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ABSTRACT 

Th±3 thesis considers the human factors problems 

associated with facility layout models, with particular 

attention to the input to the models. The particular case 

considered is that of a REL chart showing interdepartmental 

relationships in a hospital. Since the literature does not 

provide an adequate REL chart for the hospital system as a 

whole, the author develops one by numerically coding 

qualitative information in the literature on hospital 

desisn. The resulting chart containing 19 key departments 

is used as the input matrix to a sraph theoretic model, 

called the deltahedron method, to develop an actual 

facility layout plan for a hospital. The resulting 

adjacency scores compare quite favorably with results 

obtained from the same input matrix using the CORELAP 

procedure. An important conclusion is that substantial 

further research needs to be done on the human factors 

aspects of REL chart development, if the input is to attain 

the quality of the facility layout models themselves. 

vii 



CHAPTER ONE 

INTRODUCTION 

The basic problem in facility layout is in 

determinine which facilities should be adjacent. The 

criteria used to determine optimal adjacencies include 

travel flows and costs between departments, and also more 

subjective evaluations about required department 

adjacencies. Much time and research effort has been 

Invested In developing methods that will produce the 

optimal facility layout; yet, while all of them incorporate 

an input matrix of desirable interdepartmental 

relationships, very little effort has eone into determining 

the best way to develop the input matrix. The problem is 

particularly serious when REL charts, subjective 

relationship charts, are used as input. 

REL charts are developed from a combination of 

factors, many of which are subjective. Their construction 

could very well be seen as a human factors problem. yet 

human factors specialists have not traditionally been very 

involved in the facilities layout area. Human factors 

problems may be seen as too fuzzy or soft to be solved by 

the rigorous methods of quantitative science and are thus 

avoided by those who work in facilities layout. 

1 
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The present research attempts to begin to link 

human factors concepts with a eraph theoretic model for 

facility layout. The specific facility layout problem 

selected for study is the hospital. Hospitals were 

selected because it is assumed that all such facilities 

have at least a subset of departments in common. Thus it 

seems feasible to speak of developing a general hospital 

facility layout plan. 

As service industry facilities, hospitals differ 

from manufacturing facilities in several ways. As public 

service facilities, hospitals have substantial flows of 

people into and out of the various departments throughout 

the day, and to a lesser extent at night. There may often 

be a sense of urgency in moving people from one place to 

another in a hospital. In the worst of cases, a poor 

departmental location may mean the difference between life 

and death for the patient, if too much time is lost in 

reaching the needed service. Also hospitals have to deal 

with a need for expanding their facilities efficiently as 

the population serviced grows. 

The following pages will discuss what research has 

been done on hospital facility layout. All of the 

available REL charts will be looked at and conclusions will 

be drawn about them. In no case does the literature 

discuss REL chart development. 
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In Chapter Four below, the author will develop a 

hospital REL chart from a source which talks of 

relationships but does not attempt to quantify them. The 

result will be compared to an existing REL chart and then 

used as input to a graph theoretic model for facility 

layout, termed the deltahedron method. A block plan is 

developed from the model and shown to hospital workers for 

their evaluation and comments. Because the given form of 

the block plan is difficult for nonspecialists to work with 

an alternative facility layout plan will then be presented. 

Finally, conclusions will be drawn and recommendations for 

further work will be developed. It is hoped that this will 

serve as a basis for future work on systematic REL chart 

development in the hospital case. 



CHAPTER TWO 

HOSPITAL LAYOUT 

Hospitals have existed in one form or another for 

most of recorded history, and they have served a multitude 

of functions. In.twentieth century America, hospitals are 

generally the location of life's beginning and life's end. 

In between, they may be used in time of grave crisis or to 

improve a body part which has suffered from the ravages of 

time. 

Many flows of people and goods can be found in the 

hospital. Patients enter, are processed, diagnosed, 

treated and processed again when they leave. The sequence 

of diagnostic and treatment events will vary depending on 

their condition. Visitors flow in and out more quickly 

than patients and generally have only one or two contact 

points Inside the hospital. Food must be received, 

prepared and served to large numbers of people with 

complicated dietary needs. Linens must processed. Medical 

supplies flow throughout the building. Often hospitals are 

also training centers for new physicians, nurses or other 

medical personnel. All of these flows are complicated by 

the risk of cross-infection and also by the differing work 

flow patterns of different types of staff. 

H 
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The optimum facility layout for the hospital must 

then incorporate tradeoffs between many factors. The 

design must: maximize the contributions of various types 

of staff; allow for adequate control of cross-infection; 

allow for effective and efficient movement of supplies to 

where they are needed; permit the comfortable attendance of 

the patient without causing undue stress; conform to 

cultural expectations of what a hospital must be like; and 

somehow allow for future modification at a reasonable cost. 

Over the years, various theories regarding the best 

design for hospitals have predominated at different times. 

Up until the 1920's, hospitals were generally one floor 

pavilion type facilities. A widely dispersed hospital was 

considered the best way to prevent the spread of infection 

In the 1920's, vertical designs became prominent. New 

technologies in elevators and building materials made them 

seem an ideal solution to high land values. However, there 

were nonetheless problems with that type of facility 

(Rosenfield 1969). In most cases, it was difficult to 

expand these vertical facilities efficiently. New towers 

were built beside the original one, and one elevator trip 

was converted to two or more. If the elevators were out of 

order, or under very heavy use, waiting times could 

seriously interfere with patient care. It then became 
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imperative to develop more efficient layouts which would 

reduce travel time between departments. 

The first modification in design occurred in the 

patient care areas. Bed areas received all types of 

patients, without regard to the particular problem 

involved. Different floors were devoted to different 

economic classes of patients: charity, semiprlvate or 

private. The "nursing unit" concept was introduced to try 

to create some order on the floors. (Rosenfield 1969. p.10) 

The Ideal nursine unit would be of a size and layout 

suitable for good nursing care. Each unit would have a 

relatively homogeneous mix of problems or diseases. The 

basic assumptions were that patients were acutely ill, 

bedfast, in need of little privacy and requiring a uniform 

level of nursing attention. Ideally, nursing units would 

be vertically stacked, one on top of the other. This 

approach precluded locating any diagnostic or therapeutic 

services anywhere in the nursing stack. 

This design involved a lot of patient movement up 

and down and increased exposure to infection, so attempts 

were quickly made to find a more logical way of grouping 

services. The so-called "principle of horizontal 

contiguity" (Rosenfield 1969, p. 10) then came to the 

forefront in the 1930's and 19^0's. The principle involves 

locating patients with similar problems in the same nursing 
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unit, and placing the corresponding dlaenostlc or treatment 

service on the same floor. Thus maternity patients would 

be on the same floor as the delivery suite, surgery patient 

on the same floor as the operating suite, medical patients 

on the same floor as diagnostic services, etc. These 

designs began to be implemented in the 1950's. The 

University of Arizona Medical Center is an illustration of 

this type of design. In addition to nursing units and 

their related services, the physicians in the particular 

specialty area have their offices and teaching facilities 

on the same floor in the connected medical school. A 

further extension of this principle would be to have 

multiple pharmacies, laundries, etc., but there could be 

serious questions about the cost effectiveness of such an 

arrangement. 

The limitations to this design principle became 

evident as more and more hospitals were built this way. 

Physicians began to complain that they needed personal 

interaction with other specialists, such as the 

radiologists, psychiatrists, pathologists, etc. Waiting 

for elevators to visit colleagues was considered a bad use 

of their time. It is interesting to note that at this 

point, the emphasis seems to shift from patients' or 

nurses' convenience to physicians' convenience. 



8 

architect, was to develop single floor hospitals. In fact, 

he designed three such hospitals for California and 

Arizona. The basic design locates emergency, outpatient, 

radiology, laboratories, surgery, recovery, intensive care, 

physical medicine, cardiography, encephalography, social 

services, etc. in the center as a sort of service core. 

The nursing units would then be placed around the outside 

of the core as "fingers project from the palm of the hand". 

(Rosenfield 1969. P.^3) Comparison tests of vertical vs. 

horizontal facilities showed that maximum interdepartmental 

travel time was less for a horizontal facility when 

elevator waiting time was included. See Table 1. 

The above discussion indicates some of the overall 

problems inherent in the development of a hospital facility 

layout, particularly in one which is based on subjective 

evaluations such as REL chart scores. (REL charts or 

relationship charts consist of a matrix showing 

departmental interrelationships.) A principal question is 

who will assign scores to relationships? If a nurse does 

it, the final design will probably be much different than 

if a physician were to do it. Another crucial issue is to 

decide where the tradeoffs will be. When is cost flow 

efficiency less important than infection control, and when 

is the latter risk less significant? No available source 

on hospital facility layout really considered these issues 



at the hospital system level. Once these questions have 

been answered, a multicriteria model might be used to 

weight the different factors. Many studies focus on only 

one subsystem of the hospital and do not consider the 

system as a whole. Although REL charts, matrices showing 

subjective department interrelationships, are given as a 

common input to the layout development process, the 

literature is very deficient on how the charts were 

developed, what tradeoffs were made, whose input was used, 

etc. Chapter Three which follows discusses the available 

literature on hospital REL charts. 
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Table 1 
a 

Multistory vs Single Story Travel Times 
San Oleso Hospital Design Estimates 

Time in Seconds 
Trip Multistory Single Story 

Surgery Ward to 
0. R. 60 83 

Gynec. Wards to 
O. R. 165 96 

X-Ray to O. R. 115 66 

Kitchen to Ward 165 8il 

Sterilization to 
0. R. 70 90 

Sterilization to 
Pathology 5 75 

Sterilization to 
Wards 97 HU 

Total 677 608 

a 
Rosenfield 1969. 



CHAPTER THREE 

LITERATURE REVIEW: HOSPITAL RELATIONSHIP CHARTS 

Initially it was assumed that both REL charts and 

cost-flow matrices for hospitals would be readily available 

in the literature. Despite a thorough search of data 

bases, bibliographies, journals, etc., this did not prove 

to be the case. While some sources had small REL charts, 

often limited to specific functional areas or subsystems, 

it generally was not possible to compare one source to 

another meaningfully. It must also be noted that because 

they are subjective evaluations, REL charts may indeed not 

be compatible if one involves input from, for example, 

physicians, and another involves input from, for example, 

nurses. Cost-flow matrices for the entire hospital system 

were not encountered at all in the literature. 

The most complete source on hospital department 

interrelationships was contained in Porter(1982). See 

Table 2 for departments mentioned in Porter. Written by an 

architect, this book contains no quantitative data on 

departmental relationships. However, it contains more 

detailed qualitative information on the entire hospital 

system, than any other source, and consequently was used as 

the primary source for the REL chart developed below. 

11 



Table 2 
a 

Departments Included in Porter 

1. Administrative Suite 
2. Admissions/Discharge 
3. Hospital Guild 
k. Dietary 
5. Housekeeping 
6. Purchasing 
7. Central Stores 
8. Central Sterilization 
9* Decontamination 
10. Laundry 
11. Medical Records 
12. Pharmacy 
13. Ambulatory Health Center 
1U. Emergency 
15. Outpatient Clinic 
16. Nuclear Medicine 
17- Radiation Therapy 
18. Human Functions (EEG, etc.) 
19. Rehab Medicine 
20. Physical Therapy 
21. Surgery 
22. Medical Staff Facilities 
23. Vertical Transport 
2k. Outside Entrance 
25. Patient Care Units 
26. Radiology 
27- Intensive Care Unit (ICU) 
28. Social Services 
29. Engineering and Maintenance 
30. Clinical Pathology Lab 

a 
Porter 1982 
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Various sources contain REL charts, but most are 

limited to a selected group of departments or to a 

particular type of facility. Hardy and Lammers 

(1977.p.151) provides a REL chart with 38 departments, five 

of which are entrances. See Table 3 for a listing of Hardy 

and Lammmers' departments. The authors do not say how 

their REL chart was developed; it is simply presented as an 

illustration of what they term a closeness matrix. A 

detailed comparison with Porter's data indicated that it 

did have a basis in reality and was not simply generated 

randomly as an example, but it lacks certain key elements, 

such as patient care units or wards. which are included in 

Porter. 

Another REL chart was given in the Arthur D. Little 

study (1971,p.6.6.U-6.6.10) for military hospitals. This 

source identified 30 departments, but overlapped with 

Porter on only about 13, and on only six with Hardy and 

Lammers. Eight of the Little study's departments were 

clinics which are seemingly all lumped together in Porter 

as "ambulatory health center". The Little study divides 

the patient care units of Porter into various levels of 

nursing care, light, ICU, etc., accounting for six of the 

30 departments. Such crucial functions as admissions and 

discharge and dietary services are missing. The authors 



Table 3 

Departments in Hardy and Lammers REL Chart 

1. Emergency Suite 
2. Admission and Discharge Center 
3. Specimen Collection 
k. Special Services 
5. Diasnostic Radiology 
6. Nuclear Medicine 
7. Surgery and Delivery Suite 
8. Cystoscopic and Orthopedic suite 
9. Clinical Laboratory 
10. Autopsy and Morgue 
11. Rehabilitative Medicine 
12. Public Lobby 
13. Communication Center 
1*1. Gift shop 
15. Administrative Suite 
16. Accounting and Data Processing 
17. Physicians' Lounge and Library 
18. Medical Records 
19. Employee Lockers 
20. Volunteer Facilities 
21. Chapel 
22. Receiving, Breakout and Weighing 
23. Bulk Stores 
2 . H .  Processed Stores 
25. Decontamination 
26. Preparation-Sterilization 
27. Linen Inspection 
28. Pharmacy 
29. Purchasing 
30. Archives 
31. Print Shop 
32. Housekeeping 
33- Maintenance Shops 
3&. Food Service 
35- Public Entrance 
36. Personnel Entrance 
37. Patient Entrance 
38. Emergency Entrance 
39. Physician's Entrance 

a 
Hardy and Lammers 1977. p. 151. 
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clearly state that the "methodology for generating the 

matrix is not fully developed...(and)...the data is 

considered soft" (Arthur D. Little Inc. 1971.p.6.6.5). 

Webster and Cook (1979.P.319) has 23 different 

departments, only four or five of which overlap with other 

sources. Restrooms are given as departments, as are the 

various diagnostic services such as EKG, EEG, etc. There 

are no patient care units, surgery or emergency 

departments. This REL chart is once again given primarily 

as an example of what a hospital REL chart looks like. No 

discussion on how is was prepared was given. 

Dudek's (in Smalley 1982, p.277) REL chart lists 20 

different departments of which only four overlap with 

Porter or Hardy and Lammers. Dudek focusses in some detail 

on the layout of the patient care areas, Including such 

elements as medicine closet. bath or shower, stretchers, 

etc. He mentions that his REL chart was developed through 

consultation with members of the hospital building 

committee and some department heads. The proximity matrix 

was then compared to the preliminary hospital plan and 

serious shortcomings were found in the plan. The engineers 

devised a new layout using the template method and 

following guidelines extracted from the REL chart. This 

resulted in one wing being enlarged and another made 

smaller. 
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Another hospital-related REL chart is siven in 

Giglio's (1971) study. It focuses on ambulatory care 

facilities or HMO's. It contains 9 departments commonly 

encountered in such facilities. It is difficult to use his 

data to compare it to other hospital REL charts because an 

ambulatory care facility does not have the same flows and 

interrelationships. Once again, Giglio gives the proximity 

chart merely as an example to assist planners. He does not 

discuss its preparation at all. 

A study of a hospital layout in Egypt (Elshafei 

1975) includes a distance-flow matrix for 19 departments. 

See Table H. However, the departments all form a part of 

the hospital's outpatient facility. This unfortunately 

makes it incompatible with REL charts for the hospital 

system in general which is the focus of the present study. 

In summary, the quantitative literature on hospital . 

departmental interrelationships was found to be rather 

inadequate. Initially, it was assumed that developing REL 

charts would be a standard procedure in hospital design and 

that there would be a substantial body of literature on 

their composition. This did not prove to be the case. As 

mentioned above, most of the REL charts were given merely 

as illustrations with no discussion about methods used to 

create them. The most thorough source on hospital 
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architecture (Porter) did not mention REL charts at all. 

As a result, a substantial part of the current thesis 

involved developing a comprehensive hospital REL chart. 



Table 4 
a 

Facilities Included in Elshafei 

1. Receiving and Recording 

2. General Practitioner 

3. Pharmacy 

k. Gynecoloeical and Obstetric 

5. Medicine 

6. Pediatric 

7. Surgery 

8. Ear, Nose and Throat 

9. Urology 

10. Laboratory 

11. X-Ray 

12. Orthopedic 

13- Psychiatric 

14. Squint 

15. Minor Operations 

16. Minor Operations 

17. Dental 

18. Dental Surgery 

19. Dental Prosthetic 

a 
Elshafei 1975. P. 173 



CHAPTER FOUR 

REL CHART DEVELOPMENT 

When it became clear that no adequate REL charts 

were available in the literature, it was decided to develop 

one based on the literature available. The two most 

comprehensive sources were Porter, and Hardy and Lammers. 

Porter contained a more substantial discussion of hospital 

departments and was selected as the primary source. 

The first step was to develop a matrix of 

interdepartmental relationships mentioned in the text. It 

was posssible to identify thirty different departments 

mentioned in Porter's text and they were included in the 

initial matrix. See Table 2 above. Because no REL charts 

or cost-flow matrices were given, a method had to be 

developed to quantify the data. Different weights were 

assigned to relationships mentioned in the text, according 

to the words that the author used to describe the 

relationship. The highest degree of relationship was a 3 

or E. This code was assigned when the author used the 

terms "adjacent", "contiguous". or "within" . The next 

highest degree of relationship was assigned a 2 or X and 

was used when the author mentioned the words "close", "easy 

access", or "near". Finally, a 1 or O value was assigned 

19 
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when the author used "convenient" or "accessible". Porter 

did not identify any negative interdepartmental 

relationships. Where no relationship was mentioned a score 

of zero or U was assigned. Zero or U scores represented 

the majority of cases. 

Since ratings developed for Porter's data ranged 

from 0 to 3. the Hardy and Lammers department adjacency 

data which ranged from 5 to 10 were recoded. Values 5 and 

6 were recoded to 1, values 7 and 8 to 2, and values 9 and 

10 to 3-

It should be pointed out that classical texts on 

REL charts generally show adjacency matrices with letter 

rather than number assignments. See Table 5. The hospital 

layout literature, however, generally uses a numeric scale, 

for example, from 1 to 5. It was decided to use number 

assignments from 1 to 3 initially when developing the REL 

chart from Porter's data. It is easier to know what is 

high and what is low when using a number scale than when 

using this particular letter scale. However, when the 

matrix was input to the computer program used below (Keenan 

1986), the number assignments were converted to letter 

assignments. because the program was set up that way. 

Number assignments seemed to cause confusion to those who 

were accustomed to letters, because they were interpreted 

not as names but as values to be input to the calculation 



Table 5 
a 

Classical REL Chart Assignments 

X = Undesirable adjacency 

U = Adjacency unimportant 

O = Ordinary closeness O. K. 

X = Important adjacency 

E = Especially important adjacency 

A = Absolutely necessary adjacency 

a 
Francis and White 1971. P. 57 
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process. This indicates that letter names, which can take 

on any number value for calculation, may be somewhat less 

confusing than the number names often found in the hospital 

literature, once the user has become familiar with the 

letters used and their significance. 

The next step in the development of the REL chart 

was to attempt to superimpose the relationship matrix 

presented in Hardy and Lammers onto the matrix developed 

from Porter. Since the two charts were not fully 

compatible, some departments had to be combined or omitted. 

The result was a 27 by 27 matrix. The 27 departments are 

listed in Table 6. Table 7 shows the departments and 

ratings for Hardy and Lammers. while Table 8 shows the 

initial matrix developed from material in Porter's book. 

In the latter case R denotes a relationship mentioned in 

the text. 

Hardy and Lammers included a second number in many 

cells of their relationship matrix. The second entry 

indicates the relative importance of locating departments 

on the same floor. Values ranged from 1 (minimal) to 4 

(same floor required). This criteria was not incorporated 

into the matrix used to develop the block plan in Chapter 

Six below. One reason is that no other source made any 
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Table 6 

Departments in Large Matrix 

1. Emergency 
2. Admissions and Discharge 
3. Diagnostic Radiology 
H. Nuclear Medicine 
5- Surgery 
6. Clinical Laboratory 
7. Pathology/Autopsy/Morgue 
8. Rehab Medicine 
9. Public Entrance 
10. Hospital Guild/Gift Shop 
11. Administrative Suite 
12. Accounting/EDP 
13. Medical Staff Facilities 
14. Medical Records 
15. Receiving 
16. Processed Stores 
17. Decontamination 
18. Sterilization 
19. Linen Inspection/Laundry 
20. Pharmacy 
21. Purchasing 
22. Housekeeping 
23. Maintenance 
2H. Food/Dietary 
25. Patient Entrance 
26. Special Services/EEG/EKG 
27. Communications Center 
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Table 7 
a 

Matrix from Hardy and Lammers 

X 1 0  2 0  T -

1 \!9:9:-!7!5:6i6i-!-i-!-;8:5:-!-:-!-:-:-;-:-:-i-!9!7!-
2 9!V,5!-!5!5!-:5!-!-!-:9! - ! - : - : - : - ! - : - ! - : - i -!-!-:9!5: S  
3 9!5:\:6!-!-i6!-!-!-!-!6!5!-:-:-!-!-i-!-!-:-!-:-i-!7:-

5 7!5!a:-!\i-i-!-:-:-:-:-!-:6!5:-:-:-:-!-!-!-!-i-!-!6i-
6  5 ! 5!-!-:-:\lo:-!-!-!-!-!-:-!5!-! 
7 6!-;-:-i-io:\!-:-:-!-!-!-:5:-!-!-:-i-i-!-:-i-!-i-!-:-
8 6!5!6i-:-!-!-!\:-!-',-:-!6! s i - : - - ! 6 i -

10 
11 -io 
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Initial Matrix Developed from Porter 
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reference at all to interfloor relationships or to 

multistory hospital buildings, so no comparisons could be 

made. Another reason is that multistory layouts are not 

yet handled well by graph theoretic models (see discussion 

below), consequently, the computer program used to 

generate the block plan could not handle multistory 

layouts. At present, it seems that the only way to have 

dealt with the problem would have been to have first 

identified clusters of activities with high adjacency 

requirements and located them on one floor, then run each 

floor separately, then tried swaps. This procedure would 

have to take areas of departments into account to arrive at 

a building with approximately equal floor sizes. However, 

the main focus of this research was not on developing an 

effective graph theoretic model for multistory layout, and 

it did not seem appropriate to try to develop that model at 

this time. 

None of the sources gave any negative 

interdepartmental relationships. Informal discussions with 

some hospital nurses strongly indicated that the autopsy 

and morgue area should be somewhat removed from other 

facilities. This facility was assigned a -1 or X 

relationship with facilities such as administrative suite 

and with most areas where patients are served. It was 

assigned a 0 value with patient care areas. This was In a 
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sense an average value. The literature had mentioned that 

autopsy and morgue areas should be "accessible" to patient 

care areas. while hospital personnel thought that they 

should not be near those areas. Unfortunately, with a 0 

value asslsnment, the program located the morgue 

immediately adjacent to the patient care area. 



CHAPTER FIVE 

FACILITY LAYOUT TECHNIQUES 

The basic problem in facility layout is in 

determining which facilities should be adjacent. A 

variety of different approaches have been proposed to 

develop layouts which optimize adjacency relationships. 

Three computerized methods, ALDEP (1956), CORELAP(1966) and 

CRAFT (1966) have been used most frequently in industry. 

Each of these three methods has been found to have certain 

drawbacks. 

The three methods each take as input a matrix 

showing interrelationships between the various facilities 

or departments. The matrices may reflect costs, distances 

or subjective evaluations of relationships. ALDEP and 

CORELAP are both construction methods, i.e. they develop a 

completely new layout. CRAFT improves upon an existing 

layout. A major drawback to ALDEP is that it selects the 

first facility at random and breaks all ties randomly. 

This often produces a less than optimal layout. CORELAP 

improves on this procedure somewhat. However, it can 

produce rather irregularly shaped buildings. CRAFT uses 

cost flow data to improve an existing layout. The program 

uses centroidal distances between departments to determine 
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swaps which will minimize transportation costs. A drawback 

is that when it it tests for the benefit of swapping a pair 

of facilities, it estimates the value by simply swapping 

centroids. This estimation is essentially for 

computational convenience. but occasionally results in a 

poorer quality solution. An improvement would be to have 

it calculate actual exchanged centroidal distances, but 

this would be at the expense of vastly increased execution 

times. 

The Pentahedron Method 

Alternative methods using a graph theoretic 

approach are in the process of being developed. A basic 

assumption is that all facilities at a site are to be 

located on a planar region, such as a floor or flat piece 

of land. A goal then is to develop a planar graph 

consisting of vertices (facilities) and edges (their 

interconnections) to represent the desirable facility 

layout. The exterior is included as a vertex since some 

facilities may require access to the outside. Two vertices 

are Joined by an edge only if they are adjacent. 

Since it is quite difficult to test a sizeable 

graph for planarity, various heuristics have been proposed 

which always produce a maximally planar graph as output, 

but circumvent the need for repeated planarity testing of 

intermediate steps. The heuristic used in this paper is 
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termed the deltahedron method and was presented in Foulds 

and Robinson (1978). The input is a matrix showing 

Interdepartmental relationships. It may be a cost flow 

matrix, or as in the case of this paper. a REL chart 

showing subjective evaluations of the relationships. 

The generic procedure first sums the columns of the 

relationship matrix and then sorts these scores in 

nonincreasins order, providing some measure of total 

adjacency desirability for each facility. An initial 

tetrahedron. a maximally planar graph of four vertices, 

consists of the exterior and the three facilities with the 

highest scores. See Figure 1. The subsequent vertices are 

then inserted one by one into the triangle which would 

maximize the new sum of the scores. When a vertex is 

inserted into a particular triangle, it creates three new 

triangles and the old triangle is removed from 

consideration. This deltahedron is a maximally planar 

graph which can then be used to produce a block plan (see 

Figure 2) and eventually a facility layout plan (see Figure 

3). Procedures exist to attempt to raise the final score 

via local improvement strategies. 
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Fieure 3 

Facility Layout Plan 
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As yet no software packages are available which use 

the deltahedron method to produce an actual facility layout 

plan. The program used below (Keenan 1986) uses the 

deltahedron method to develop a block plan, an intermediate 

step in the development of an actual facility layout plan. 

It does not incorporate improvement procedures which would 

substantially increase its complexity and computational 

time. This program may be the first of its kind to 

computerize the transition from deltahedron to block plan. 

Clearly, the next step in the development of a 

computerized deltahedron methodology is to develop an 

actual facility layout from the block plan. As can be seen 

in Figure 2, the block plan could not be termed "user-

friendly" because someone not versed in the method would 

find it difficult to use, since in its current 

implementation, it is still really only Just a rectangular 

dual of a maximally planar graph. Facilities such as 15 

which require adjacency to many other facilities are not 

suitably shaped for a real world application. 

An even more serious problem than computerization 

of the model is that no systematic procedure yet exists for 

going from the block plan to the easier to understand 

facility layout which can be used by the nonspecialist. 

Particularly when areas are included, the current procedure 

for determining which adjacencies must be sacrificed to 
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develop approximately rectangular departments (assumed to 

be the desirable shape) which do not have a practically 

infeasible ratio of length to width is more an art than a 

science. Thus before a package could be developed, the 

procedure for a systematic transformation of block plan to 

facility layout must be developed. Otherwise many of the 

gains obtained in the application of the deltahedron method 

and block plan may be lost in the translation to actual 

layout. 

Muitifloor ygt. sinsle Floor Layouts 

The question arises as to whether a layout should 

be for a single floor structure or a multistory building. 

Oftentimes, the space available or high land values 

preclude the construction of a single floor building. 

Efforts have been made to develop a graph theoretic model 

for multistory layouts (Foulds and Giffin 1984). but the 

model is not yet well-developed. The method first assigns 

facilities to floors, then attempts to minimize costs by 

interchanging facilities across floors. Then each floor is 

assigned to the best level in the building. for example, 

the lobby should probably be on the ground floor. 

Attempts to develop a block plan for multistory 

layouts have as yet not proven successful. A major problem 

involves the fixed position of the elevator core on each 

floor. This forces each floor's layout to develop around 
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the elevator core, despite what may be widely different 

arrangements of space on the different floors. Because 

this model is not well developed, this paper will consider 

only a single story layout. It is accepted that this could 

be a drawback for a practical hospital facility layout, but 

if one were to follow Rosenfield's (1969) recommendations, 

it might actually be considered the most desirable 

solution. 



CHAPTER SIX 

DEVELOPMENT OF FACILITY LAYOUT PLAN 

Two steps were involved in the development of a 

facility layout plan which could be fairly easily used by 

hospital administrators. The first step was to run the 

block plan computer program (Keenan 1986) on the data. The 

next step was to process the data through another program 

which develops more rectangular shaped facilities (McJannet 

1986). Both plans were shown to hospital employees to 

determine their reactions both to the formats and the 

location of departments in the layout. Finally, another 

microcomputer layout program MIFLAG (Hu and Askin 1985) was 

used to generate another layout for comparison purposes. 

Block Plan peyelQpment 

A program being developed by Keenan (1986) was used 

to generate the block plan. It accepts an interrelationship 

matrix as input. calculates the best adjacencies using the 

deltahedron method and produces a block plan which 

incorporates areas. Since the program worked best with a 

maximum of 15 to 20 departments. the next step was to 

reduce the matrix. 

Initially, 16 departments were chosen for the input 

matrix. Two criteria for selection of the departments were 
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used: mention in both Porter and in Hardy and Lammers, and 

a determination of the essential nature of the department 

through consultation with hospital personnel. Accountine 

and EDP were combined into one category with Administrative 

Suite, because they were highly interrelated. The program 

required that facility 1 be the exterior. The many 

entrances mentioned in Hardy and Lammers were incorporated 

into this facility. Decontamination/Sterilization/Laundry 

were combined into one facility because they shared very 

high interrelationships with each other in both sources. 

The program was run satisfactorily with 16 

facilities (including the exterior). Three more facilities 

were then added for a total of 19. which appear to cover 

the essential facilities of an average hospital. See 

Table 9. 

The matrix shown in Table 10 was input to the block 

plan computer program. The area values shown in Table 11 

indicate proportional interrelationships rather than actual 

areas. That is, an area of 3 refers to 3 square feet per 

hospital bed. Values for calculation were assigned to the 

letter names as follows: E = 16, 1=4, O = 1. U = 0 and X 

= -1. The first run was made using an area of H50 for the 

patient care area. Since the length of the perimeter of 

the outside rectangle drawn is fixed by the computer 

program, the patient care area totally dominated the plan. 



Table 9 

Departments Used to Develop REL Chart 

1. Exterior (includes all entrances) 

2. Administrative/Accounting 

3- Emergency 

4. Radiology 

5. Surgery 

6. Clinical Lab 

7- Pathology/Autopsy/Morgue 

8. Rehab Medicine 

9. Medical Staff Facilities 

10. Medical Records 

11. Admissions/Discharge 

12. Pharmacy 

13. Decontamination/Sterilization/Laundry 

14. Food Service 

15. Central Supply 

16. Receiving/Delivery 

17. Patient Care Units 

18. Housekeeping 

19- Engineering/Maintenance 



Table 10 

Adjacency Matrix Used for Layout 

1 2 3 a 5  6 7 8 9 10 11 12 13 14 15 16 17 18 19 
1 1 I E u u U E U u U E U U U u E U u E 
2 2 U u u U X U E U E o V  U u U O I o 
3 3 E I o o o I I E O I  U I U o u u 
k  l l  o u X o o o o O o  u o U o o u 
5 5 E X u E u O O I u E U u u u 
6 6 u u U o O O I u I U u u u 

7 7 X X u X X U X u U u u u 
8 8 o o o o o u o U I u u 
9 9 o o o U u u U o u u 
10 10 E o u u u U o u u 
11 11 u u u u U u u u 

12 12 o u E O o u u 
13 13 E E O u I u 
14 14 E I o u u 
15 15 O u I u 
16 16 X u u 

17 17 o X 
18 18 u 

19 19 

X = -1 = MUST NOT BE ADJACENT 

U = 0 = ADJACENCY UNIMPORTANT 

O = 1 = ADJACENCY SOMEWHAT IMPORTANT 

1=2= ADJACENCY DESIRED 

E = 3 = ADJACENCY VERY IMPORTANT 



Ill 

Table 11 
a 

Area Ratios for Departments 
(Number of square feet per bed) 

Department Area Ratio 

1 n. a. 
2  3 6 . 0  
3 12.5 
4 57.0 
5 15.0 
6  3 2 . 0  
7  3 . 0  
8 14.0 
9 3.5 

10 9.0 
11 2.0 
12 7.0 
13 2H.0 
Ik 30.0 
15 35.0 
16 10.0 
17 450.0 (later reduced to 

2 2 5 . 0 )  
18 5.0 
19 60.0 

a 
Porter 1982 



42 

Smaller facilities appeared in the printout simply as 

heavier lines. The area for facility 17 was then cut in 

half to 225, which still retained it as a proportionally 

much larger facility than any of the others and another 

run was made with this new area value. The results 

obtained were more acceptable and all 19 facilities could 

be distinguished in the printout. See Figure 2. 

When the results were discussed informally with 

hospital staff, they indicated that it would be 

unacceptable to locate the autopsy and morgue area next to 

the patient care area. The plan could easily be modified 

slightly to move the morgue area over near the Emergency 

Room without changing the adjacency score at all. One 

observer suggested that the morgue should be in the 

basement, but this was not possible in a single story 

building. 

The observers found it quite difficult to use the 

block plan because of the oddly shaped facilities. This is 

not surprising since the block plan Is not meant to be 

used by anyone other than the specialist facility planners. 

Facility Layout Plan 

The next step was to produce a layout which could be 

easily understood by the nonspeclalists. The method 

developed by McJannet (1986) was then used to develop what 

may be termed the facility layout plan. To avoid the 
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location of the morgue next to the patient care areas, the 

relationship was assigned an X value in the input matrix 

for this model. The letters in the matrix were assigned 

numeric values for calculation as follows: E = 64, X = 16, 

O = 2, U = 0 and X = -1. As can be seen in Figure 3, the 

results may be termed more user friendly than the block 

plan, since a nonspecialist who looks at the plan can 

understand it more readily. The departments are all 

approximately rectangular and there are corridors or spaces 

between the different facilities. While this is not yet a 

true hospital design, it gives the architects and 

administrators something concrete to work with. Shapes and 

corridors may be modified as necessary to develop a regular 

outside shape for the building. 

The results in Figure 3 were shown informally to 

hospital personnel who found them much easier to understand 

than the block plan in Figure 2. The final layout of 

departments was considered to be quite reasonable to those 

who looked at it. 

MIFLAG Layout 

For comparison purposes, the same data input matrix 

was run on another microcomputer facility layout program 

called MXFLAG (Hu and Askin 1985). This program seeks to 

minimize flow costs between department centers. It has 
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both a construction and an improvement module, although the 

latter did not run when it was tried. Initially, the user 

inputs department priorities, areas and REL chart scores. 

In the present case, all departments were arbitrarily 

assigned a priority of 1. The program then calculates a 

flow-between cost chart. There are three selection methods 

available for the department placement stage. Selection 

Method A was chosen arbitrarily and produced the layout in 

Figure U. Method A selects the first pair of departments 

based on highest priority and highest flow-between value. 

The next department selected will be in the highest 

priority group of unselected departments and will have the 

highest flow-between value with one of the departments 

already in the layout. The process continues until all 

departments are placed. 

The results in Figure k were compared with those of 

the facility layout plan in Figure 3 developed by the 

McJannet procedure. assuming that the goal was to maximize 

the sum of the adjacencies included. The Figure 3 layout 

produced a score of 897 for adjacencies using values of 

E = 6U, I = 16, O = 2, U = 0 and X = -1. It includes 

twelve E adjacencies. MIFLAG performed substantially 

worse, scoring 603 on the same scale, and incorporating 

only eight E adjacencies out of a possible seventeen. Both 

methods included one X (undesirable) adjacency in the layout 
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19 19 19 19 19 
19 19 19 19 19 
19 19 19 19 19 
19 19 19 19 19 
19 19 19 19 19 
1 1 1  1 1 2 2 2 2 2 
1 1 1  1 1 2 2 2 2 2 

16 16 16 1 1 1  1 1 2 2 2 2 
16 16 1 1 1  1 1 2 2 2 2 10 10 10 

a 4 n 4 4 1 1 1  1 1 9 9 11 10 10 17 17 17 17 17 
a 4 n 4 4 3 3 3 5 5 5 5 5 8 8 8 17 17 17 17 17 
a 4 n a a 12 : 12 3 3 3 5 5 5 5 5 8 8 8 17 17 17 17 17 
4 4 4 4 4 12 12 7 7 3 5 5 5 5 5 8 17 17 17 17 17 
4 4 4 4 4 15 15 15 15 15 5 5 5 5 5 17 17 17 17 17 

18 15 15 15 15 15 5 5 5 17 17 17 17 17 
18 18 15 15 15 15 13 13 13 13 6 6 6 6 

15 15 15 15 13 13 13 13 6 6 6 6 
14 14 14 13 13 13 13 6 6 6 6 
14 14 14 14 6 6 6 6 
14 14 14 14 
14 14 14 14 

Figure 4 

Initial MIFLAG Layout 
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As can be seen In Figure ft-, the exterior facility 

denoted 1 was placed by the program in an interior 

location. Since the program did not allow the user to 

specify that a particular facility was the exterior, it was 

run again using an input matrix with no exterior facility. 

It was run through to produce the layout in Figure 5. 

Using the scale above, this layout produced a score of 637. 

including eight E adjacencies, but also three X 

adjacencies. Some crucial relationships with the exterior, 

including the morgue, emergency and admissions/discharge, 

were lost by not specifying an exterior facility. This is 

a serious drawback to the MIFLAG program, and could only be 

resolved by modifying the diagram through the improvement 

stage, which unfortunately did not run. 

Some other difficulties were encountered in running 

MIFLAG. The program would not allow for areas greater 

than 50. Given the wide discrepancy of areas in the input, 

this was a serious drawback. All areas over 50 had to be 

arbitrarily assigned as 50, because the range of areas was 

too great to allow proportional changes, since the program 

rounded up on fractional areas. Also because the program 

was written for color graphics on the IBM-PC, only parts of 

it could be run on a compatible machine without the color 

feature. The MIFLAG program ran very slowly and required 

over 30 minutes to process the 19 departments. The final 
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Figure 5 

MIFLAG Layout: No Exterior Facility 
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(noncolor) layout appeared only briefly on the screen after 

30 minutes running time, and a moment's inattention made it 

necessary to rerun the entire operation. The alternative 

was to print out the entire selection process, some 30+ 

pages, to be sure of getting the final layout printed. 

This increased the running time to over *15 minutes. 

Although the program asked the user if they wanted to save 

the output, a YES response invariably produced an error 

message on the noncolor machine and an interruption of the 

program, which meant that it had to be started again from 

the beginning. A problem with the output is that in the 

program the department numbers are converted to letters and 

the output is labled with letters. This seems to be 

needlessly confusing. For the present paper, the letter 

output was converted back to numeric department labels for 

clarity. The overall conclusion is that the MIFLAG program 

requires additional documentation, if not code 

modification, to enable the new user to effectively utilize 

it. 



CHAPTER SEVEN 

RECOMMENDATIONS FOR FURTHER STUDY 

Clearly there is still much to be done in regard to 

the human factors aspects of REL charts for hospital (and 

other facility) design. Since the matrices are developed 

subjectively, it is important to clearly define their 

development process. A crucial issue is to determine who 

will provide the input used to develop the REL chart. This 

is an issue which may raise problems in internal hospital 

politics and further complicate the layout process. For 

example, one question that might come up is: Should the 

input from physicians be weighted more heavily than that of 

nurses because a physician's time is valued more highly? 

Useful further research could be done to determine how 

significant the resulting differences in layout are if 

input is obtained from one group or another. This could be 

tested on administrators, nurses and physicians. 

One way to approach the problem might be to use a 

behavioral aggregation technique to arrive at a consensus 

among all groups. Behavioral aggregation is "the process 

whereby members of a group communicate among themselves and 

arrive at a group Judgment." (Ferrell 1983. p. 37) 

Although only limited work has been done on comparing 

19 
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behavioral and mathematical aggregation, it appears that 

the former provides a result somewhat better than an 

equally weighted average. (Ferrell 1983. P. 37) Given that 

the REL chart data is highly subjective anyway, it would 

appear to this author that sophisticated mathematical 

aggregation techniques are not appropriate, at least not 

until a more precise method of quantifying the REL chart 

has been developed. 

Face to face groups often have certain 

dysfunctional elements which hinder their problem-solving 

capabilities. For example, a loud or more aggressive 

individual may dominate the group and cause less assertive 

members to suppress their opinions. In the particular case 

of the hospital, the status difference between physi'cians 

and nurses is quite pronounced and the nurses' input would 

probably be given little weight in a face to face group 

containing physicians. Another problem in face to face 

meetings is that although larger groups can potentially 

provide more input, communication may be difficult in 

groups with many members. 

One behavioral aggregation technique which could be 

used to arrive at a consensus without face to face 

interaction is the Delphi method. This technique is 

appropriately used in problems which do not lend themselves 

easily to precise analytical techniques, but which could 
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benefit from collective subjective judgments. (Linstone and 

Turoff 1975. PP. 3-9) In the classical Delphi, a monitor 

person or team develops a questionnaire which goes out to 

all group members by mall. In the particular case of the 

hospital, it might be sent to administrators, physicians 

and nurses. The responses are tabulated and summarized by 

the monitor(s). A new questionnaire is developed, 

incorporating the response results from the first one, and 

sent out to the respondents. The process is continued 

until consensus is reached. 

Personal experience (Tobias 1984) would indicate 

that the design of the questionnaire is crucial to the 

success of the method, particularly when dealing with a 

group of very divergent backgrounds and points of view as 

in this case. The questionnaire must be easily 

comprehended by all members of the group. The monitor must 

exercise caution to avoid biasing the questionnaire in any 

way. To do so could lead to nonresponse from those who 

objected to it. Asking people to do too much at one time 

might also lead to nonresponse or to poor quality response. 

For the hospital layout problem it is suggested that the 

initial questionnaire contain no more than 10 departments. 

An easy rating scale should be developed, perhaps ranging 

from -1 to 3 as in the REL, chart developed above. If finer 

distinctions are requested, there again would be a risk of 
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nonresponse or poor quality response from those who felt 

they could not judge such subtle distinctions- The second 

mailing would present a summary matrix of results of the 

first mailing. alons with a questionnaire, not unlike the 

first, where the group members would once again express 

their subjective evaluations. The idea is that seeing the 

composite opinions Of other group members will lead 

individuals to modify their ratings and move toward a 

consensus. 

There are some problem areas which might arise when 

using the Delphi to develop a REL chart in the hospital 

case. First of all, the matrix format might not be easily 

understood by many of the respondents who are not 

accustomed to seeing data presented in this way. Another 

format for the questionnaire might have to be devised. An 

alternative might be to have a training session where 

participants would be informed of the reason for the study 

and would be given an explanation of the matrix format. A 

second problem area involves the summary of results from 

the previous questionnaire. Although a numerical rating 

scale has been proposed, it is actually an ordinal scale, 

so taking a mean has no validity. Therefore some 

other method of summarizing the data is required. One way 

to do it would be simply to present a count of responses in 

each category for each interrelationship. (Then those who 
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are not educated in statistics could take their own average 

if they so desire!) A third problem which might result is 

that if there were too many rounds. or very Ions delays 

between rounds, interest might lag and response rates would 

decline. Personal experience with the method indicates 

that two or three rounds might be all that should be 

required in a practical situation. (Tobias 1981-) This may 

be enough for the monitor to get a good idea about how the 

final matrix will look. At this point, a facility layout 

plan could be developed from the REL chart produced by the 

Delphi, or even more than one plan if great differences of 

opinion persist, and then circulated to the respondents, 

requesting them to identify major problem areas if any. 

Another area for further work would be in the 

general area of weights. If inputs come from various 

source groups, how is each group's contribution to be 

weighted? How do different weights affect the final 

layout? How different must they be to produce a layout 

which is not acceptable to another group? All of these 

questions need to be researched and quantified, a problem 

which is quite complex. Once the decisions are made, some 

multicriteria decision methodology might be used to 

aggregate them. However, it is the opinion of the author 

that sophisticated mathematical techniques are not really 

appropriate for soft data such as these. 



5U 

Perhaps even more important is the area of how 

different criteria can be combined to produce an input 

matrix which is not purely subjective. For example, cost 

flow matrices with hard data are also an essential part of 

facility layout. Cost values can be placed on the time of 

different classes of people moving throughout the hospital, 

such as physicians, nurses, orderlies, patients, etc. 

Clearly, for staff members salaries could be used to 

determine costs. Traffic flows could be weighted by 

salary level to calculate the flow cost. It would be more 

problematic to determine the cost of a patient's time. 

Different categories of patient time would have be weighted 

differently. For example, a very large value could be 

assigned to the time of a seriously injured person moving 

from the emergency room to surgery. In the more routine 

case of a stable patient moving to and from X-Ray, only the 

orderly's salary might be used to determine the cost value. 

The next problem would then be how can cost flow matrices 

be integrated with subjective REL charts to produce one 

input matrix? It is suggested that a multicriteria model 

might be appropriate to combine the cost flow data with 

the subjective data once the REL chart problem has been 

resolved. 

Finally. another area for further work is the 

procedure for systematically going from the block plan to 
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an easily understood facility layout plan. It is likely 

that this problem will be resolved before the other 

problem. The final form of the facility layout plan should 

be tested on the potential users to ensure that it is 

readily comprehensible and easy to use. It would seem 

essential that facility planning incorporate the 

contributions of human factors specialists. This is 

particularly important in the case of a service and people 

oriented facility like a hospital. The most sophisticated 

quantitative models will be only as good as their input, 

and clearly not enough study has been given to the 

development of the input. 
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