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Abstract. Hospitals are one of the most complex building types. Each is
comprised of a wide range of service areas and functional spaces. Spatial
relationships comprise one of the most critical design criteria, to be considered
early-on in the master planning stage. Proper adjacency contributes to shorter
travel distances, better wayfinding, improved patient care, higher satisfaction,
and reduced overall cost. However, there is a lack of research on the automatic
generation of design solutions that can be applied to real-world hospital master
planning projects. Moreover, given the complexity of hospital design, an opti-
mization tool is needed that is capable of evaluating both machine- and human-
generated solutions. This study proposes a rating system for evaluating existing
plans and proposed designs in hospital master planning, and explores optimal
design solutions through rapid computational simulations. The first stage of this
work presents interviews with senior professionals in the industry to explore
best practices regarding spatial relationships in hospital planning. The second
stage describes an automatic analysis tool for ranking the design options gen-
erated by healthcare planners and examining optimal design solutions that
feature the best spatial adjacencies. This tool was employed in a recent master
planning project with over fifty programming spaces, in order to test its validity.
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1 Introduction

1.1

Among the various types of architectural design, healthcare facilities are one of the
most complex. The reasons for this are threefold. First, there are a vast number of
possible solutions to any given design problem. Second, healthcare facilities involve a
significant number of design objectives. Third, hospitals not only impact the wellbeing
of patients [1, 2], but also affect physicians, staff members, caregivers [3], and patients’
families [4]. Given the complexity of healthcare design, an important concept used in
prioritizing emerging needs that should be incorporated early on in the planning stage
is the spatial adjacency of functional areas. The movements of patients, staff, materials,
and information from one place to another can significantly affect both time and cost.
Consequently, departments should be arranged in a manner that shortens travel dis-

Interdepartmental Relationships

tances and improves efficiency [5, 6].
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Poor adjacency can dramatically increase travel distances. Walking has been
identified as one of the most significantly time-consuming activity for nurses; the time
saved by reducing travel routes can be better spent on patient care activities [7].
Individual nurses can travel between 1.0 and 5.0 miles in a 10-hour daytime shift.
Average travel distances range from 2.4 to 3.4 miles, with a median of 3.0 miles per
every 10 h worked [8]. This unnecessary walking leads to wasted time and increased
fatigue and stress. Proper adjacency not only reduces travel distances, it assists in the
improvement of health, wayfinding, patient care and satisfaction, resource sharing, and
the mitigation of overall cost [9]. Consequently, it is recommended that departmental
relationships be evaluated during the early planning stage [6]. Space planning matrices
have frequently been used by architects and healthcare planners to visualize depart-
mental adjacency in two-dimensional diagrams. Various studies have employed a
variety of weighting systems to rank the relative desirability of physical connections
among departments. Such weighting systems have included the following factors:
criticality, volume, importance, and frequency among departments.

Such interdepartmental closeness matrices can be of substantial value to younger
planners, serving as visual guides and planning references [5]. Several employ the same
three-scale rating system, the categories of which are: essential, important, and desirable
[5, 6]. Color is used [10] to indicate the three different levels of importance. Some
matrices, however, are more complicated. Hardy and Lammers [5] offered one example
with 10 scales, addressing numerous topics such as whether the two departments are on
the same or different floors. However, most of these matrices are outdated and do not
reflect the ever-changing nature of the healthcare industry. For instance, while the matrix
in [10] is recent, it does not systematically group and color-code departments; thus, it is
difficult to locate particular branches, especially when a large project is being depicted.
Moreover, senior health care planners have recommended the use of a five-point scale
(instead of three) to represent complicated adjacency requirements (see Sect. 2).

1.2 Adjacency Optimization Methods in Hospital Planning

Currently, in architectural design, spatial relationship studies tend to focus on simple
forms such as bubble diagrams and preliminary sketches. However, since the 1960s,
researchers have explored the possibility of using automated solutions to solve spatial
layout problems [11, 12]. While Moseley [11] was the first study to introduce a layout
optimization program for a hospital operating unit, many of these early studies used
physical space-planning methods to automate the conceptual design process, applying
the physics of motion such as Newtonian laws of gravitation [13] and spring forces to
boundary edges [14].

Since architectural design problems often have discrete, nonlinear, and stochastic
decision variables with multiple objectives, more recent studies have used genetic
algorithms (GA) as their optimization tool. GA mimics natural selection and the pro-
cess of evolution [15], providing a robust search process that has been used in opti-
mizing complex and poorly-understood scientific and engineering problems [16].
Among the tools with a built-in GA function, the integrated Rhino/Grasshopper pro-
gram provides the most efficient ready-to-use GA plugins for optimization. Galapagos
is a single-objective GA optimization tool; Octopus is used for multi-objective
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optimization. A recent study [10] highlighted the usefulness of both Grasshopper and
Galapagos as analytical tools for optimizing adjacency criteria.

Although design computation and optimization are becoming increasingly popular
in architecture, they have yet to become an integral part of the hospital design process.
First, they are considered to be tools that deprive architects of the opportunity to use
their creativity. Second, most of the current research is theory-based and requires
knowledge outside of architects’ general fields of expertise, such as that of coding and
physics. Third, it’s challenging to incorporate this type of research into the traditional
design process. Due to these issues, the intent of the present study is not to suggest a
comprehensive process of computational design automation that would replace archi-
tects’ creativity, but rather to use design automation as a means of assisting architects in
better understanding the nature of this type of problem, as well as locating and com-
paring useful design options.

To achieve this, the current study was designed to create a rating system for
evaluating existing plans and proposed designs in hospital master planning and look for
optimal design solutions through rapid computational simulations. The first stage
presents interviews with senior professionals in the industry, in order to explore best
practices regarding spatial relationships in hospital planning. The second stage
describes an automatic analytical tool for ranking the design options generated by
healthcare planners and looking for optimal design solutions that feature the best spatial
adjacency. This tool was used in a recent master planning project to test its validity.

2 Part 1 — Interdepartmental Matrix

Every hospital is comprised of a wide range of functional units and departments. These
include diagnostics and treatment areas, inpatient and outpatient spaces, support
locations, and administration and public centers. The physical relationships among
these divisions define the composition of the hospital. Besides the wide range of
functions that must be accommodated, hospitals need to serve and support a variety of
users such as patients, families, visitors, physicians, nurses, etc.

In the first part of this study, in-depth interviews were conducted with senior
planners at WHR Architects (now EYP), as a means of facilitating a thorough
understanding of the spatial relationships in hospital master planning, and creating an
interdepartmental matrix that would best depict the complexity of hospital master
planning and serve as a template for future projects. A detailed description of the
interview process will be provided in a separate publication.

In creating the proposed matrix, departments were grouped into six categories (see
Fig. 1). A color-coding system (the standard color palette used by WHR Architects
across projects for various drawings, including floor plans, sections, site plans, etc.)
was implemented for differentiation, as follows: Diagnostics and Treatment — Red,
Inpatient — Blue, Outpatient — Green, Support — Orange, Administration and Public
Areas — Yellow, and Access — Gray. The names of the departments were placed in
alphabetical order under each category title. For simplification, some departments (e.g.,
LDR and LDRP) were grouped on the premise that their connection would not affect
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the adjacencies and ranks of the matrix. In other words, these departments had an
interdepartmental relationship similar to that of other departments in the matrix.

A ranking system with five hierarchies was proposed and agreed upon by all
interviewees, as a means of representing the priorities and rankings of each design
element in relation to all of the others. The five departmental adjacency scales were as
follows:

Scale 1: Critical; should be physically connected

Scale 2: Important; although physical connection is preferred, the two departments
could be separated with a minimum of travel distance

Scale 3: Preferred; within reasonable travel distance

Scale 4: Low frequency; periodic contact

Scale 5: No relationship needed

It was not the purpose of the study to create a universal matrix that would work for
all hospital types in all locations. Hospitals are becoming more and more sophisticated,
and require different sizes, functions, locations, strategic goals, specialty focuses, and
configurations, all of which translate to different interdepartmental relationships. In
hospital master planning projects, planners should first identify the number of
departments on the matrix and prioritize them to reflect the scale and purpose of the
endeavor. Then, the adjacency relationships should be carefully evaluated. Finally, the
needs and associations should be confirmed with the users. Figure 1 shows an example
of a typical interdepartmental matrix. This matrix was extracted from the space pro-
gram of a community hospital in New Jersey.

Fig. 1. Example of an interdepartmental matrix (Color figure online)
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3 Part 2 — Design Optimization

The second part of this study used Rhino and Grasshopper as analytical tools to:
(1) evaluate an existing hospital campus, (2) compare the proposed master plan design
options, and (3) identify optimal design solutions with regards to spatial adjacency
requirements and travel distances. This tool will help planners to better understand the
nature of this unique problem and explore design alternatives across important
departmental adjacency criteria.

This study used a master planning project for a community hospital in New Jersey
as a case study to demonstrate and validate the proposed method. In early 2016, the
hospital collaborated with WHR Architects to update and reevaluate the existing master
plan. The core group, along with WHR, prioritized users’ immediate needs, a choice
that yielded several major drivers, including enlarging several key programs. Most of
the key program drivers were located on the first two floors of the campus, so in order
to simplify the computer model, only those programs located on the first two floors
were included. Figure 2 shows the simplified version of the interdepartmental matrix
that corresponds to these programs.

TREATMENT pATIEN QUTPATEENT puBLIC
DIAGNOSTIC & TREATMENT IPATIEN OUTPATIENT PUBLIC
. g
H . 2 5 | 8 §
£ s i | il g
2 £ & T 2 & 5 5 2 £ 5 ° 5
& 5 H 5 g £ | @ £ 3 A H 3 H
P 3| 8 2 i 8 3z |&|¢ §1 8|8 8|2 5|58 ¢8
5 & iy f .| 5 ¢ R Sl |8t H
s ¢ g & ¥ &8 g ‘| ‘g & :|&|;‘z|B|;:s/|:i|:gl|@|§|;:/|¢|:
NS & 5 H 5 £ £ H & & a8 S S ] 2 H S 2 5 3 2 H
|Cath Lab_
1
[Endoscopy T
1 3
2 [ 1| 4 | 2
TREATMENT 1 2 4 1 3
pacy P R R ) 1
|Pre Admission Testing 4 3 2 3
|Respiratory Therapy 2
EI I [ O O I
INPATIENT ion Uni >
|Cancer Center_
2 4
OUTPATIENT |Jersey Coast Vascular 2
| .
|Wound Care
p FI ) T s |1
|Food Services 3 3 3 3
|Laboratory 2 2 3 3 2 3
[Pharmacy 2 2 3 3 2 3 3 3 3 |
i 0 0 ] | 4 I I
(T3 Offic 2 2 2 | I

Fig. 2. Simplified interdepartmental matrix.

3.1 Fitness Function

In this optimization study, the fitness function (i.e., the design objective) was defined as
the numerical value derived from the sum of the product of the adjacency levels of two
departments (measured from 1 to 5) and the distance between those two departments
(considering all interconnected program elements). A lower fitness score meant that the
given design solution provided better departmental relationships and shorter walking
distances between highly related departments.
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Fitness Score
= Sum Department 1 — 2 gjacency Level (from 1t05) x Department 1 — 2rp,yei pistance (in feet)
n

(Department i— (1 + 1)Adjacency Level X Department i— (1 + 1)Travel Distance)

i=1

The adjacency values for this case study are shown in Fig. 2. For travel distances,
measurements were taken from the center point of the first department to the
entrance/exit, along the center line of the corridor(s), to the entrance/exit of the second
department, and finally to the center point of the second department.

3.2 Vertical Transportation

There were multiple elevators in this facility. It was essential to quantify the vertical
travel distances because patients, staff, and physicians at the hospital frequently trav-
eled between the first two levels. However, there were only a few existing method-
ologies available to systematically convert vertical travel distances to be comparable
with horizontal distances. Based on the Vertical Transportation Handbook [17], in
hospital-type buildings, the handling capacity is generally approximately 12%, the
interval time ranges from 30 to 50 s, and the average wait time is between 15 and 25 s.
We assumed that the average wait time at the hospital was 20 s for all elevators, and the
average walking speed was approximately 3.1 miles per hour (1.47 fps) [18]. Hypo-
thetically, if someone needed to use the elevator to go up or down one level, he or she
could walk horizontally about 30 feet (20 s x 1.47 feet per second = 29.4 feet) in the
same amount of time. Thus, to account for someone traveling from a department on
Level 1 to a department on Level 2 (or vice versa), 30 feet was added to the horizontal
travel distance. It is worth noting that 30 feet was somewhat arbitrary, and could
change from one project to another depending on many factors such as elevator type,
number of elevators, number of floors traveled, handling capacity, traffic, patient vol-
ume, etc.

3.3 Geometry

We customized the first steps in creating the geometry in Grasshopper/Rhino for this
project. Each floor was translated into a user-defined boundary as a potential floor
space. The floor-to-floor height was adjustable. A reasonable number of points (the
amount defined by the user) was generated inside the grid; these points were used as the
department centers. Generally, the number of control points correlates to the time
consumed in the optimization process. The more points given, the longer the computer
requires for calculation, but the more realistic the final layout will be.

Both the total number of points and the site boundary were adjustable. In this case
study, a total of 305 points were generated on the grid; PtO was located at the lower left,
and Pt304 was situated in the upper right (see Fig. 3). All departments were simplified
as squares with circles inside, and constructed around a center point. Once the first
department was allocated on the grid, all of the points inside were removed from the list
used in the generation of the next department; this prevented overlapping among
various programs. Figure 3 illustrates two of the department locations generated by the
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computer. The Emergency department appears in Fig. 3 as a blue square around a red
circle; Pt152 is at the center. The circle indicates a space with a radius of 118 feet (see
Fig. 4). Figure 4 shows the square footage and radii of all key departments addressed

in this study.

In the next step, the computer located the second department. The computer
repeated this process until all departments were mapped. Users were able to search,
locate, and change the departments’ locations, based on the fitness scores and by using

the sliders to change the origin points.

Fig. 3. Design boundary and control points. (Color figure online)

Current Proposefi ProposeSi Current Square | Propsed Square |Current | Proposed
Level LeveI_IOptlon Le'veI_ZOptlan Footage Footage Radius Radius

2 2 14,750 69|
1 1 1 44,000 44,000 118 118
2 2 2 6,800 6,800 47 47,
2 2 2 2,670 2,670 29 29
1 1 1 19,170 19,170 78 78
2 2 2 12,900 12,900 64 64
1 1 1 576 576 14 14
2 2 2 1,400 1,400 21 21]
2 2 2 11,025 11,025 59 59|
2 2 2 65500 65500 as as
1 1 1 18,000 18,000 76 76|
1 1 1 2,743 2,743 30 30|
2 2 2 3,575 3,575 34 34
2 2 3,500 33|
2 1 1 1,000 1,000 18 18]
2 a4 2 2,950 6,500 31 45|
2 2 2 9,825 9,825 56 56|
2 2 4 3,650 6,000 34 a4
1 1 1 3,352 3,352 33 33
U 1 1 1 6,266 6,266 45 45
Prioperative and CV Offices 2 2 2 760 2,700 16 29|

Fig. 4. Square footage and radii of key departments.
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3.4 Divide and Conquer

Only 20 programmatic elements were involved in this simplified case study. In
Galapagos, each department was identified as a variable/genome with approximately
150 to 305 solutions. The first department on the grid had 305 possible solutions. The
number of candidate solutions for the next department was 305, less the number of
points inside the previous iteration. For simplicity, it was assumed that each program
had an equal option of 150; thus, for 20 programs, the total possible number of
solutions was 10520 = 3.3 x 1043. In design optimization, the computing time needed
to solve a problem increases as the population of the candidate solution grows. For
1043 possibilities, even today’s fastest computers would require an extremely long
computing time.

Unfortunately, architects and planners usually work with short design schedules.
Thus, Divide and Conquer (D&C) was introduced to lighten the load on computer
processing systems [19, 20]. D&C divides a large problem with a sizeable population
into manageable sub-problems with smaller populations. The solution to the original
problem can be obtained by combining the resolutions of the smaller sub-problems. In
this study, the 20 programmatic elements were broken down into six groups (see
Fig. 5). Each member needed to be adjacent to the others within the same
group. Galapagos found the best locations for each group, a process that involved
significantly fewer possibilities than locating all 20 programmatic elements at the same
time.

Application of the D&C method minimizes the search space. The algorithm can run
with less computing time, or the search space within the same timeframe can be
enlarged. However, it is important for planners to identify which programs are highly
related to one another.
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Fig. 5. The “Divide and Conquer” program groupings.
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4 Results

To better evaluate the existing campus and proposed options, the best-fit layout with
the most desirable adjacency and shortest travel distances between departments (i.e.,
the lowest fitness score) was assigned an arbitrary score of 100; the worst-fit layout
with the least desirable adjacency and longest travel distance between departments (i.e.,
the highest fitness score) was given a score of 0 (see Table 1). With the highest and
lowest numbers assigned, it was possible to convert the fitness score of the existing
campus and both proposed options to scores between 0 and 100. The reason behind this
conversion was to provide a rating system to help hospital owners and architects better
evaluate the various possible layouts. It should be noted that the score given to the
existing campus, 74.6, was an arbitrary number; it was not the purpose of this study to
inform the hospital’s owners of how good or bad their current facility layout was. On
the contrary, this project was designed as a way of comparing existing layouts with the
best possible solutions, assuming the facility could be built anew. This process will
help hospital owners and designers find the bottlenecks in their existing facilities.

Surprisingly, after comparing selected programs in both proposed options to the
existing campus, it was found that Option 1 had a lower score than the existing layout;
Option 2 had a better score. Option 1 expanded most of the key departments on their
existing Levels 1 and 2. Some departments were expanded in their current locations,
while others were expanded and relocated to different locations on the same floor.
Since the first two floors are considered “prime real estate,” the floor plates quickly
reached maximum capacity, leaving little space for expansion. A department cannot be
expanded in its current location without moving another nearby department to a new
location, sacrificing the connectivity between them. Thus, some departments were
relocated far from their current locations, which also contributed to the score being
lower than the existing layout.

Option 2 tested a different strategy. It expanded and relocated several key
departments to underutilized spaces on different floors. Although going vertical might
not be ideal, this approach maintained critical connectivity among departments that
were not growing, and the travel distance between key departments on different floors
(considering vertical travel distance) was less than the horizontal travel distance when
one department moved far away but remained on the same floor.

Table 1. Scores assigned to the existing campus and proposed options, based on the best and
worst fit results.

E I Existing Proposed Proposed Worst Best
xampie Campus Option 1 Option 2 Fit Result Fit Result
Fitness 13,617 14,219 13,115 22,000 8,664
Score
Score 62.9 58.3 66.6 0 100
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5 Discussion and Conclusion

This study provided data- and performance-driven methods designed to assist with
traditional architectural design and planning. This work was performed in two stages.
The first included interviews with senior professional medical planners. These dis-
cussions explored the industry’s best practices in terms of spatial relationships in
hospital planning. An interrelationship matrix was created from the data gathered,
using a 1-to-5 scale in which 1 indicated that a physical connection was preferred, and
5 meant that no direct relationship was needed. The second stage involved using Rhino
and Grasshopper in the creation of a framework to: (1) rank an existing hospital
campus, (2) hierarchize the proposed master plan design options generated by the
interviewed medical planners, and (3) develop an automated computational tool to
identify optimal design solutions that consider spatial adjacency requirements and
travel distances between key departments and areas.

The major benefit to using this tool in healthcare planning is that it can manage a
large number of program spaces and adjacency requirements. Additionally, it is capable
of searching for and locating a vast number of design possibilities. Given the com-
plexity inherent in healthcare design, it is often challenging to consider all adjacency
requirements. Thus, this tool can be used in a variety of ways and along numerous
design scales to find the best-fit layouts for everything from a large hospital facility
master plan like the one in our case study, to much smaller projects such as an inpatient
wing layout. It should be noted that the present work did not intend to replace archi-
tects” work with artificial intelligence; on the contrary, it was developed to assist
designers with their process and provide them with evidence-based data to support their
decisions. It can also offer useful information to hospital owners, helping them to better
understand their facilities and locate adjacency and travel-distance bottlenecks.

This study has several limitations. It considered two important design goals in the
realm of healthcare design: adjacency and travel distance. However, many other
equally important design goals were not addressed, such as building shape, daylighting,
sustainability, net-to-gross ratio, etc. The best-fit layout only presented the most
favorable relationships and shortest travel distances among departments; it did not take
into account any of the other above-mentioned design objectives. Designers should
manually evaluate best-fit layouts and verify if they also facilitate other design
objectives and work within essential architectural constraints. Additionally, the pro-
grammatic elements in this research were simplified as squares. Further development of
this tool would be necessary to provide free forms for each program element. Some key
spaces that might significantly affect the layout were not included, such as entrances
and loading docks, because both remained untouched in our case study. Additionally,
to a certain extent this tool was customized, and therefore will not be useful to a non-
user of Grasshopper. Future work should develop a control panel for non-Grasshopper
users. We would also like to study the possibility of using building information
modeling (BIM) tools such as Revit and Dynamo as design media. Finally, the pro-
posed methods and prototype tools should be presented to management-oriented
audiences in order to promote optimization and improve industry methods.
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