f

))
· (Xmax + Ymax )

∀i, j � 1, . . . n;∀ f ∈ F ;∀t ∈ P
∀c � n + 1, . . . , n + #c;

(37)

Xt
i j ≥

(
xti − xtj

)
−

(
2 −

(
Bt
i j f + Bt

ic f

))
· (Xmax + Ymax ) ∀i, j � 1, . . . n;∀ f ∈ F ;∀t ∈ P (38)

Xt
i j ≥

(
xtj − xti

)
−

(
2 −

(
Bt
i j f + Bt

ic f

))
· (Xmax + Ymax ) ∀i, j � 1, . . . n;∀ f ∈ F ;∀t ∈ P (39)
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To illustrate the addition of the term
(
2 −

(
Bt
i j f + Bt

ic f

))
(Xmax + Ymax ) to the above

equations. When the two facilities ‘i’ and ‘j’ and corridor ‘c’ are located on the same floor,

we have Bt
i j f � 1 and Bt

ic f � 1. Thus,
(
2 −

(
Bt
i j f + Bt

ic f

))
(Xmax + Ymax ) � 0 and

the Xt
i j and Y t

i j have positive lower bound values. However, when facility ‘i’ and corridor
‘c’ are on the same floor but facility ‘j’ is on a different floor, Bt

i j f � 0 and Bt
ic f � 1

and the
(
2 −

(
Bt
i j f + Bt

ic f

))
(Xmax + Ymax ) � (Xmax + Ymax ) and the constraints: Xt

i j ≥
(
xti − xtj

)
− (Xmax + Ymax ) and Xt

i j ≥
(
xtj − xti

)
− (Xmax + Ymax ) would not generate

distance values due to the large negative lower bound values and they should be measured
differently as shown in the second case.

(ii) Case of the two operating facilities ‘i’ and ‘j’ are not located on the same floor ‘f’

The travel distance between the two facilities is computed by adding the three components:
(1) the distance between the facility ‘i’ and the elevator ‘e’; (2) the vertical distance between
the floors; and (3) the distance between the elevator ‘e’ and the facility ‘j’. The distance
between facilities ‘i’ and elevator ‘e’ on the same floor is computed using the following two
rectilinear expressions:

Xt
ie � ∣∣xti − xte

∣∣ and Y t
ie � ∣∣yti − ytc

∣∣ +
∣∣ytc − yte

∣∣

The Xt
ie and Y t

ie rectilinear equations are linearized using the constraints (40)–(43) and
(44), (45) respectively using the same derivation logic descried above.

Xt
ie ≥ (

xti − xte
) −

(
2 −

(
Bt
i j f + Bt

ie f

))
· (Xmax + Ymax )

∀i, j � 1, . . . n;∀ f ∈ F ;∀t ∈ P
∀e � n + #c + 1, . . . , n + #c + #e;

(40)

Xt
ie ≥ (

xte − xti
) −

(
2 −

(
Bt
i j f + Bt

ie f

))
· (Xmax + Ymax )

∀i, j � 1, . . . n;∀ f ∈ F ;∀t ∈ P
∀e � n + #c + 1, . . . , n + #c + #e;

(41)

Y t
ie ≥ (

yti − ytc
)
+

(
ytc − yte

) −
(
2 −

(
Bt
i j f + Bt

ie f

))
· (Xmax + Ymax )

∀i � 1, . . . n;∀c � n + 1, . . . , n + #c;
∀e � n + #c + 1, . . . , n + #c + #e;
∀ f ∈ F ;∀t ∈ P

(42)

Y t
ie ≥ (

yti − ytc
)
+

(
yte − ytc

) −
(
2 −

(
Bt
i j f + Bt

ie f

))
· (Xmax + Ymax )

∀i � 1, . . . n;∀c � n + 1, . . . , n + #c;
∀e � n + #c + 1, . . . , n + #c + #e;
∀ f ∈ F ;∀t ∈ P

(43)

Y t
ie ≥ (

ytc − yti
)
+

(
ytc − yte

) −
(
2 −

(
Bt
i j f + Bt

ie f

))
· (Xmax + Ymax )

∀i � 1, . . . n;∀c � n + 1, . . . , n + #c;
∀e � n + #c + 1, . . . , n + #c + #e;
∀ f ∈ F ;∀t ∈ P

(44)

Y t
ie ≥ (

ytc − yti
)
+

(
yte − ytc

) −
(
2 −

(
Bt
i j f + Bt

ie f

))
· (Xmax + Ymax )

∀i � 1, . . . n;∀c � n + 1, . . . , n + #c;
∀e � n + #c + 1, . . . , n + #c + #e;
∀ f ∈ F ;∀t ∈ P

(45)

The vertical distance between floors is calculated using Eq. (46) according to the height
of each floor H f and the number of floors between facilities ‘i’ and ‘j’ as follows.

Zt
i j � H f ·

# f∑

f �1

f ·
∣∣∣V t

i f − V t
j f

∣∣∣ ∀i, j � 1, . . . n; ∀t ∈ P (46)
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DC

Fig. 4 AOLT with multi-row layout design

Equation (47) computes the total distance between any two facilities either when they are
located on the same floor (V t

i f � V t
j f � 1, i.e., Bt

i j f � 1) or on different floors (V t
i f or V

t
j f

� 0, i.e., Bt
i j f � 0). Note that when the operating facilities are located on the same floor, the

vertical distance (Zt
i j ) is equal to zero.

Dt
i j �

(
Xt
i j + Y t

i j

)
· Bt

i j f +
[(
Xt
ie + Y t

ie

)
+ Zt

i j +
(
Xt

je + Y t
je

)]
·
(
1 − Bt

i j f

)
∀i, j ∈ O,∀ f ∈ F,∀t ∈ P

(47)

3.3 ALOT with multi-row

It should be noted that the locations of corridors were decision variables in the ALOT with
multi-section and multi-floor models. These decisions make the previous models more com-
plex due to the addition of the associated set of variables and constraints. In the ALOT
multi-row model, it is assumed that the locations of corridors are fixed and the operating
facilities will be placed on the two sides of each corridor in a way to have multiple rows
structure as shown in Fig. 4.

Given a set of facilities and a number of rows (R), the ALOTmulti-row model consists of
assigning facilities to different rows that are adjacent to the horizontal corridors. The vertical
corridor connects all horizontal corridors to insure travel of all actors between the different
OT facilities. For this formulation, one vertical corridor called ‘central corridor’ is considered
and it is given an index c� #e +1. By fixing the locations of all corridors, some of constraints
are going to be eliminated. Therefore, the complexity of the model will be reduced. As a
result, larger-sized instances can be solved to optimality. In the following sub-sections, the
ALOTmulti-row constraints are added in addition to the constraints of the ALOTwith multi-
section formulation (especially, the constraints related to orientations, non-overlapping and
within-boundaries: in (9)–(20) the binary variables related to the sections are replaced by
those related to rows (i.e., replacing Ut

is by Wt
ir for all i � 1,…,n).
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3.3.1 Constraints related to rows

Equation (48) ensure that each operating facility is assigned to only one row at period ‘t’
using Stir variables.

#r∑

r�1

Stir � 1 ∀i � 1, . . . , n;∀t ∈ P (48)

3.3.2 Constraints related to corridors

To ensure that each operating facility is adjacent to only one corridor, a binary variable Wt
ic

is used in Eq. (49). Equation (50) use a decision variable At
i jc to validate whether operating

facilities ‘i’ and ‘j’ are adjacent to the same corridor ‘c’ at period ‘t’ (a linearization of Eq. 50
is provided in Appendix 1).

#c∑

c�1

Wt
ic � 1 ∀i � 1, . . . n;∀t ∈ P (49)

At
i jc � Wt

ic · Wt
jc ∀i, j � 1, . . . n;∀c � n + 1, . . . , n + #c;∀t ∈ P (50)

3.3.3 Constraints related to facilities

The distances between facilities in the ALOT multi-row formulation cases use the decision
variables, At

i jc. These variables are important to decide whether the central corridor to travel
between two facilities ‘i’ and ‘j’ is used (i.e., At

i jc � 1) or not (i.e., At
i jc � 0). The derivation

and linearization of the rectilinear distances are presented in the below equations using the
same logic as explained in the multi-floor model. The two cases are as follows:

(i) Case of two operating facilities ‘i’ and ‘j’ are adjacent to corridor ‘c’ at period ‘t’

The travel distance between any two facilities going through the same corridor is computed
using Eqs. (51)–(56).

Y t
i j ≥ (

yti − ytc
)
+

(
ytc − ytj

)
−

(
1 − At

i jc

)
· (Xmax + Ymax ) ∀i, j � 1, . . . n;∀c � n + 1, . . . , n + #c;∀t ∈ P

(51)

Y t
i j ≥ (

yti − ytc
)
+

(
ytj − ytc

)
−

(
1 − At

i jc

)
· (Xmax + Ymax ) ∀i, j � 1, . . . n;∀c � n + 1, . . . , n + #c;∀t ∈ P

(52)

Y t
i j ≥ (

ytc − yti
)
+

(
ytc − ytj

)
−

(
1 − At

i jc

)
· (Xmax + Ymax ) ∀i, j � 1, . . . n;∀c � n + 1, . . . , n + #c;∀t ∈ P

(53)

Y t
i j ≥ (

ytc − yti
)
+

(
ytj − ytc

)
−

(
1 − At

i jc

)
· (Xmax + Ymax ) ∀i, j � 1, . . . n;∀c � n + 1, . . . , n + #c;∀t ∈ P

(54)

Xt
i j ≥

(
xti − xtj

)
−

(
1 − At

i jc

)
· (Xmax + Ymax ) ∀i, j � 1, . . . n;∀c � n + 1, . . . , n + #c;∀t ∈ P (55)

Xt
i j ≥

(
xtj − xti

)
−

(
1 − At

i jc

)
· (Xmax + Ymax ) ∀i, j � 1, . . . n;∀c � n + 1, . . . , n + #c;∀t ∈ P (56)
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(ii) Case of two operating facilities ‘i’ and ‘j’ are not adjacent to corridor ‘c’ at period ‘t’

Since the facilities are not adjacent, the travel goes through the central corridor. The total
travel distance then includes the distance between facility ‘i’ and the central corridor; the
vertical distance between rows on the central corridor; and the distance between the central
corridor and facility ‘j’.

The distances between facility ‘i’ and the central corridor ‘c’ are obtained using
Eqs. (57)–(58).

Xt
ic ≥ (

xti − xc
) ∀i � 1, . . . n;∀t ∈ P; c � #e + 1 (57)

Xt
ic ≥ (

xc − xti
) ∀i � 1, . . . n;∀t ∈ P; c � #e + 1 (58)

The vertical distances between any two operating facilities are computed using
Eqs. (59)–(61). The vertical distance is composed of the distance between the centroid of the
facility and the centroid of the adjacent corridor, the distance (DC) separating the centroids
of two successive corridors and the number of rows to be crossed. When two facilities are
adjacent to the same corridor (i.e.,At

i jc � 1), the vertical distance is then equal to zero.

Y t
ic ≥ (

yti − yc
) − (

1 − Wt
ic

) · (Xmax + Ymax ) ∀i, j � 1, . . . n;∀c � n + 1, . . . , n + #c;∀t ∈ P
(59)

Y t
ic ≥ (

yc − yti
) − (

1 − Wt
ic

) · (Xmax + Ymax ) ∀i, j � 1, . . . n;∀c � n + 1, . . . , n + #c;∀t ∈ P
(60)

Zt
i j � DC ·

#c∑

c�1

c ·
∣
∣∣Wt

ic − Wt
jc

∣
∣∣ ∀i, j ∈ O;∀t ∈ P (61)

The total distances (Dt
i j ) between any two facilities ‘i’ and ‘j’ at period ‘t’ whether they

are adjacent to the same corridor ‘c’ (At
i jc � 1) or not (At

i jc � 0) are computed using Eq. (62)
as follows.

Dt
i j �

(
Xt
i j + Y t

i j

)
· At

i jc +
[
Xt
ic +

(
Y t
ic + Zt

i j + Y t
jc

)
+ Xt

jc

]
·
(
1 − At

i jc

)
∀i, j ∈ O; ∀c ∈ C; ∀t ∈ P

(62)

4 Computational experiments

In this section, our computational experiments are reported for the three proposed different
mathematical models. A common data set of instances is generated from the raw data, spec-
ifications and characteristics on facilities, personnel, equipment and materials as provided
from interviews with the senior management of Roanne hospital. Specifically, the manage-
ment suggested the different adaptive layout scenarios to consider for which they provided
information on the number of operations per period; the number of actors per operation; the
pathway of each actor when performing an operation, the nature of the pathway (movements
with equipment or patients); the designation of operations for each operating facility; the
required area (lengths and widths) for an operating facilities without orientation preferences
to meet the health care standards and the closeness preferences and restrictions to generate
AIEOUS matrix; the number of floors, corridors, elevators and rows.

The generated data instances are then used to compare the results generated from the robust
and the adaptive models to show the added value for each model. The various mathematical
models were implemented using ILOGCPLEX 12.5 software. The default stopping criterion
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Table 2 Typical characteristics of the data set of instances

Type n List of facilities with associated operating functions

S 11, 13, 16 The S16 set includes operating rooms, 2 induction rooms, 2 scrub
room, 1 PACU, 1 decontamination, 1 sterile arsenal, 1 cleaning room,
1 changing room, 1 rest room and 2 corridors

F 12, 14, 16 The F14 set includes 4 operating rooms, 1 induction rooms, 1 scrub
room, 1 PACU, 1 sterile arsenal, 1 monitoring, 1 recovery rooms, 2
corridors and 2 elevators

R 24, 30, 36 The R24 set includes 6 operating rooms, 3 induction rooms, 3 scrub
room, 2 PACU, 1 decontamination, 1 sterile arsenal, 1 cleaning room,
2 bed storage, 2 monitoring and 3 recovery rooms

of Cplex default was adopted to terminate the algorithm. It terminates either when either
an optimal solution is obtained or after reaching a maximum working memory capacity
limit. After the algorithm stops, different performance measures are reported including the
percentage deviation of the generated optimal (or best obtained so far) solution from the best
bounds by the dynamic branch and cut algorithm of Cplex software. The Cplex algorithm
was run on a PC using Windows 7 platform, Intel5® Core ™ i5-3380 M CPU@ 2.90 GHz
and 8 GB of RAM.

4.1 Generation of quasi-real data instances

The information from the senior management and the data from the hospital’s information
system were collected to generate the real data for each period of the planning horizon.
They provided data on the travel frequencies by each actor, difficulty of trips, numbers
and closeness of operating facilities, the number of sections, number of floors, and other
cost matrices for the Operating Theater at Roanne hospital. Table 2 provides a summary of
provided characteristics for the three different layout designs. The prefix indicates the data
types: S, multi-Section; F, multi-Floor and R, multi-Row. The number next to the data prefix
indicates the number of facilities (n). For each data prefix (S, R and R), four instances were
generated. For instance, the data prefix (R) has instances with size n � 11, 13 and 16; and
for each n, the four instances are labeled S11-1, S11-2, S11-3, and S11-4 leading to a total
of 12 instances. Similarly, 12 data instances were generated for the R-type with n � 24, 30
and 34, and for the F-type with n � 12, 14, and 16. A total 36 instances are used to report
our computational results. Based on a practical consideration, the hospital management team
also recommended the following scenarios to analyze: the S-type of instances was required
to have two sections; the F-type of instances needs to have two floors. To avoid having a
design with long rows and corridors, the R-type was recommended to include between six
to seven facilities in each row. The number of periods was fixed to three quarters to reflect
seasonal changes in the demand of health care services in a one year planning horizon.

The cost associated with an actor was based on the importance of the actor and its travel
frequency between facilities. The following values were suggested for each actor k: 1� doc-
tor; 2�medical staff; 3� other staff; and 4� patient; with the following importanceweights:
σ1 � 80, σ2 � 60, σ4 � 40, σ3 � 20, respectively. The travel frequency of each actor was
estimated based on the real life observations at the hospital. Appendix 2 provides an exam-
ple of a generated matrix for the travel frequency with an average of 105 surgeries for an
illustration purpose. Finally, the full details on the data instances can be obtained from the
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Table 3 Results of solving the three data set of instances for ALOT with multi-sections

n Instance Objective Variables Constraints Time Iterations %Dev Exchanges

11 S11-1 8,368,750 1952 3302 354 2,511,079 0 8

S11-2 8,376,700 432 1,627,011 0 8

S11-3 8,384,350 242 1,372,466 0 6

S11-4 8,382,200 200 1,244,579 0 6

13 S13-1 14,527,450 2866 4886 1566 32,343,456 1.14 10

S13-2 14,884,850 1166 30,323,430 0.40 10

S13-3 14,793,200 2024 52,483,377 0 8

S13-4 14,460,520 2066 52,523,486 0 8

16 S16-1 22,887,850 4567 7847 5395 217,349,500 4.11 10

S16-2 23,602,650 4380 215,346,500 3.16 8

S16-3 23,023,350 11,274 263,999,558 2.53 10

S16-4 22,357,990 12,351 303,009,506 1.40 6

Table 4 Results of solving three datasets of 12 instances of ALOT with multi-floors

n Data Objective Variables Constraints Time (s) Iterations %Dev Exchanges

12 F12-1 13,595,625 3500 5963 3201 163,595,242 0 6

F12-2 14,956,333 3325 178,346,900 0 8

F12-3 13,354,221 3286 168,523,685 0 6

F12-4 15,824,500 3220 183,658,524 0 10

14 F14-1 20,435,441 4963 6852 11,025 292,548,921 0 10

F14-2 20,985,236 11,391 286,655,482 0 10

F14-3 18,963,250 8921 253,521,542 0 8

F14-4 18,963,574 8702 248,966,357 0 6

16 F16-1 24,850,236 5842 8203 14,583 350,482,120 5.25 12

F16-2 21,566,587 11,054 325,478,245 4.02 8

F16-3 24,896,287 14,803 345,824,447 5.36 10

F16-4 20,153,357 10,378 300,552,258 3.66 4

authors. In the following subsections, we shall report our computational experience for each
ALOT model. The following computational performance measures are reported in Tables 3,
4, and 5, respectively:

• Column 1 shows the number of facilities “n” in the data set
• Column 2 indicates the “instance” number
• Column 3 gives the obtained “objective” value
• Column 4 provides the total number of “variables”
• Column 5 provides the total number of “constraints”
• Column 6 gives the total processing “time” in CPU seconds
• Column 7 gives the number “iterations” to terminate the branch and cut algorithm
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Table 5 Results of solving three data sets (12 instances of ALOT with multi-row)

n Data Objective Variables Constraints Time Iterations %Dev Exchanges

24 R24- 1 13,695,220 3596 12,592 486 125,886 0 4

R24- 2 14,895,620 596 115,969 0 8

R24- 3 14,325,842 503 123,265 0 6

R24- 4 14,955,124 593 119,862 0 10

30 R30- 1 2,136,985 4562 18,369 11,235 19,856 0 8

R30- 2 2,238,942 12,965 20,136 0 10

R30- 3 2,153,358 12,358 21,358 0 8

R30- 4 2,359,944 11,954 19,230 0 12

36 R36- 1 3,025,582 5705 28,635 22,582 28,652 0 8

R36- 2 2,985,637 21,358 27,452 0 6

R36- 3 3,152,882 22,968 29,032 0 10

R36- 4 3,015,982 23,001 30,128 0 8

• Column 8 reports the relative percentage Deviation (%Dev) of the obtained solu-
tion from the best bound of the dynamic branch and cut algorithm. It is measured
as100*|best_bound − best_integer|/(1e−10 + |best_integer|)

• Colum 9 reports the total number of “exchanges” of operating functions between facilities
during the planning horizon.

4.2 ALOT with multi-section results

In addition to the general details on the data generation for the set “S” of instances, some
specific scenarios are provided to meet international standards. The S-type was developed
using the following characteristics on sections:

• The outer section was reserved for receiving patients; locating toilets; and administrative
functions.

• The restricted section was dedicated to facilities with the following functions: changing,
patient transfer, storage, nursing staff, anesthetist, recovery and PACU.

• The aseptic section was dedicated to facilities with the following functions: scrub, prepa-
ration, surgery, instrument packing, and sterilization.

• The disposal section was reserved for equipment, cleaning; and bio-hazardous waste.

Having a list of facilitieswas not sufficient to design a layout. It was necessary to determine
whether a group of facilities can be placed together or not. Thus, three scenarios were adopted
to highlight the constraints on space to meet the desire of senior management:

• To avoid designing layouts with long corridors, the management recommended placing
facilities on their shorter sides (length or width) on the x-axis in order to reduce travel
distances between facilities. This request led to the development of the multiple-row and
multi-floor layout models.

• Establish an equidistance design between the operating and store facilities leading to the
development of the multi-section model.

• Group homogeneous facilities associated with the surgery first, and those facilities related
to recovery second, and place them according to the logic pathway of patients. These
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requirementswere implemented using the closenessmeasures to enforce the desired group-
ing of facilities.

Table 3 shows the following computational results for the 12 generated instances with
different characteristics, the demand of flows and relationships among facilities. The aim is
to investigate the impact of change on the performance complexity of the developed model.
The following remarks can be observed from the results in Table 3. First, the set of 4 instances
in S-11 was solved to optimality since the % deviations were zeros for all instances. Second,
increasing the size of the instances from n � 11, n � 13 and n � 16 show that not all
instances can be solved to optimality, however, they may be optimal, but they are within 5%
of best lower bounds. The unsolved instances may be optimal but cannot be confirmed due
to reaching the maximum working memory of the computer. Last the number of operating
functions exchanges among facilities was positive for all instances, indicating that it was
necessary to perform exchanges of operating functions to meet the changing demands during
the planning horizon. Figure 6 in Appendix 3 shows an example of a layout design for an
ALOT multi-section instance with 16 facilities. It can be seen that the layout was rearranged
in the three periods and the facilities have exchanged operating functions to optimize the
qualitative and quantitative objectives.

4.3 ALOT with multi-floor results

Similarly to the previous S-Type, the F-Type of facilities was grouped according to their
operating properties to take into account the following considerations as suggested by the
senior management:

• It was desired to have one floor for a group of facilities related directly to themain operating
theater functions. Facilities on the first floor were reserved to the surgery and pre-surgery
operating functions. The surgery facilities are often located in the underground or first
floor.

• The second floor was dedicated to a group of facilities related to supporting functions such
as post-surgery and administrative functions.

The F-Type multi-floor model were solved using three data sets with n � 12, 14 and 16
facilities. Table 4 provides the associated computational results. It can be seen that as the
number of floors increases fromone floor to twofloors the number of variables and constraints
increase in comparison to the ALOT with multi-section layout. The required computational
effort to solve the model has also increased. But it can be observed that all the instances in
the F12 and F14 data sets were solved to optimality. However, the obtained solutions were
within 5% from the best bounds for the set of instances in the F16 data set. The restrictions
to split the OT operating facilities have allowed solving to optimality all instances in the F14
dataset with a split of facilities on two floors in comparison to the S13 dataset of 13 facilities
with-section of a smaller number of facilities which were required to be located on a single
floor. Finally, Fig. 7 in Appendix 3 shows an example of an optimal solution for the F-type
instance with 14 facilities.

4.4 AOLT with multi-row results

For practical considerations, the multi-row layout architecture is desired for serval reasons:
long rows are not desired for the long travel distances by personnel, but facilities of similar
functions are preferred to be grouped in a dedicated floor. For instance, the corridors can be
categorized into public, sterile and restricted corridors and each type of corridor should be
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located in the appropriate floor. For instance, the choice of facilities to be adjacent to a specific
corridor depends on the type of operating functions of facilities and the logic pathways of
patients.

To investigate the capability of our multi-row model, we have almost doubled the sizes
of multi-section instances for this dataset. All instances of sizes ranging from 24 up to 36
facilities were solved to optimality. Computational results for the three data sets are reported
in Table 5. It can be seen that number of variables for the multi-row formulations did not
increase much, but the number of constraints was three-fold due to the desirability of having
facilities of related functions near each other as explained in the specification sections. The
additional restrictions may have helped in improving the quality of best lower bounds, thus
leading to obtaining optimal solutions for all instances as shown in Table 5. Similarly, the
number of exchanges of operating functions was positive for all instances, suggesting the
need for performing exchanges of operating functions among facilities to address better
the seasonal change in demands. Figure 7 in Appendix 3 shows an example of the optimal
solution obtained for an instance with 24 facilities.

4.5 Comparison between robust and adaptive layout models

To provide guidelines to the senior management on the choice between robust and adaptive
models in response to potentials change in seasonal demands, the optimal objective values
from both models are compared in Table 6 over the set of 36 instances. The six columns in
Table 6 show the type of the model; the size of an instance, the robust solution at the first
period of the planning horizon using average costwith fixed operation functions of facilities in
the robust layout for the entire planning horizon; versus the ALOT solution with changeable
operations between facilities at the beginning of each period of the planning horizon; the
percentage deviation of the ALOT solution (A) from the robust solution (R) for each set of
instances. Note that since the robust solution is obtained by averaging the various data-input
values over the number of periods before solving an instance, the Robust solution for the
entire planning horizon can then be estimated by multiplying the Robust solution of period
1 by the number of periods (shown under Robust-Horizon, R column), i.e. multiplying the
robust solution of period 1 by a factor of 3. The ALOT solutions for all instances are shown in
the Adaptive-Horizon (A) column under different modeling scenarios in column 1. From the
results, a number of observations can be made. First, in all the models, the adaptive models
produced improved results over the robust models except three cases of small sizes (s11-4
and s13-3 and F12-4) out of the 36 instances. The relative percentage deviations were small
positive values which were varying from 0.38 to 1.14% and highlighted in bold-italic. In
these three cases, the management should keep the robust solution unchanged for the entire
period. However, in all the other 33 instances, the percentage deviations varied from− 0.3 to
− 34.14% indicating that changing the operation functions among facilities would produce
better objective values; and thus adopting the adaptive models are more preferred over the
robust models.

Second, the largest improvements in term of average percentage deviations over the set of
12 instances in each data type was observed in the A LOT multi-row model with an average
value of − 16.83%, followed by the multi-floor model with an average of − 5.59% and last
the multi-section model with an average of at 1.8%. This observation indicates the bigger
the size of the instance the larger the improvement, i.e., hospital with a small-sized operating
theater may not benefit much from the exchange of operating changes among facilities as
compared to the huge benefits in the mid to large sized operating theaters. Finally, for a
practical implementation of the ALOT model, the management can run the adaptive layout
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Table 6 Comparison of results from the robust and the adaptive layout models

Type n Robust: Period1 Robust:
Horizon (R)

Adaptive:
Horizon (A)

%Dev
{(A-R)/R}*100

Multi-section models 11 2,879,500 8,638,500 8,368,750 − 3.12

2,899,500 8,698,500 8,376,700 − 3.70

2,983,500 8,950,500 8,384,350 − 6.33

2,783,500 8,350,500 8,382,200 0.38

13 4,930,500 14,791,500 14,527,450 − 1.79

5,034,500 15,103,500 14,884,850 − 1.45

4,892,000 14,676,000 14,793,200 0.80

5,112,500 15,337,500 14,460,520 − 5.72

16 7,661,500 22,984,500 22,887,850 − 0.42

7,891,000 23,673,000 23,602,650 − 0.30

7,744,500 23,233,500 23,023,350 − 0.90

7,504,300 22,512,900 22,357,990 − 0.69

Average 5,403,390.91 16,210,172.73 15,971,010.00 − 1.83

Multi-floor models 12 4,635,482 13,906,446 13,595,625 − 2.24

5,025,681 15,077,043 14,956,333 − 0.80

4,521,560 13,564,680 13,354,221 − 1.55

5,215,358 15,646,074 15,824,500 1.14

14 6,842,652 20,527,956 20,435,441 − 0.45

6,972,325 20,916,975 20,985,236 0.33

6,465,231 19,395,693 18,963,250 − 2.23

6,578,624 19,735,872 18,963,574 − 3.91

16 8,892,500 26,677,500 24,850,236 − 6.85

8,785,200 26,355,600 21,566,587 − 18.17

8,858,900 26,576,700 24,896,287 − 6.32

8,692,800 26,078,400 20,153,357 − 22.72

Average 6,986,439.18 20,959,317.55 19,540,820.18 − 5.59

Multi-row models 24 6,235,682 18,707,046 13,695,220 − 26.79

6,526,361 19,579,083 14,895,620 − 23.92

7,254,587 21,763,761 14,325,842 − 34.18

6,895,258 20,685,774 14,955,124 − 27.70

30 8,956,352 26,869,056 21,369,852 − 20.47

9,034,452 27,103,356 22,389,429 − 17.39

9,126,548 27,379,644 21,533,586 − 21.35

8,998,564 26,995,692 23,599,440 − 12.58

36 10,635,489 31,906,467 30,255,823 − 5.17

10,987,535 32,962,605 29,856,371 − 9.42

11,003,256 33,009,768 31,528,824 − 4.49

10,977,452 32,932,356 30,159,823 − 8.42

Average 9,126,895.82 27,380,687.45 23,169,975.82 − 16.83

Bold marks indicate better robust solutions
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model on a rolling horizon, i.e., at the beginning of each period since accurate data become
available at the beginning of each period.

5 Conclusion

In this paper, three differentmathematicalmodelswere introduced to design an optimal layout
for the operating theater at Roanne hospital in France. Different scenarios were investigated
to address the desire of the senior management of the hospital to determine alternative layout
designs of facilities on a single floor with multiple sections, a floor multiple rows design, or
multiple floors of the hospital. The aim is to determinewhether a single design can be valid for
the entire planning horizon in an environment with varying demands of health care services.
The various mathematical models included objective functions based on qualitative and
quantitative measures reflecting the desired physical closeness of facilities and international
health care standards to improve safety, efficiency of operating functions subject to practical
considerations related to the desire by senior management to minimize the travel costs by
medical doctors, patients, medical and non-medical staff as well as meeting the demand
variability by exchanging the operating functions among facilities over the planning horizon.
Three different mathematical models were validated on a quasi-real data sets collected from
observing the real life operations of an operating theater at Roanne hospital in addition to
identifications of desirable characteristics related to a specific layout design from the senior
management.

A number of remarks can be drawn from the study. First, it is probably the first study
to build mathematical models to integrate the desire of senior managers in the design of an
optimal operating layout. Second, it is possible to solve the different design scenarios in
either robust or adaptive modes. It was empirically shown that the robust layout model can
be used for a long term planning horizon only in the case small sized operating theater with
an average improvement up to 2% over the adaptive operating layout. However, for a large-
sized operating theater, the adaptive layout models are always more advisable to address
the challenge of changing demands of health-care services. The average improvements of
the adaptive models varied by the design types; the largest improvements occurred in the
adaptive multi-row layout; ranging from 4 to 34% with an overall average of 16%. Third,
our adaptive models irrespective of the desired layouts were able to generate either optimal
solutions for most data sets of instances or best solutions within less than 5% deviations from
the best lower bounds. Last, the desires of senior management to obtain optimal solutions
under each scenario were met; the results were approved by the senior management of the
operating theater at Roanne hospital. The mathematical model can be used to develop a
decision support tool to aid health-care planners to design optimal layouts for an operating
theater as well as general-purpose wards to cater for uncertainty in demands of health-care
services and to have more efficient and effective operating facilities for a more competitive
advantage.

Finally, the developed models stopped before the confirming optimality of solutions and
reported objective values within 5% of lower bounds for certain instances due to compu-
tational complexity of the models. Future research works can be conducted to reduce such
complexity by using a hybrid optimization-based approach. An optimal solution can be
obtained for the first period to determine the location decisions of facilities, then either opti-
mization or metaheuristics tools (Osman, 1995) can be used to determine the best exchanges
of operating functions among facilities for the remaining periods. This hybrid combination
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would reduce the computational effort and memory requirements for the multi-period plan-
ning horizon. Such hybrid study would additionally allow the validation of optimality of
those instances which have positive average percentage deviations from lower bounds. Other
possible research direction can followed by extending the models to consider other real-life
aspects such as uncertainty of patient’s arrival as other layout design shapes.
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Appendix 1: Constraints linearization

Constraint (7) was linearized using the following Eqs. (63) and (64):

xtc − xto ≥
(

δc + δo

2

)
∀c, o � n + 1, . . . , n + #c;∀t ∈ P (63)

xto − xtc ≥
(

δc + δo

2

)
∀c, o � n + 1, . . . , n + #c;∀t ∈ P (64)

To linearize Eqs. (15) and (16), Eqs. (65)–(69) were used with the additional binary
variables θ ti j and ηti j to decide whether a facility ‘i’ is strictly to the right of a facility ‘j’ or it
is strictly above facility ‘j’ at period ‘t’, respectively. Similarly, we conduct linearization of
constraints (17) and (18), (30) and (31); and (32) and (33) as follows.

xti − xtj + Xmax ·
(
1 − θ ti j

)
≥ lti + ltj

2
∀i, j � 1, . . . , n;∀t ∈ P (65)

yti − ytj + Ymax ·
(
1 − ηti j

)
≥ dti + dtj

2
∀i, j � 1, . . . , n;∀t ∈ P (66)

θ ti j + θ tj i + ηti j + ηtj i ≥ 1 ∀i, j � 1, . . . , n;∀t ∈ P (67)

θ ti j + θ tj i ≤ 1 ∀i, j � 1, . . . , n;∀t ∈ P (68)

ηti j + ηtj i ≤ 1 ∀i, j � 1, . . . , n;∀t ∈ P (69)

To linearize Eq. (21), the computational parameters Xt
i j and Y

t
i j are temporally defined by

Xt
i j �

∣∣∣xti − xtj

∣∣∣ ∀i, j � 1, . . . , n;∀t ∈ P

Y t
i j � ∣∣yti − ytc

∣∣ +
∣∣∣ytc − ytj

∣∣∣ ∀i, j � 1, . . . , n;∀c � n + 1, . . . , n + #c;∀t ∈ P

They are used inside Eqs. (70)–(75) to perform the linearization of the two parts of
constraint (21).

Y t
i j ≥ (

yti − ytc
)
+

(
ytc − ytj

)
∀i, j � 1, . . . , n;∀c � n + 1, . . . , n + #c;∀t ∈ P (70)

Y t
i j ≥ (

yti − ytc
)
+

(
ytj − ytc

)
∀i, j � 1, . . . , n;∀c � n + 1, . . . , n + #c;∀t ∈ P (71)

Y t
i j ≥ (

ytc − yti
)
+

(
ytc − ytj

)
∀i, j � 1, . . . , n;∀c � n + 1, . . . , n + #c;∀t ∈ P (72)

Y t
i j ≥ (

ytc − yti
)
+

(
ytj − ytc

)
∀i, j � 1, . . . , n;∀c � n + 1, . . . , n + #c;∀t ∈ P (73)

Xt
i j ≥

(
xti − xtj

)
∀i, j � 1, . . . , n;∀t ∈ P (74)
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Xt
i j ≥

(
xtj − xti

)
∀i, j � 1, . . . , n;∀t ∈ P (75)

To linearize Eq. (46), we conduct the same linearization process as follows.

Zt
i j ≤ H f

# f∑

f �1

f ·
(
V t
i f − V t

j f

)
∀i, j � 1, . . . n;∀ f ∈ F ;∀t ∈ P (76)

Zt
i j ≤ H f

# f∑

f �1

f ·
(
V t
j f − V t

i f

)
∀i, j � 1, . . . n;∀ f ∈ F ;∀t ∈ P (77)

Equations (23) and (50) involve the product of two variables, to linearize them the three
following equationswill be introduced to linearize Eq. (50) similarly can be done for Eq. (23):

At
i jc ≥ Wt

ic +Wt
jc − 1 ∀i, j � 1, . . . , n;∀c � n + 1, . . . , n + #c;∀t ∈ P (76)

At
i jc ≤ Wt

ic ∀i, j � 1, . . . , n;∀c � n + 1, . . . , n + #c;∀t ∈ P (77)

At
i jc ≤ Wt

jc ∀i, j � 1, . . . , n;∀c � n + 1, . . . , n + #c;∀t ∈ P (78)

Appendix 2: Example of traveling frequency for a small operating theater

The table below gives an example of the number of travel frequencies between each pair
of facilities for each type of actors (k: 1 � doctor; 2 � medical staff; 3 � other staff; and
4 � patient). For instance, doctor (k � 1) performed at total of 60 operations in OR1 and 45
operations in OR2 leading total of 105 operations. The associated travels by other actors in
support of 105 operations are provided, e.g., 105 patients (k� 4) are coming from outside the
hospital, outdoor (0). Other data are reported in the table as collected from the information
system of the hospital based on the type of surgical operations.
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Appendix 3: Illustrations of final adaptive layout designs for the different
variants

See Figs. 5, 6 and 7.

Fig. 5 ALOT with multi-section solution for S16-3 over a three-period planning horizon
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Fig. 6 ALOT with multi-floor solution for F14-3 over a three-period planning horizon
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Fig. 7 ALOT multi-row solution for R24-3 over a three-period planning horizon
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Fig. 7 continued
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