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6.1. INTRODUCTION

This set of appendices deals with studies related to the methods for
planning and building military health care facilities and with the actual
design of such facilities. An enormous amount of controversy surrounds
the design of facilities, and almost any building configuration has its
share of enthusiautic supporters. The lesson tn be learned from this state
of affairs is that, while there are pitfalls to be avoided, and features to
ba espoused, it is not possible to find designs vhich are optimal in all
respects. For this reason we have sought in this volume and in Volume 3
(Acquisition of Fixed Health Care Facilities) and {n Volume 9 (Building
Systems in Military Hospitals) to assemble ideas which contribute to good
design and to conceive principles and methods by which good designs may
be arrived at.

In Section 6.2,, we present a brief description of some novel prac-
tices in new European hospitals. We have excluded from this section Euro-
pean innovations in building systems, which are dealt with in Volume 9,

The practices discussed in this volume have not been evaluated because
they are mostly concerned with marginal issuec. Nevertheless, they offer
some interesting solutions to common problems,

The following section deals with the economic besis for determining
the optimum room size. It is a parametric analysis, the detailed results
of which are of less interest than the goneral conclusion that, if one con-
fines his view solely to economic criteria, there is not much justification
for building wards with mo:e than six or so heds, There arc other noneco-
nomic criteria, such as nurses' preference, patients' preference, interfer-
ence in vard operations, and convenience in carrying out nursing duties,
which are more significant determinants of room size,

In the next section we describe a program called RELATE for computer-
assisted layoutn of facilities., The use of this program in the design pro-
cess is discussec at length in Volume 3, The following section compares
RELATE and a number of other computerized layout programs.

The remaining two sections are examples of the proposed improvements
to the planning process, applied hypothetically to March Air Force Base Hos-

6.1.1
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pital. Not only does this example serve to test the practicality of the im-
provements, but it furnishes a realistic background in which to evaluate the

impact of the improvements in terms of costs.
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6.2. NOVEL PRACTICES IN EUROPE

6.2.1., INTRODUCTION

During the course of this study we have had the opportunity of visiting
a number of hospitals recently built in several European countries. The hos-
pitals visited included only those that were considered to be innovative in
concepts that are not normally observed. Full cooperation was obtained
through the International Hospital Federation.

The costs of these innovations, especially their impact on operating
expenditures, were not available. In every case these hospitals were re-
cently opened and not much operating experience had accrued. When capital
costs were available (and some are mentioned in Volume 3 and in Sections
6.6 and 6.7), it was still difficult to make a meaningful comparison
because of differences in wage scales and material costs between Europe
and the United States.

As a general statement it is interesting to note that in all our con-
tacts with hospitals in many countries che problems and anxieties of the
administratorc are quite similar: What can be done to reduce hospital
costs?  What can we do to reduce staff? What can be done to improve ef-
ficiency in the kinds of hospitals that become rigid envelopes constrict-
ing further developments of the organization?

We are mentioning here only the innovations which could be of possible

interest to the Department of Defense,

6.2.2, ENGLAND - THE GREENWICH DISTRICT HOSPITAL

The most innovative prototype experimental hospital of Britain's De-
partment of Health is the Greemwich District Hospital (the structural fea-
tures of this hospital are discussed at length in Volume 9), whic: re-
places an old existing hospital. The project was started on the basis of

the following principles:

® A hospital building is a means ot housing an organization to
provide medical care facilities for a particular community. Over
the life of tho building there will inevitably be considerable

changes in the nature of the medical care demanded and in the size

6.2.1
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and character of the community. The building should, therefore. be
capable of equivalent change if it is to continue to function effi-

ciently.

e The housing of an organization must take account of its log-
istics, that is, the best way of moving its people, goods,
and information, After some research it became clear to the

planners that a horizontal layout (instead of a tower) had

e e,

advantages because both people and things can move or be
moved horizontally more easily and cheaply than they can

vertically.

-

® Construction should be arranged to permit the uninterrupted
use of the partially demolished old hospital and partially

built new hospital during the period of construction.

® The building must maintain simplicity of form. The planners
of Greenwich Hospital feel that it is easy to confuse people,
expensive to move goods around corners and expensive, dif-

ficult and inefficient to move services around corners.

6.2.2.1., Building Structure
The Greenwich District Hospital maintains the basic principles in

a remarkably elegant design. Although this design was not intended as a
system — that is, a kit of parts which can be used elsewhere — but rather
as a solution to the particular requirements at Greenwich, the design
features obviously have wider applicability. The possibilities are dis-
cussed at some length in Volume 9.

6.2.2.2. Wards and Departments (See Figures 6.2.1 and 6.2.2)

Wards are all on the outside walls, forming a continuous band around

the building. On the inner side of the wards a ward corridor separates

allow nurses to observe all patients from the corridor without entering

the rooms. The ward corridors form an inner barrier between the nursing

6.2.2
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areas and the busy main hospital corridors on each floor along which supplies,
staff, and visitors proceed. Access from the "main hospital corridor” to
each ward unit is provided at a number ot points, planned to minimize staff
walking time. The main hospital corridors are planned to run past tiree
internal courtyards. This allows strangers to orient themselves and helps

avoid the monotony of a totally internal environment. '

6.2.2.3. Other Services

Below the ground floor is the main vehicular access and car park, with l
service departments for the whole hospital. The ramp to this basement car
park is electrically heated in frosty weather. A special feature of the
fire alarm is the installation of heat detectors in the engineering voids
between floors.

In every hospital considerable heat is liberated from electrical and
mechanical equipment. Using the interfloor service voids much of this heat
can be vented directly outside, thus reducing the load on the air condition-
ing system,  These same interfloor spaces are used as the plenum convey
exhaust air from the hospital rooms to the outside of the building. This
is turn allows 100% fresh air for air conditioning (with no recirculation
of air) at low cost.

The greatest demands on a cooling system arise when the room is being
heated by the sun. At Greenwich there are pneumatically opercoted blinds.
These are controlled by calibrated solar sensing devices; when the total
energy received on a particular area of the building exceeds a predeter-
mined value, the blinds in that area are automatically lowered. These
blinds are made of a light-colored woven synthetic material and are com-

paratively transparent to visible radiation but opaque to the infrared

-

radiation. Automated operation is used because it was found that when
shading devices are manually operated, the occupants only lower them when
they experience discomfort, i.e., after the area has already absorbed a
great deal of heat energy through the windows.

The main pharmacy is in the basement, to gain access to the unloading
bay. A special staircase connects it to the pharmacy in the outpatient
area on the floor above. The medical records section is also in the base-

ment. An internal stoircase and hoist provide a link with the reception

6.2.4
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desk directly above, Staff changing rooms (male and female), including

toilets, showers, changing cubicles, and permanently allocated lockers

are in the basement area, immediately adjacent to the entrance from the
parking lot.

The outpatient area has a few specific clinics (ophthalmic, dental,
prenatal) but it includes 34 general purpose combined consulting/examin-
ing rooms, variously allocated according to clinic and specialty demands.
The 34 rooms are in rows of 17, but none is far from one of the six wait-
ing areas, each supervised by a clinic receptionist. Adjacent to the
outpatient department and the emergency room is a 13-bed day ward with
its own operating room. This allows keeping patients for up to 24-hour
observation without "entering the system'. A playroom area (creche) is
provided in the ground floor for small children of patients attending
the outpatient department.

A six-section escalator system solves the problem of peak loads,
which occur when a shift ends and coincides with visiting hours. This
reduces the load on the elevators, leaving them free for non-ambulatory
patients.

An innovative procedure for supplying wards allows reducing paper
work considerably hecause no requisitions from wards are required. At
regular intervals a supply clerk with a cart comes to the ward area and
refills stocks of supplies in cupboards and drawers to predetermined
levels, makes his notations of what he left, and continues to the next
ward area (topping off method). This includes linen.

Bagged linen and refuse are collected from chutes. In order tc
avoid the need for interlocking chute doors, each floor has its own pair
of chutes, one for bagged linen and one for refuse., Chutes from different
floors combine in the void immediately above the disposal room. The laun-
dry is cutside the hospital, and overhead rails carry the bagged linen to
the vehicle loading bay.

The architecture of the building has a domestic rather than an
institutional character, reflectiug the concept of residential care

rather than custodial care in the old tradition.

6.2.5
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6.2.3. SWEDEN - THE LUND HOSPITAL

(The Regional Hospital for Malmdhus County and Southern
Sweden, under the Swedish National Social Insurance)

Overlapping design and construction (multitrack scheduling as dis-

cussed in Volume 3) allowed the buildings to be completed in three years.

This compares with the more usual eight years for investigating require-

ments; draft proposals; cost estimates; the budget proposal; work projec-

tion; approval of drawings; tender documents; collection and testing of

firm offers; and final budget presentation to the Central Government (see

Figure 6.2.3).

=g VI8 Comiom
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FIGURE 6.2.3
CONSTRUCTION PLAN FOR LUND HOSPITAL*

ital Catalog, p.15
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ward areas are connected to a central EKG unit. Electrocardiograms
can be carried out at practically every bed and recorded centrally in the
clinical physiological laboratory.

The emergency department in the OPD area is really an independent
casualty hospital with its own OPD unit, admission unit, and operating
room., Except for admissions to the intensive care units, all night ad-
missions remain in this area until the next morning, when they are trans-
ferred to a ward or sent home. 71his way, the emergency room activity does
not disrupt ward operations at night, and admissions are reduced. Separate
entrances for stretcher and ambulatory cases to the emergency room allow for
separation of patients. The more 3erious cases are not seen by the ambu-
latory ones. The emergency room area also has an operating room for night
surgery. The recovery room for such cases is next to it.

Preliminary laboratory work is done for all admissions in the OPD

area at the '"preliminary examination center', using automatic equipment.

6.2.4. OTHER INNOVATIONS OBSERVED

In visits to other hospitals a number of innovations were observed

vwhich reveal concepts of patient care of hospital operaticn different
from those usually found in the United States. These are mentioned briefly
below.

In some hospitals there was evident an intent to enhance the home-
like qualities of the ward. Each ward has a sitting room, a smoking room,
and a dining room for patients who are able to use them. Each patient’s
room has a toilet and a washroom containing a wash basin for the patients
and a stainless steel sink and an immediately accessible supply of disros-
ables for staff use., This supply cupboard, containing the more commonly
used nursing articles, is replenished from the corridor.

In other hospitals the cops of all operating tables are easily detach-
able. Whun placed on a special trolley the top serves as a stretcher on
which patients are conveyed to and from the operating room. A patient is
transferred to the operating room in the so-called "patient lock.'" Here,
the patient is taken from his bed and placed on the detachable top of the
operating table. After the operation, the patient is moved to a clean bed

6.2.7
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from the "Bed Center," in this samc location.

The Bed Center undertakes the work of bed cleaning, thus relieving
the wards of tliese tasks. It has automatic systems for transporting and
washing of beds and for disinfecting mattresses and pillows. Sheets,
pillowcases, and blankets are removed in the ward and sent via the linen
chute to the central laundry. Each bed is taken to the basement area upon
discharge of a patient. Upon arrival at the Center, the mattress and pil-
low are removed and placed in a basket (the size of a bed). These baskets
are dimensioned to hold mattresses and pillows for five beds. Thus after
five beds have passed, the mattress basket is included as a sixth "bed"
in the automatic system. The bedsctead is picked up by a fork conveyer in
the ceiling of the dirty side of the Center. On reaching the washing and
disinfectant zone that divides the dirty from tne clean side, the bedstead
is automatically transferred to a washing and drying tunnel, in which it
is sprayed with water at 90°degrees Centigrade to which disinfectant and
wetting agents have been added. Similarly the mattress baskets pass auto-
matically through an autoclave for sterilization. The bedsteads, mattresses,
and pillows meet again on the clean side, where the beds are made up by a
staff of two. Clean bed linen and any special equipment such as side pieces
or drip stands are taken from an adjacent store.

Staff from the Transport Service take the beds from the Center to
the admission and bath unit adjacent to the central registration center.
Patients arriving by foot, car, or ambulance pass through central regis-
tration, directly connected to the admission and bath section. The pa-
tient and bed meet in one of the nine rooms of this center, and the pa-
tient's clothes are placed in a nearby storage area. Patients are bathed
here, dressed in pajamas, placed in the bed, and then transferred to the
ward by the transport staff.

There is a control center for the entire ventilation system and heat-
ing system, also for fault signals from important equipment such as blood
refrigerators, dialysis tanks, etc. The center produces an alarm signal
automatically and codifies the location of the fault. (There are 999 con-
tact points.)

In the intensive care unit, all the equipment can be attached to a

system of rails on the wall at the head of the bed. This avoids cluttering

6.2.8
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up the floor around the bed, and saves considerable work by the staff.

An X-ray department as part of the emergency service area allows
taking X-rays which have not been arranged by appointment. This avoids
interfering with the smooth flow of work in other X-ray examining rooms.

The Cleaning Center takes care of all housekeeping chores. Each
cleaner is allotted a section of the hospital to which he returns every
day. All equipment is provided at the Cleaning Center (clean side).

When the cleaners finish their work they return all the equipment to the
Center (dirty side). Cleaners never take trclleys into patient's room.
Mops are changed after cleaning each room.

Color codes are used to distinguish different states of contamination -
green for dirty, red for contaminated, blue for clean, and yellow for ster-
ilized. This code is used throughout the hospital, with tape affixed to
various items and areas depending on their cleanliness.

Dictaphones in emergency rooms, with one belt per patient, attached
to his chart, allows prompt transcription of notes with no delays.

The Transport Service relieves the nursing staff from transport work
outside their own department. The Transport Center 1s responsible for con-
veying patients and supplies, and has a message center., This message cen-
ter is responsible for mail, messenger rounds, transportation of samples,
etc. The external transport is also responsible to this Center.

Locating the intensive care unit on the ground floor, close to the
emergency room, is an interesting innovation. Since most of the very
sick patients requiring intensive care have been brought to the emergency
room from their homes, the proximity of the intensive care unit is an ad-
vantage. Furthermore, since both the emergency room and the intensive
care unit are staffed on a 24-hour basis, it allows for staffing flexi-
bility at times of breaks, lunch, and so forth.

Conveyor systems for medical records and X-ray films from the stor-
age areas to the CPD receptionist speed up the availability of records
needed by examining physicians.

The resident physicians and surgeons have their own apartments within
the hospital. They consist of a bedroom, bathroom, sitting room, and kitch-
enette, This keeps the medical staff available when needed.

6.2.9
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6.3. SIZE OF PATIENT ROOMS

6.3.1. INTRODUCTION

Lacking empirical data relating costs of inpatient care in hospitals
to the size of the rooms, we postulated a parametric model for economy of
scale, which we then used to determine minimum-cost room sizes under a
variety of constraints. By using a range of parameter values we tested
the sensitivity of the minima to scale factors. Even for a rather extreme
rate of economy of scale, i1t appears that savings associated with multibed
rooms become negligible after about ten beds at most. For more conservative
rates, the optimum economic size is about half that large or even less, de-
pending on total ward size and the number of classes of nonmixable patients.

The cost per bed is a function of many factors. One is the number of
beds per room. At least in civilian hospitals, different rates are charged
for private rooms, semiprivate rooms, and multibed wards. It is not easy
to determine whether the usual rate differentials are a true reflection of
actual cost differences, so our approach has sidestepped the issue of ap-
praising absolute costs. Instead, we have used a parametric model for econ-
omy of scale which is flexible enough to encompass a wide range of relative
costs.

In order to define the problem for analytical evaluation, it is neces-
sary to make assumptions about the size and distribution of the total bed
demand in a ward and the number of classes of nonmixable patients that must
be accommodated. These assumptions and their resulting requirements are
spelled out in succeeding sections of this chapter. Total cost per ward
is obtained by multiplying the cost per room by the requisite number of
rooms of any given size. For a sequence of parameter values we have devel-
oped cost curves from which minimum-cost room size can be read off directly.

It should be noted that this analysis deals only with the economic as-
pects of room size; thus it does not try to associate financial value with
the social, psychological, and medical benefits of privacy. If such fac-
tors dominate the choice and lead to a decision in favor or single rooms,
at least this analysis can indicate the relative magnitude of the foregone

financial savings.

6.3.1
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6.3.2, NUMBER OF ROOMS REQUIRED

For any functionally separate ward in a hospital (for example, an ortho-

pedic ward) there will be some demand pattern for patient beds. Suppose that
over a representative period there is an average daily need for m beds, and
that the standard deviation about this mean is 0. To provide enough capacity
to handle any extreme fluctuation in demand would be wasteful, because usu-
ally many of the beds would be empty. Consequently, it is customary to de-
cide on an arbitrary cutoff that will satiafy all but some small fraction of
the demand. For inatance, we might decide to provide enough beds so that the
demand would exceed the number of beds available only 5% of the time. This
practice is not unreasonable aince generally there are some elective cases
for which admission can be delayed without harm until beda are available.

As an example, auppoae m = 85 and 0 = 9,2, Then a capacity of 100 beds
would satiafy the demand approximately 952 of the cvime. Similarly, if m = 40
and 0 = 6,3, a utilizable capacity of 50 beds would satisfy the demand about
952 of the time. Theae calculations have been based on a Poisson type dis-
tribution of demand, but for means of thia aize, the Poisson distribution
is virtually identical with the familiar Gausaian or normal distribution,
so there is no great dependence on the apecial characteristics of the Poisson
form of the distribution function. It was used aimply for convenience.,

To give us a reasonable range over which to evaluate the results, we
have adopted 100 beds and 50 beds as cur two benchmarks for patient capacity.
These are arbitrary, but not unreasonable for the applications of interest.

If all the beds are in aingle rooma, there is no problem in accommodat-
ing different cl:sses of patients, However, if there are two or more classes
of patients that cannot share a room, i.e., men and women, and if there are
two or more beds in each room, some excess of total bed capacity is required
in order to be certain that a ward can handle 100 patients no matter what
mix happens to occur. For example, five rooms of 20 beds each could handle
100 patients only if the number of patients of each type is a multiple of
20. It turns out that six 20-bed rooms are needed to guarantee accommoda-
tion for 100 patients of two nonmixable classes occurring in random propor-
tions.

One can run through this type of exercise for any fixed number of beds

6.3‘2
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per room and any number of patient classes, and thereby develop tables of
the number of rooms required in order to guarantee that a prescribed total
number of patients of any possible mix can be accommodated. We have done
this for the two totals, 100 patients and 50 patients, and for constant
room sizes (that is, all rooms the same size) with the number of beds per
room running rrom one up to half the total ward size, and for two, three,
and four classes of patients. The requirements are displayed in Table
6.3.1.

In this exercise we have not explored combinations of varying room
sizes for a given ward because of the great multiplicity of possible com-
binations. For our purposes, determining an optimum fixed size is believed
to be sufficient to indicate whet the majority of the room sizes should be
for the best economic efficiency, and if one wants to add a few smaller

rooms for any reason, the bulk of the saving would still be realized.

6.3.3
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TABLE 6.3.1.

(N), OF N BEDS EACH REQUIRED FOR ASSURED

r(n) for 100 patients

2 classes

100
51
34
26
21
18
16
14
12
11

3.classes

100
51
35
27
22
19
16
15
13
12
11
11
10

9

9
9
8
8
8
7
7
7
7
7
6
6
6
6
6
6
6
6
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
4
4

100
52
36
28
23
20
17
16
14
13
12
12
11
10
10
10

0
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4 classes

603.6

LOAD OF MIXED PATIENTS RANDOMLY PROPORTIONED

r(n) for 50 patients

z_glg;ggg 3 classes

50
26
18
14
11
10

U&\§&&\&\&\&\&\MMMMO‘O~O‘NQQ

4 classes

50
26
18
14
12
10

&\&\MMMMMMMMO\OO‘ONNQQ\O

50
27
19
15
13
11
10
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6.3.3., MODEL FOR ECONOMY OF SCALE

Let us take the following formula as a general parametric model for

the total cost of providing and servicing a patient bed in a room of n beds:
C=a+ i:

The quantity a represents the minimum cost for which a bed can be operated

in an extremely large room; i.e., it is the asymptote which the cost per

bed approaches as full advartage is taken of all economies of scale. The

quantity c represents the additional cost of operating a bed in a single

room., Hence, C= a+ cvhenn = 1,

The factor nk, depending on the value of k, determines how rapidly C
approaches the asymptote, i.e., the rate at which economies of scale can
reduce the cost per bed. The genersl graph of such a function is depicted
in Figure 6.3.1 for k > 0,

FIGURE 8.3.1 GENERAL MOOEL FOR COST PER BED IN ROOM OF n BEDS

Instead of attempting to determine the best numerical values to use for each
of the parameters a, c, and k, we felt it would be much more informative to
explore a range of values for each. Furthermore, instead of dealing in ab-
solute values, we wanted to examine relative costs, so we have in each in-
stance worked with the ratio of the cost per bed in a room of n beds to the
cost per bed in a single room. In effect, we have set C = 1 for a single

room and have calculated the fractional cost per bed in a multiple room.

6.3.5
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We have used four values for a, namely, a = 0, a = %c. a=c, and a = 2¢,
to span the range that appears to be of reasconable interest. These are referred
to as Cases 1, 2, 3, and 4, respectively. For cach of these cases we have let
k take on four values, 0.1, 0.2, 0.3, and 0.5, to represent the range from a
slow change of cost with room size to a fairly rapid change. The graphs rep-
resenting the 16 resultant curves of cost per bed are shown in Figures 6.3.2 -
6.3.5.

1f we multiply thv cost per bed by the number of beds per room, we obtain
the cost per room. This has been done and the results are plotted for all of
the cases considered in Figures 6.3.6 - 6.3.9, From these curves one can read
off directly the number of single rooms that would cost the same as one room
of n beds, for each combination of parameters.

We have not considered it necessary to break out the component costs
that contribute to the total cost of providing bed care for a patient, such
as floor space, utilities, nursing service, food, linens, cleaning, and main-
tenance. Some of these will vary with room size and others will not. For
analytical simplicty we have mercly conceived of all the appropriate costs
elements as being subsumed under the three parameters, a, c, and k, and
thereby have taken a sufficiently broad range of values to include all

reasonable possibilities.

6.3.4, TOTAL COST FOR HANDLING GIVEN NUMBER OF PATIEWTS

In Table 6.3.1 we listed for each n the number of rooms of that size

that would be required for assured accommodation of 50 or 100 patients of
2, 3, or 4 nonmixable classes. If any entry in that table is multiplied
by the cost per room of a size n, as given in Figures 6.3.6 - 6,3.9, we
obtain the total cost of the prescribed capacity. In order to continue
dealing in costs relative to single rooms, we then divided by 50 or 100,
as appropriate, to get the cost relative to the cost of providing the pre-
scribed capacity by all single rooms. If we plot this relative total cost
as a function of n we get curves of the sort shown in Figures 6.3.10 - 6.3.13,
which are typical examples of the total set.

There 18 some built-in inaccuracy in this process, because we are costing

each room as if it were full, even though there usually is some unutilized

6.3.6
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excess capacity. Moreover, this inaccuracy is biased, because the larger
room sizes generally cause more excess capacity than smaller room sizes.
However, there seems to be some evidence* that most of the costs related to
hospital bed capacity are fixed and are not responsive to occupancy rate.
Once the facilities and staff are provided for a hospital of a given size,
the variable costs associated with inpatient bed days become minor. Unfor-
tunately, there is no ready way to estimate their size, but it is reasonable
to believe that the differential effect of cost variations with unutilized
capacity would exert comparatively little economic leverage on optimum room

size.

6.3.5, MINIMUM-COST ROOM SIZE

The first observation to make regarding minimum-cost room size is that

if all patients are of one class, and can share accommodations, the most
economical arrangement, 1f there are any economies of scale at all, is sim-
ply to have one large room that is big enough to accommodate whatever num-
ber of patients is planned for. In other words, only if there are two or
more classes of patients that cannot be mixed will a minimum cost occur at
other than the upper limit on size.

For convenience we have tabulated the minimum-cost room sizes for all
the different cases we have considered and have listed them in Table 6.3.2.
This table helps one to see at a glance how the minima shift with changes
in the parameter values of our models.

For instance, we can note that the optimum size generally decreases
(and never increases) as the number of nonmixable classes of patients in-
creases. Although we have not carried the analysis beyond four classes,
it is obvious that this is a monotonic effect, and at the upper limit where
no two patients could be mixed, one would be forced to use single rooms ex-
clusively. Extrapolation from Table 6.3.2 suggests that single rooms become
optimum well before the number of classes of patients become equal to the

number of beds.

*Ingbar, M. L., and Taylor, L. D., Hospital Costs in Massachusetts,
Harvard University Press, 1968, page 62,

Arthur D little Inc



TABLE 6.3.2
MINIMUM-COST ROOM SIZES

100 Patients

1
Case 1(a = 0) 2(a ic) 3(a = c) 4(a = 2¢)
Classes 2 3 & 2 3 4 23 4 2 3 4
k =0.1 9 7 3 9 2 2 3 2 1 3 2 1
0.2 33 14 7 11 7 7 9 7 2 3 2 2
0.3 33 20 14 11 7 7 9 7 3 9 3 2
0.5 50 49 33 20 11 7 11 7 7 9 7 4
50 Patients
k =0,1 7 3 2 7 2 1 1 1 1 1l 1 )|
0.2 10 6 4 7 3 2 7 2 1l 2 2 1
0.3 25 12 6 7 4 4 7 3 2 7 2 1
0.5 25 24 16 10 6 5 7 4 3 7 3 2

Another trend that is apparent is that optimum room size decreases as
total ward capacity decreases. That is, for any given model for economy of
scale and any given number of classes of patients, Table 6.3.2 shows that
the optimum room size for a 50-patient ward is less than or equal to that
for a 100-patient ward. Clearly this is also a monotonic type of relation-
ship.

Naturally, the table reflects the expected relationship between opti-
mum room size and economy of scale. Thus, as k runs from 0.1 to 0.5 in
any case, the cost per bed decreases more rapidly with room size; conse-
quently, the optimum room size increases. However, at this point it is
useful to look at the graphs themselves to see not only where the minima
occur but also where the region of diminishing effect sets in. From Table
6.3.2 1t can be seen that the cases when a = 0 represent the most extreme
cases of economy of scsle and lead to the largest values for minimum-cost
room size. Yet, as Figure 6.3.10 i{llustrates, even for the most extreme
curves nearly all of the possible economic benefit has been realized by

6.3. 8
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a room size of aboul ten beds or less; beyvond that the curves are cozpara-
tively flat or begin to tend upward. This statement {s eq.ally true for
all of the other cases where the =ini=mum occurred at values of n greater
than ten. From a parametric analyvsis of this sort one gains a sense for
the order of magnitude of the room size that is likely to be zost econom-
ical. By observing where the Knees occur in the cost curves, at least an
upper limit can be set on room size for economic benefits from economy of
scale, Tnis, as we have just observed, appears to be on the order of ten
beds, even for the most extreme case considered. For more conservative
cases, such as Cases 2 arnd 3 as described earlier, and for k = 0.2 or 0.3,
room sizes on the order of four or five beds are just about optimal.

Thus, there is no indication that extremely large voom sizes are really
desirable, even from a purely economic standpoint. We believe the cases we
have considered and the range of parameter values used are more than suffi-
cient to cover the conce.ivable variations in economy of scale which are
likely to be encountered in practice.

It should be noted that the magnitude of the savings corresponding to
a choice of roo= size for any of the cases considered can be obtained from
the ordinate (vertical scale) on the graphs. For example, a particular
point on one of the curves, level with 0.80 means that the cost under the
selected circumstances would be 80% of the cost of providing accommodation
in all single roo=ms, or the saving would be 20%. Running through the fig-
ures, one can see that for some of the cases the potential savings are
quite large, while for others they are insignificant. Hence, in addition
to considering what the minizum-cost room size should be, it is important
to note the size of the accompanving saving. In some cases, though the
optimuz size is on the order of seven, the amount of the saving is only
a few percent and may not be worth striving for, in view of the uncer-

tainty in predicting economy of jcale.

6.3.6, CONCLUSIONS

After scanning the cost effects of a wide range of economies of scale,

we can conclude that there is no strong financial motivation to move toward

extremely large roo= sizes in a hospital. Something on the order of 10 beds

6.3.9
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per room should be ample, even under an extreme rate of economy of scale.
More reasonable parameter choices indicate that four or five beds per room
are likely to te nearly optimal economically. However, the amount of the
potential saving can only be estimated within very broad limits without
knowing which model best iits a given situation ¢’ interest. Something

on the order of a 5% to 15% saving seems reasonable for multibed rooms,
relative to the cost of providing accommodation in single rooms, but the
total variability of parameters is uncomfortably large for making general-

ized estimates of potential savings.

6.3.10
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6.4. RELATE

6.4.1. TINTRODUCTION

RELATE (RElationship LAyout TEchnique) is a computer program which
generates layouts for facilities in three dimensions, based upon the
functional interrelationships of the elements*of the facility. It is a
tool to aid the planner and the designer in arriving at concept drawings
through the form diagrams. RELATE was originally developed by the staff
of Lester Gorsline Associates in late 1968 and early 1969 to address the
particularly complex layout problems posed by medical facilities. Those
involved in the research represented the professions of Planning, Archi-
tecture, Engineering and Medical Education. RELATE is, therefore, a
truly interdisciplinary product.

RELATE is designed to be used as a tool in the design process. It
cannot produce workable, final-form diagrams. The planner or designer
works with the computer at a high level of interaction, making and
changing the assumptions and data until high quality form diagrams result.

RELATE employs an heuristic (rule of thumb, trial and error)
algorithm which attempts to produce good solutions, although the solutions
can in no way be construed to be optimal. Input consists of a list of
departments with their sizes, shapes (if desired), and interrelation-
ships (affinities). Further, one may input a description of the site
which is to contain the resultant layout, whether it is an open construc--
tion site with its topographical features, access patterns, existing
facilities, and legal codes, or a predefined building shape within
which the departments must be arranged. Certain assumptions must be
made which define such concepts as adjacency, proximity, and horizontal
versus vertical travel. Certain departments will be preassigned to fixed
locations and data for evaluating the layouts will be input. The major

input qualities are summarized below:

6.4.1.1, Site Matrix

The site matrix describes the features of the site. Using numeric

codes, the topog.aphy is defined so that the layouts produced will conform

*See Definitions (section 6.4.12).
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to the contours of the site. In addition, those areas which must be

preserved as open space or are occupied by entities which must be

retained are indicated as unavailable for new construction. (see section 6.4.2.)

6.4.,1.2. Element Definition

Those departments of the new or expanding facility which are to be
included in the computer layout are defined as elements. The conventional
departmental breakdowns may give way to more functional definitions and

subdivisions. (see section 6.4.3.)

6.4.1.3. Predefined Shapes

Certain elements may, because of function, require a specific lay-
out form. In such cases, it is possible to indicate a definite shape
for the floor plan of that element. The computer will observe this as
a constraint and the department will have the prescribed shape in the

final layout. (see section 6.4.4.)

6.4.1.4. Preassigned Elements

It is often necessary to fix certain elements to specific locations
on the site. When expanding existing facilities, those elements which
will remain in position are so indicated. Certain elements may be
related to other facilities on or near the site and those facilities
may be included by preassigning them to their actual locations. They
will then affect the new locations of the elements with which they are

related. (see section 6.4.5.

6.4.1.5. Affinity Matrix

The Affinity Matrix is the basis for the computer-generated layouts.
Once the elements have been determined it is necessary to combine quanti-
tative data and qualitative values into a relationship for each pair of
elements. The relationship, or affinity, between two elements indicates

a relative need for proximity in the final layout. (see section 6.4.6.)

6.4.2
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6.4.1.6. Vector List

The means by which assumptions about space and distance are inpuy is
the Vector List. By the arrangement of spaces around an origin into
groups indicating the relative distance of each space from the origin, one
can precisely define such values as adjacency, proximity, and the reiation-

ship between horizontal and vertical distances. (sce section 6.4.7.)

RELATE systematically builds modular layouts based upon the
functional interrelationships. Using the preassigned departments as
starting points,the computer "grows" the layout, bringing the elements
into the layout one by one, using the affinity matrix to determine the
order in which each element is added.

Many configurations are generated which differ as a result of
random choices among equal alternatives at each step in the process.

Each layout is given a rating which is based upon how well the relation-
ships are solved. In addition, other evaluations are performed and the
program is capable of screening the layouts according to various criteria
selected by the planner or designer using the program. The layouts
judged best uccording to these criteria are printed in a form which is
easily interpreted by the user along with a summary of the evaluations
for all layouts.

The purpose of this discussion is to present a working description
of the concepts involved in the use of RELATE and to describe how the
computer program utilizes the concepts and info-mation to produce layouts
for facilities. The description is presented in the technical language
of neither the architect nor the computer programmer, rather in conceptual

translations of the computer process.

6.4.2, SITE INFORMATION

RELATE concerns itself with space and its various features such as
location and relative distance. In order to do manipulations with the
computer, it is necessary to translate spatial concepts into numbers

which can be used by the computer.
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When mapping land areas, the cartographer uses a grid system. Such

a grid system can easily be converted into a matrix which.ean be manipulated

by a computer. Such a grid will be used to describe the comstruction

site.

The grid system is defined in three dimensions.

The module is the basic unit of measurement for the computer system.

The dimensions of the module are determined by the plammer and will

normally be equivalent to the basic plamning unit. When referring to

spaces and distances, the units of measure will be in modules rather

than square feet., The module and the grid must be so sized so that one

module will occupy one block of space on the grid.

Figure 6.4.1 shows the concepts of module, grid and matrix in three

dimensions. In mathematics,the matrix is an array of numbers or a

table. The location of a number in a matrix is conceptually equivalent

to the loeation of a module on the site grid. The coordinates of the

site grid correspond to the rows and columns of the matrix. To describe

the location of a particular module, the number corresponding to that

module is entered into the equivalent space in the matrix.

This device for describing space eliminates the necessity of

complicated mathematical conversions and makes maximum use of the planner/

designer's own spatial concepts.

A rather complete description of iLhe site is one of the major inputs

in order that the form diagrams conform to the actual conditions of the

construction site and sevve as a convenilence to the user as well. This

description includes:

Dimensions of the space in which the configuration must fit,
Topographical features of the site,

Boundaries of the site,

Limitations on height resulting from soil bearing limitationms,

Areas upon which construction is not allowed,

Actual building shapes (if desired), and

Areas not a part of the site containing features related to the building.
In order to define the dimensions of the space in which the configu-

ration must fit, a '"'space envelope" is created by inputting the maximum

limitations in each of the three dimensions in numbers of modules. Three

numbers are input indicating the limits in the two horizontal dimensions
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and one vertical dimension. The space envelope is the only mandatory
site input.

To describe the details of the site a "topography matrix" is
generated which contains the information in a form which can be handled
by the computer. The contours of the site must be rationalized in terms
of a grid. The grid is overlayed on the site drawings. (fee Figure 6.4.2)
If the module is defined to be 35 feet on a side and the side extremities
measure 350 feet by 700 feet, the grid will measure 10 modules by 20
modules overall. The contour lines are defined in iIntervals which
indicate a rise equal to the height of one module. For example, if the
module is 10 feet vertically, then the contour lines will indicate a 10
foot rise on the site. These contour lines must then be approximated so
that they coincide with the grid lines. The areas defined by these
rationalized grid lines are numbered starting at the lowest point with
zero in ascending order to measure higher levels in numbers of modules.
These numbers measure the levels of the site and the computer assigns
construction levels immediately above the site levels, e.g. if a
particular point on the site is three levels above ground zero, the
construction will begin on level four at that point.

The areas which are unavailable for construction at any level are
indicated by a number which is higher than the maximum vertical dimension
of the space envelope. The site matrix must be rectangular in shape
and must be large enough to enclose the site completely. Areas outside
the boundaries of the site are indicated as being unavailable for
construction., As in the example, each space in the matrix contains the

number assigned to the corresponding location in the site grid.

6.4.3. ELEMENTS

The programmed space of the facility is broken into functional units
known as elements. Each element has a unique set of relationships, The
conversion of the various functions into elements is based upon many
congsiderations. One element could include a whole department,
part of a department or a combination of departments, a

clinic, a wing, etc. (See Figure 6.4.3) based on the space requirements and
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and interrelationships. The planner/designer defines t..¢ elements
based on his knowledge of the requirements and his experience.

The element as an entity has certain characteristics such ac size,
name, type and shape. The size is the square footage of the element
and is measured in whole modules, An element must be at least one
module in size and will be as many modules as necessary to most nearly
approximate the actual square footage. Each element is assigned a name
which consists of three characters. This is a convenience to the user
and the computer does not use the name in calculations. The final
layouts utilize the names of elements to facilitate recognition. The
type of an element defines iis nature with respect to two qualities,
First, an element can be either real or "dummy." A real element is
actually a functional element of the facility while a dummy is used for
including ron-functional spaces in the program. If an element is defined
to be real, then it is one of three types with respect to adaptability.
The type then defines the nature of element as = result of studies which
measure the resistance to change or conversion inherent in the element.
This is indicated as hard, medium or soft space. The use of these data
is explained luter. An element can be assigned a definite shape if
desired. This is done by specifying the exact arrangement of modules
and this arrangement will be used wherever the element is assigned on
the site.

The computer is programmed to recognize an elgpent as one contiguous,
inseparable space. Unless the shape of an element is predefined, the
computer may assign the element in any configuration observing only the
rule that each module of an element must be adjacent to at least one other
module of the same element,

Of ten it is necessary to relate the elements of the facility to
other objects which are not part of the facility. These might include
open space, access points, trees, or existing facilities. These can be
defined as elemenis for purposes of relating them to actual elements of
the facility. These items are categorized as "dummy" elements and are
so indicated under element type. Usually these elements are fixed on
the site and are not manipulated by the computer, nor are they

considered in the evaluation routines.
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6.4.4, PREDEFINED SHAPES

In order to puedefine the shape of an element (the resulting arrange-
ment of modules within an element), it is necessary to devise a system
cf describing an arrangement which cannot be changed by the computer but
which can be moved arcund on the site. The shape of an element is
described in terms of coordinates which are relative to one of the
modules of that element.

A "floating grid" is used to define the arrangement of modules in
an element. Figure 6.4.4 is an example of the methodology. It shows:

@ The grid and vhape of the element contaiming five modules,

® The floating grid overlaid on the element with the coordinates
beginning at zero.

@ The method of input to the computer.
® A resulting location of the modules on the site.

The locations are defined by coordinates called vectors. A vector
is an ordered group of numbers which defines the location in space relative
to an origin, In the example, the origin is the location (0,0). If the
module at (0,0) is designated as the anchor module, then the locations of
all the other modules are defined by vectors relative to the primary module,
If a multi-level shape is desired, a three dimensional grid is used and one
more coordinate is necessary--the origin is now (0,0,0).

When the anchor module is assigned a2 location on the site, it has a
set of coordinates defining its location on the site. By adding the

vectors* of the other modules to the coordinates of the anchor module,

*In vector addition, the corresponding coordinates are added separately.
For each vector there will be three additions., The order is of prime
importance and the vectors must be in the same order as the location

coordinates for the three dimensions.
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the remaining modules can then be assigned to spaces on the site and the
shape will be unchanged. In the example, the anchor module is assigned
to the site location (2,4). The coordinates for the remaining modules
on the site are derived by adding their vectors to the coordinates of
the anchor module and the required shape has resulted.

When predefining the shape of an element, there is no restriction
as to contiguity. Parts of the element can be separated as desired by

the user as long as the entirety can be contained by the space envelope.

6.4.5. PREASSIGNMENTS

Frequently it is necessary to fix the location of certain elements.
As it is necessary to give the computer a starting point, at least one
element must be assigned a location on the site by the user. The new
facility may have to be related to some existing features on the site.
These features are defined as elements and the fixed loritions of these
elements must be indicated to the computer. Such elements might include
access areas, site amenities, existing buildings or certain parts of the
new facility for which the locations have been predetermined.

Preassignment is accomplished simply by assigning all modules of
the element to particular spaces on the site. The coordinates of these
spaces are then input with the element names. These elements will thus
remain where preassigned, as the computer will not reassign them.

6.4.6. AFFINITY MATRIX

The difficulty in the layout of large systems is the resolution of
many and complex relationships between the elements of the system. In the
design of the program, relationships between elements were chosen as the
prime rationale for the generation of layouts.

The best layout, with some exceptions, would place every element
adjacent to every other element and thereby maximize all relationships.
This is physically impossible in most problems. The computer will attempt
to find the best solution for relationships while observing the other

constraints of the problem.
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A method to indicate priorities or strengths of relationships must
be devised. The priority of adjacency of one element to another must be
analyzed for every pair of elements in the problem. This analysis must
take into consideration those factors which contribute to the need for
affinity between clements. Some of these are flow of peopl!e (patients,
staff, visitors), information flow, materials flow, utilitievs, commonality
of construction. Although it is necessary to have as many hard data
about these factors as is possible, the determination for the relative need
for affinity between each pair of elements must incorporate human judgment.

In order to indicate these priorities, an Affinity Matrix is used,
which is a numerical representation of the requirement for proximity of
one element with another. A scale of numbers is established beginning
at zero which can go as high a3 desired tc designate "Maximum Affinity."
The length of the scale depends on the degree of differentiation required.
The scale most frequently used is zero to three. The higliest number on
the scale indicates Maximum Affinity or the elements which have the strongest
relationships and, therefore, the greatest need for adjacency. Zero
indicates that no relationship exists. The numbers between indicate
varying degrees of affinity. These relative values assigned are governed
by the relative need for the two elements to be adjacent. An advantage
of this method Is that each relationship can be considered independently,
two elements at a time.

The numbers, determined for every pair of elements, are incorporated
into a matrix for input to the computer. The matrix will be triangular in

shape (see Figure 6.4.5). The number of affinities to be determined depends
on the number of elements and can be calculated as follows:

N = the number of elements

and
A = the number of affinities
then
- N(N-1)
A 2

The set of relationships between elements on the Affinity Matrix must

be complete. An element on the matrix which is not related to any other
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element (its row contains only zeros) will cause an error. Such an
element 15 not really a part of the problem, and it would be better to
omit it until the important relationships have been solved. It is also
possible to have a group of elements which are related to each other
but not related either individually or as a group to the other elements
in the problem. This is not easily detected on the matrix but if such an
error exists, it will be identified by the computer and information will
be printed to assist in finding the isolated group.

The computer program itself can be helpful in defining the Affinity

vl ] wen e

Matrix. After the affinities for the individual pairs have been deter-

mined, the total effect of the combination of all relationships can be

P e

assessed. By removing all other constraints, the effect of the Affinity

Matrix by itself on the configuration can be analyzed. The three dimen- v

sional presentation also helps the user to see the effect of the matrix

and prompt adjustments to the affinities can be made as problems are

discovered in the configurations.
Another utilization of the program to determine relationships

between elements is to enter a separate matrix generated solely from one

factor, e.g. a configuration based on material flow. This could be

compared with other configurations generated from patient flow or infor-

mation flow in order to rationalize the trade-offs between various criteria.
Flexibility exists in the generation and use of the Affinity Matrix

as with most other components of the system. The process is iterative

and it is expected that manipulation of the matrix will be required as

the outnut is analyzed. The scale of the affinities can be as short or

as long as desired. It will be found, however, that trying to obtain a

high degree of differentiation between relationships is not justified by

the results, and is time-consuming and difficult.

6.4.7. VECTOR LIST .

[ 3

It is necessary to define spatial concepts to the computer. The user
must be able to input the concepts of adjacency, distance, and the
relationship between vertical and hkorizontal distance as they apply to

each different probleri. Different sites require different relationships
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between horizontal and vertical distances. A more confined site
requires more vertical construction than a large site. The practical
definition of adjacency may vary with the overall size of the facility
or with differert concepts of circulation. By defining these concepts
explicitly, the user has the capability of guiding the process toward
a better solution.

A "floating grid" is generated which can be superimposed on the site
at any location, defining the proximities of all other locations in the
vicinity. Figure 6.4.6 illustrates this. Space B on the site represents the
location from which it i1s necessary for the purpose of this process to
know the relative distances of all'.locations nearby. While this 1s a
simple problem for the human mind, the computer must be told precisely
how to define the distances. To do this, a grid (a) is created
with an origin (space A) which is the location under consideration. The
user now analyzes the relative proximity of all surrounding locations.
Many of these are equidistant from the origin and thus can be grouped.

As the distances become greater, spaces which are '"nearly equidistant"
can be grouped. The distance is indicated by numbering the locations
according to.the relative distances beginning with 1 for the most proximate.

If this grid is superimposed over the site planas in (c), the
relative distance of each site location around the original position
can be ascertained. The example shows only the horizontal dimensions
but locations on the upper and lower levels are defined similarly. It is
assumed that all locations which have the same number are equidistant,
e.g. all lecations numbered 1 are equidistant from the origin, The number
of locations to be defined, or the size of the total area, is determined
empirically. This determination (clarified in the discussion on generation
process) consists of the needs of the computer for space definition and
the maximum availability of space to store the vectors in the computer.

The floating grid is input into the computer. The computer uses this
grid as an overlay in order to calculate the relative proximities. This

information must be organized numerically (Figure 6.4.7). If the o+igin is
designated at the coordinates (0,0,0) the other locations on the grid can

be numbered with cosrdinates relative to that origin. The coordinates
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of each location are then entered on a list called the Vector List in
numerical order by group number. It is then necessary to input into

the computer the manner in which the equidistant locations are grouped:
(those locations included in each group are considered to be equidistant
from the origin), e.g. group one contains four locations all of which
are equidistant and these are the first four vectors (coordinates) on
the list and are therefore the locations closest to the origin. Group
two contains eight vectors and are the second closest, etc.

The user has complete freedom in grouping the spaces and in
determining the number of groups. There are no limitations %o the number
of groups which can be included--however, the arrangement of these groups
has an effect on the outcome of the generation process, so that much

consideration must be given to the order to the Vector List.

6.4.8, THE PROCESS

Generation of configurations is a growth process. The user makes
the first assignment of an element to the site. Using this as a starting
point the computer "grows" the rest of the configuration using the
Affinity Matrix to govern the order in which the elements are assigned.

The Vector List is used to search out available locatiwuns.

The computer records the locations of each module of every element
on the "Output List." At the beginning of the process, the list contains
the locations only of those elements preassigned by the user. As each
element is assigned a location on the site, the coordinates of its modules
are recorded on the Output List. When the list is complete, the configuration
is complete and the process is terminated.

In each step of the process, an element must be selected for assignment
and an available location must be found. Both relationships and proximity
must be observed. The selection is based upon relationships and the
selected element must have affinity for an element that has already been
assigned a location (the process of selecting the element to be assigned is

further explained in section 6.4.8.2).
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6.4.8.1. Assignment of Elements

Elements are assigned module by module. In making assignments, two

modules are considered. The first module has a location on the site and

is called the

'anchor module." The second module does not have a location

on the site and it is to be assigned as close as possible to the anchor

module. It can either be a part of the same element as the anchor module

(where the clement has not yet been completely assigned), or a part of a

different element when assigning the first module of a new element.

Figure 6.4.8 shows the anchor module (*) as part of element 2.

The next module

to be assigned is the last module of element 2. Then the first module

of element 6 is assigned and so:on.

When the anchor module has been determined and the module to be

assigned is selected, the computer must find an available location as near

as possible to the anchor module to which the next module will be assigned.

The Vector List is used fcr this search. Conceptually, the floating grid

is overlayed on the site so that the origin of the floating grid coincides

with the location of the anchor module. The module will be assigned to

the first available space which has the lowest possible number.

is actually a mathematical process.

The search

The computer records the status of each space within the space

envelope. When a location has been selected, this record is checked to

see if the location is available. A module may have already been assigned

or a locaticn may have been excluded by the topography matrix as being

underground or otherwise unavailable. Vector addition is used by the

computer to search the record. By adding one of the vectors from the

Vector List to the coordinates of the anchor module, the inove to dnother

location can be made. Figure 6.4.9 demonstrates this. In the

example, the anchor

module is located at coordinates (3,6,1). The first vector on the list

is added resulting in the coordinates (3,7,1). The record is checked
for the location--<:>-- and if it is available, the module is assigned

to that location. The computer makes the assignment by entering the

celement name and th: coordinates (3,7,1) on the Output List, and changing

the site record to show that the location (3,7,1) is unavailable for

future assignment. If the location is not available, the next vector is
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added and the record is checked. This process is repeated until an
available location is found or until the Vector List is exhausted. If

the latter occurs, the entire process is begun again and a message will

be printed indicating that this has happened. If it occurs too frequently,
this indicates that the Vector List needs to be expanded to include more
locations.

One of the stated constraints is that elements must be assigned so
as to result in one continguous space. This means that each module of
an element must be adjacent to at least one other module of the same
element. In order to implement this contraint, the search process is
restricted to the first group of vectors where the anchor module and the
module to be assigned are part of the same element, This then implies that
all locations in the first group are adjacent to the origin. This must
be considered when ordering the vectors and defining the groups. This
constraint does not apply to elements with predefined shapes. The user
inputs a special set of vectors for this search process and he may
define the shape in any way desired. The Vector List is always used to
assign the first medule of an element as closely as possible to the
preceding element. For the remaining modules of an element, the computer
uses only the first group of vectors on the Vector List or when available,
the special set of vectors which predefine a specific shape. If there
are not enough locations to assign the remainder of the element either
in a prescribed shape or so that the modules are adjacent to each other,
the first module is then moved to new locations until an area is found
which is large enough to accommodate the entire element.

If all locations defined by a group of vectors are found to be
unavailable or if the corresponding areas are too small for the new
element, the computer changes the anchor module and trys the vector group
again before moving to a group with a higher number. For example, if the
anchor module is a part of an element containing five modules and if none
of the locations defined by vector group one were available when trying
to assign a new module, the same vector group would be tried again with
another of the five modules as the anchor module until group one vectors
had been tried with all five modules as anchor module. If the results

still remain negative for available locations, the search will be continued
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in the same manner using group two vectors until available space has
been found for the entire new element.

When assigning elements without predefined shapes it is only
necessary to find the proper number of contiguous spaces as long as only
group one vectors are used. When a shape has been predefined, however,
it is necessary to find the proper number of spaces and these must be
in the correct arrangement. After the first module of the element has
been assigned, the remaining elements are assigned to the locations
defined by the special Vector List. Should a required location be found
unavailable, it will be necessary to backtrack to the location of the
first module. In this case, the computer will manipulate the vectors
so as to translate and rotate the shape in all possible ways with respect
to the first module until the proper locations are found. All different
orientations are tried before the first module is moved to another
location.

As each module is assigned a location on the site, its coordinates
are recorded on the Output List, These locations are temporary until
the entire element has been assigned as it may be necessary to move to

a different location.

E:ample: Figure 6.4.10 demonstrates the progression of activities ard

the assignment process. For reasons of clarity, the demonstration is
restricted to one level. In actuality, the Vector List contains locations
above and below this level and when necessary, elements will be assigned

on different levels. Figure 6.4.10-a shows the site plan for level one which
contains areas unavailable for assignment because of a hill, because of
portions outside the regularly shaped site and because of a lake in the
middle of the site. Several eclements have already been assigned and

several elements remain to be acsigned.

The anchor module is designated as a module of element number two
(indicated by an asterisk) and a module of element number four has been
selected for assignment. The objective now is to assign the module of
element number four as close as possible to the anchor module., Using

the Vector List, a search is made for available space (Figure 6.4.10-b). The
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first attempt is made to the right and that location is found to be
unavailable. The second trial is to the left and that space is found to
be occupied. On the third trial, the space below the anchor module is
found to be available so the first module of element number four is
assigned to that space. Temporarily, that first module of element number
four becomes the anchor module in order to assign the remaining modules
of element number four. Only group one of the Vector List is used in an
attempt to find space for the two modules which remain in element number
four; the spaces are found and assigned as shown in Figure 6.4.10-c,
Assume now that element number five has to be assigned as close as
possible to element number two. The anchor module remains the same—
the module of element number two indicated by the asterisk (Figure 6.4.10-d).
The search pattern is restricted at first to group one vectors but all
four positions immediately adjacent tu the anchor module are occupied.
Before using the next group of vectors, a different anchor module is
selected in element number two (Figure 6.4.10-e). Still using group one
vectors, the location immediately to the left of the new anchor module
is found to be available. The first module of element number five is
assigned to the location (4,4,1). With that module of element number
five as the anchor module, the second module of element number five is
assigned immediately above the first, to location (3,4,1). However,
there is no available location to which the third module of element number
five can be assigned adjacent to one of the first two modules of element
number five. Therefore, the first two modules of element number five are
removed and the search pattern is continued. As there are no more avail-
able locations defined by group one vectors, a new anchor module is
selected (Figure 6.4.10-f). The first module of elenent number five can te
assigned to the location (2,5,1) and there is also room for the remaining
two modules to be assigned so that element five is one contiguous space
(Figure 6.4.10-g). Element number five has a high affinity for element number
two. As this demonstration shows, every attempt is made to assign an
element as close as possible to the element for which it has a high
affinity. However, the rule concerning the contiguous space within an
element must be observed and this, on occasion, will force the element
to be assigned some distance away from the anchor module. But, before
moving a longer distance away, new anchor modules will be selected from

the same element.
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Elements that have predefined shapes represen. special cases. In
Figure 6.4,10-h, element seven has a predefined shape. It is necessary to
assign element seven as near as possible to element two. Assume that
every module of element number two has been used as the an..or module
while searching with group one vectors. Having found that all spaces
adjacent to element number two are either unavailable or too small for
element number seven, it is now necessary to use group two vectors for
the search. The space indicated by the (b) is tuvo small to contain
element number seven. When the space below and to the right is found to
be unoccupied, the first module of element number seven is assigned to
it (Figure 6.4.10-1i). Rather than using group one of the Vector List, the
predefined shape vectors will be used to search locations for assigning
the remaining modules of element number seven, The attempt is made to
assign the element exactly in the shape and orientation defined by the
input vectors. Before moving a greater distance from the anchor module,
the program will attempt to make the assignment of the shape by transla-
tion and rotation, i.e. by trying to fit it in any way it can. In this
example, element number seven is assigned fitting the orientation
indicated (Figure 6.4.10-j). Should the computer not find a space available
in order tov fit this element, it will move to another module of element
number two and move a greater distance from the anchor module until a

space is found to accommodate the size and shape of element number seven.

0.4.8.2. Selection of Elements

The Affinity Matrix is used to select elements for assignment into
the layout. This assures that the configuration is based on the inter-
relationships among the elements.

Each step in the process must include an element alreadv located on
the site and one which has ncot yet been assigned a location. The pair
is selected based on a mutual affinity and they are assigned to the site
as aear to each other as possible. Each element has many relationships
and the highest relationships are satisfied first. The selection process

is based on the Maximum Affinity between elements (those with the highest
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number on the scale). Once all of these have been considered, lesser
affinities will be used in selecting alternate pairs.

There are two lists of elements to be considered. First, the list
of elements in the problem which includes those to be incorporated into
the configuration. Second, the list of those elements which have
already been assigned (Output List), are maintained in the order of
assignment. The element pair consists of the primary element which has
been assigned and the secondary element which is to be assigned. The
primary element is selected from the Output List. The secondary elements
are selected based on Maximum Affinity to the primary element. When all
elements with Maximum Affinity tothe primary element have been assigned,

a new primary element is selected which will be the next element on the
Output List.

Occasionally, a point will be reached when none of the elements on the
Output List have Maximum Affinity for any unassigned elements. When
this occurs, a secondary element must be selected which has a lesser
affinity. Having assigned this element (of lesser affinity), new elements
are selected based upon Maximum Affinity until it is again necessary to
reduce the criterion.

The first elements on the Output List are those preassigned by the
user. At least one element must be preassigned as a starting point. If
more than one element is preassigned, the order in which they are assigned
should be considred carefully as this will determine the initial pattern
of the growth of the configuration. The computer will move to the first
element and satisfy its Maximum Affinities and will then move in order to
the second, third, etc. Widely separated preassignments can tend to
disperse the solution and the importance of the relationships must be
carefully thought out. This can be a useful device for examining the
relationships and does provide the user with a flexibility needed to

guide the generation process.

Example: In order to facilitate the process of element selection.
the Affinity Matrix is first converted from the triangular form input to

a square form. The information remains unchanged but is merely duplicated
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or the other half (6.4,11). Complete relationships for a particular
element can be found both on one row and on one column.

Figure 6.4.12 shows an Affinitv Matrix and an Output List. There are
ten elements to be assigned and the Maximum Affinity is three. The
first two elements on the list, one and four, have locations preassigned
by the user. DNote that element number one is one module in size and
element four is two modules. At this point, none of the succeeding
elements have been assigned.

In step one, a primary and secondary element must be designated.
The primary element will be element number one since it is the first on
the Output List. The secondary element isselected from the Affinity
Matrix. The relationships of element number one (column one) are scanned
in order to find an element with the Maximum Affinity which, in this
example, is a J-affinity. The first 3-affinity is with element number
three, therefore, the secondary element is element number three. Element
three is assigned a location close to element number one (a process
described previously). The locations of its modules, with the element
name (3), are added to the Output List. Another secondary element is
selected from the Affinity Matrix: the next 3-affinity in column one is
with element number four which has already been assigrad. Element
number five is the next and in step two, element number five is assigned
as the secondary element. The 3-affinities in column one have been exhausted
and a new primary element must be selected. Since element number four
follows element number one on the Output List, the new primary element will
be element number four. Column four on the Affinity Matrix is scanned and
the secondary ¢lement in step three is element number ten. Returning to
the Output List, element number three, the first assigned with this process
is the new primary element. In step four,we find that element three has
no 3-affinity with unassigned elements. In step five,element five is the
next element on the Output List and thus becomes the new primary element.
Element five has a 3-affinity with elements one and two. Since element
one has becen assigned, element two is the secondary element for step number
five. Element ten is the new primary element in step six since the 3-affinities
with element five have been exhausted. However, it is found that element ten

has a 3-affinity with element four only and element four has been assigned. So
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element two becomes the primary element in step seven, but element two
has no more 3-affinities. At this point, element two is the last one on
the Qutput List. Both a secondary element and a primary element have
to be selected and none remain., In fact, none of the elements on the
Output List has a 3~affinity with any unassigned element, Thus the
criterion is reduced and, using element number one as the primary
element once again, an element with a 2-affinity is sought.

In checking the affinities of the primary elements in order, the
first primary element having a 2--affinity with an unassigned element is
element number three. The secondary element for step eight is element
six. Element six is assigned and becomes the primary element for step
nine. Again, a 3-affinity is sought. Element number seven is assigned in
step nine and element number eight is assigned in step ten. The primary
element, six, has no more 3-affinities, so element number seven (next
on the Output List) becomes the primary element. Element number seven has
no other 3-affinity so element eight is primary for step twelve, Element
number eight also has no 3~affinities and again no more elements can be
designated as the primary element. Once again, element one is designated
as the primary element and 2-~affinities are selected. This time, the
first one that occurs is a 2-affinity between elements six and nine. When
element nine has been assigned, the process is finished. A complete

layout has now been generated since all the elements have been assigned.

6.4.8.3. Randomization

It can be seen that the process used by the computer does not insure
that the solutions generated will be optimal with respect to the relation-
ships. Differences occur when different decisions are made at each step.
For example, if the elements are selected in a different order, the solution
will be different, for better or worse. 1In the search for available space
and the selection of each location, the pattern for the whole configuration
is determined. Within each group of vectors, the locations are assumed to
be equidistant from the origin, but the order in which each location is
tested affects the outcome. A different ordering of those equidistant vectors

will generate a different solution. These decisions are actually choices
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among equal alternatives: choosing the next location from the list of
equidistant possibilities demands a random decision on the part of the
computer. If an element has Maximum Affinity for three other elements,
the choice of one for next assignment must be random since the three
possibilities are of equal importance. The designer would usc a
combination of methods at each step. If there was actually no difference
he would choose randomly, or he might plan ahead and analyze the effect

of each choice. This type of analysis is possible only up to a point. If
the designer were capable of a complete analysis, there would be no problem
and the layouts he generates would be optimal in every respect. It is
more likely that he will lay out a form and then evaluate it and make the
changes as necessary. This is time-consuming and the myriad of facts and
constraints are overwhelming. This same process is carried out by the
computer both to generate the layouts and to form part of the analysis.

It is impractical for the computer to go into extensive analysis at each
stage of the generation process. Thus, the decisions between equal
alternatives are based upon a random process.

Two types of decisions are left to random chance. First, the order
in which elements are selected for assignment and second, the order in
which equidistant locations are checked for availability. To do this, the
Affinity Matrix and the Vector List are ''randomized.'" Thus, while each
solution attempts to maximize the affinities and minimize the distances,
the solutions will be different because of different decisions made at
each step. Each solution represents a different set of decisions and the
result will be a range of solutions--some better than others.

A rondom number is one which is chosen from a group of numbers such that
any number in the group has an equal probability of being selected. When
facing a decision between equal alternatives, a choice might be made by
tossing dice, flipping a coin, or choosing a number from a hat, all of which
can be random processes. In a computer, the list of equal choices is
placed in random order and then taken in that order. Figure 6.4.13 shows how
the Affinity Matrix is randomized. It will be recalled that in picking a
new secondary element, the column is scanned and the next element with

Maximum Affinity is selected. If the rows of the matrix are randomized
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each time, the elements with Mavimum Affinity will fall into different
order, and in the next round of selections, the elements will be selected
in different order.

The computer program contains a routine which generates random numbers
between specified limits. In order to randomize, two rows are selected
at random and interchanged a number of times so that the new order will be
very different,

The Vector List is randomized by the same technique as is used on
the Affinity Matrix. Tt is important to keep the groups separate and in
the same order since these define ascending orders of distance. The
interchange (Figure 6.4,14) is only between vectors within a group. Each
time the list is randomized, the equidistant locations within each group

will occur in a different order.

6.4.9. EVALUATOR

It is the responsibility of the planner or designer to choose the
best of the several configurations gencrated by the computer. However,
many of the criteria he would use in evaluating the configurations can
be assessed by the computer. To aid in the comparative analysis of the
configurations, the second and perhaps most important section of the
system has been developed to perform the evaluations of the solutions
generated by the computer. This function should be considered to be
open-ended, i.e. those operations now performed represent only a few of
the possibilities for computer evaluation. The Evaluator could include
any criterion (if it can be programmed) the user might wish applied.

The evaluation function can be used with any configuration. It has
been applied to existing structures and to human-generated designs. It is
necessary only to define elements, modules and relationships and to input

the fixed site locations for the entire entity.

6.4.9.1, Distance Index

Upon the completion of each configuration, the computer generates a

"Distance Index." The index is a number which is a relative measure of the
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efficiency of the layout with respect to affinities and distances. Tt is
used primarily as a device for screening and sorting the configurations
and does not, by itself, represent a valid indicator of the quality of a
solution.

Each increment of the Distance Index is calculated by measuring the
distance between two modules and multiplying that distance by the affinity
between the elements of which the modules are a part. The formula for
distance measurement is determined by the user and is a mathematical
expression which relates vertical distance to horizontal distance.

Figure 6.4.15 shows a commonly used method. The user determines the method
which best conforms to his assumptions about internal distances.

The distances are measured between every pair of modules in the
configuration. Each pair of modules has a mutual affinity which is
indicated by a value on the Affinity Matrix. 1If the modules are a part
of the same element, the relationship 1s always O since the affinity of
an element for itself is always a 0 on the Affinity Matrix. The distance
is multiplied by the affinity to get the Distance Index Increment. If
the affinity is 0, the increment will be 0; if the distance is 0 (adjacent
modules), the increment will be 0. Greater distances and higher affinities
yield higher Distance Index Increments (the Distance Index for a solution is
the sum of the increments for every pair of modules). When all requested
solutions have been generated, the computer sorts the Distance Indexes
in ascending order (from best to worse).

Normally the user will request more solutions to be generated than
he wishes to have printed out. Those solutions which are printed represent

the best from a large number generated, based on lower Distance Indexes.

6.4,9.2, Adaptability Index

Each element is determined by the user to behard, medium or soft. This
information is input to the computer under element type. These categories
describe the quality of construction of the element with respect to the
difficulty of changing the space to another use. Hard indicates a high cost

of conversion of the space while soft indicates that the space is easily
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adaptable. Each increment of the Adaptability Index is a relative
measure of the difficulty of expanding a module into each of the four
adjacent spaces. The index depends on the type of element to be
expanded and the type of element which occupies the space into which
expansion will take place.

A table is input listing factors for each of the expansion

———— *_.

possibilities. (Figure 6.4.16) The factors are determined by the user and
are relative values of the difficulty of expanding from one module to

another according to the types of spaces involved. Expansion into

——

unoccupied space (outside the building) is included and the factor varies
according to the level since expansion to the outside becomes more
expensive the higher it is.

Each module 1is evaluated assuming possible expansion to all four
sides and the factors are totaled for all modules to obtain the
Adaptability Index. A low Adaptability Index is desirable in order

to achieve the minimum cost for future changes.

6.,4.9,3, Cost Index

The Cost Index is a relative number which measures certain items
of capital cost such as roofing, windows, walls, elevators, stairways
and structure. The user assigns factors to each of these items
proportional to the relative cost ~f each. The computer analyzes
each configuration and determines the total cost for all factors.
The number of windows (external walls) is determined by counting
the number of modules which face the outside. One 'window factor" is
counted for each module face which has no other module assigned next
to it.
The number of modules requiring roofing is determined by those
modules with nothing assigned above them. One "roof factor" is counted
for each such module.
One "structural factor" is counted for each module in the configuration.
To derive at "costs' for elevators and stairways the entire solution
is evaluated and certain rules input by the user are applied. The number -

of modules on each level is counted. The user must indicate the number of
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stairways per module on a level, e.g. one stairway for each four
modules on a level with a minimum of two per level. The number of
stairways are then counted and a factor is added to the Cost Index

for each. Elevators are handled in the same way except that the
second level only is used to determine the number of elevators required
for the entire configuration.

The Cost Index, then, is the sum of all these factors and is an
indication of the expense of each configuration and which can be
compared to the indexes for other configurations. This routine should
be considered open-ended. There are possibly other factors which
could be included in such a cost estimate. The factors and the rules
for applying them are based upon realistic cost estimates and various
legal and safety requirements. However, it must be remembered that
the resulting index is only an approximation and its real value lies
in the capability of comparing the various configurations generated
under similar conditions.

Much development is yet to be done in the area of configuration
evaluation. The task of evaluating a large number of solutions is
tedious and time-~consuming. Many routine questions that might be asked
about each configuration can be programmed so that the answers are

printed with each solution, or the computer can be instructed to discard
solutions failing to meet specified criteria. There are numerous pos-

sibilities in this direction.

6.4.9.4. Layouts

The overall listing for each run prints out all the input data for
quick reference. The first page is a summary of the data (see sample in
Figure 6.4.17). Succeeding pages contain the Vector List, element definitions,
Affinity Matrix, dummy elements, predefined shapes and a listing of the
preassignments.

As indicated earlier, the computer stores the configurations in the
form of a list of element names and coordinates. To assist the user in
reading the configurations, a special routine prints the configurations in
the form of floor plans of form diagrams. The name of each module of each

element is printed in its relative position as in the sample printout.
(Figure 6.4.18).
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Evaluation results are printed with each solution. A summary of the
evalutation results for all configurations generated is printed prior

to the listing of the configurations.

6.4,10. CONCLUSION

The planner/designer will analyze and evaluate the printed layouts
and make certain adjustments. Since the layouts as generated by the
computer are rough, they must be treated as approximations. For
example, it is common to find the exterior walls are quite irregular
and that frequently modules will be assigned on higher levels with
nothing assigned directly below. Such problems are a result cf the
incremental method of the machine. RELATE is concerned with relationships
on a detail level and at present there is no 'smoothing" process built in
to deal with the overall view,

Une layout may be found which is comparatively good in all respects and
with some refinement, will be the final form diagram. More likely, however,
in the early runs the designer will find errors in his assumptions or will
wish to provide further constraints. He may select certain parts of a layout
or combination of layouts and preassign those parts for another computer
run, leaving the remaining parts to be reassigned by the computer. Such
steps ia the use of RELATE are important and involve a high level of
interaction between man and machine. Of the many layouts generated, some
may spark new approaches which might not otherwise have been conceived.
Whether or not the designer uses any of the layouts generated by RELATE,
the use of the program will force him to clearly state his assumptions

and aid him in grasping his own concept and working methods.

In designing RELATE, the attempt was made to maintain as high a
degree of flexibility as possible. Many assumptions were left to the user in
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anticipation that the program would be used by different people under
different conditions. Many such assumptions are altered by the simple
changing of a data card. Others require reprogramming of the actual
procedure. This is particularly true of the evaluation routines. The
three indexes described are only the first steps in what will be a much
more complete evaluation function. The program which contains the
evaluation routines was purposely constructed so that additional routines
could be easily added. Such routines would be programmed and entered

so that the computer could perform any screening or evaluating to assist
the designer.

RELATE has an intrinsic flexibility with respect to scale.
Mathematically, the modules used by RELATE are only points in space.
Therefore, the square module is only a concept for convenience., In
actuality, the computer only manipulates the centroids of the areas on a
grid which requires only uniform spacing of these centroids. The module
could be any shape as long as it can be represented on a uniform grid.
Such practices relate to design concepts, however, as the purpose of
RELATE is only to manipulate the functional spaces which are more rationally
represented by the conventional square module,

Just as no specific form is represented by the points in space,
neither dothey represent specific size. Through definition of the scale
the planner/designer can work with spaces of any magnitude. The size of
a module (the space represented by a centroid), for example, could be
defined to be large encughito do regicnal planning over many square miles,
or small enough to plan a single office or laboratory.

RELATE has limitations, many of which have been mentioned. The process
of planning and designing is most difficult to program for a computer.
Computer programs depend upon comprehensive mathematical formulations
of concepts and procedures. Design today is intuitive in large part, but
the computer is not intuitive. Until planners and designers can quantify
their methods and develop sound muthematical bases for their work, the
computer will be unable to participate in all but the most ruvdimentary
tasks. The use of formalized layout approaches requires the acceptance
of gross assumptions which are not easily changed. In spite of all

attempts at flexibility, this is necessarily true of RELATE.
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RELATE is programmed in FORTRAN IV (F) for use on the IBM system
360 model 40. The program requires a minimum configuration of 128,000
bytes of storage. The running time and associated costs vary widely
with the size of the problem and the various ways of structuring the
input. Layout generation times have varied from 30 seconds for a
problem of 30 elements to five minutes for 110 elements. Tests to
determine the minimum number of layouts that should be generated have
not been made, but the quality of the result should theoretically increase

directly with the number of configurations generated.

6.4.,11, FUTURE MODIFICATIONS

6.4.11.1. Path-oriented Construction Algorithm

This feature has already been programmed but not completely tested.
It is a technique of determining the sequence of assignment of the modules
which is not random, but based upon the concept of affinity-value.
Recall that the process of selecting the next element for assignment
to the layout, the computer scans the column on the affinity matrix of
the element already on the site, seeking another element which has the
Maximum Affinity rating with it. There might be more than one other
element with the highest rating and these are considered as equal alterna-
tives. The order in which they appear on that column will determine the
order of their assignment. Therefore, the present method ensures that
they will appear in random order and that for each layout they will appear
in a different order. By the path-oriented ta2chnique the elements will
appear in an order which is based on the weight of total affinities of
that element. Each row on the matrix (each element) is summed across
the affinity ratings. They are then sorted in descending order of the
sums. Thus those with the most important relationships will appear
first in each column and will be selected first for entry into the layout.

Preliminary tests of this technique indicate that the layouts generated
are no better than those generated by the random method. However, due
to the logical approach it represents, further testing will be done and it
is anticipated that it will be included as an optional feature of RELATE.
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6.4.11.2, General Smoothing Routine

Due to the roughness of the output, it has been considered important
to develop a routine which will make many of the adjustments unnecessary,
thereby making the evaluations output by the computer more valid. Such
a routine would fill gaps and tend to make the layouts more workable.

No programming has been attempted on this improvement.

6.4.11,3, More Valid Considerations of Light and Air

The present method attempts to make the resulting layouts as compact
as possible without regard to necessary windows and open spaces. A method
is needed for realistically indicating dynamic inclusion of such features.
At present, there are a number of ways for this to be done, Dummy elements
for light and air can be included, the site can have a predetermined
pattern of open spaces, or buffer space for light and air can be included
in the functional elements by expanding their sizes accordingly. These,
however, are not entirely satisfactory. The programming has not yet

been begun on this step.

6.4.11.4, Zoning of the Site

It is often necessary to indicate ground coverage factors for various
parts of the site. The machine would then build over only a certain
percentage of the available land in such areas. This could be accomplished
by explicitly defining only the necessary percentage of the site to be
available, but the selections should be based upon functional needs, rather

than such a constraining method.

6.4.11.5, Efficiency

Means for making the operation of th¢ computer method more efficient are
being sought. The solution time has been reduced over 60% since the first

trials of the program. In addition, input and output techniques are
constantly reviewed to detect any potential wmodifications that might result

in easier use.
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6.4.12. DEFINITIONS

Affinity

Maximum Affinity

Anchor Module

Configuration

Constraints

Criteria

Degartment

Distance Index

The affinity number, used for a pair of elements,
indicates the degree of attraction or relationship
between elements requiring proximity. The
relative value indicated for each pair is a

guide to the relative importance of adjacency
based on some scale, e.g. zero to three.

Highest number on the scale of affinities; it

describes maximum need for adjacency.

The module in the layout near which the next

module to be assigned will be located.

Arrangement of elements in space. Configuration
is often called a solution. Each configuration
is a candidate for incorporation into the final

layout.

Definitive characteristics which must be observed
within a configuration. Constraints are considered
at the time of generation so that each configura-

tion is known to abide by all constraints.

Measures by which solutions are evaluated. Criteria
may be constraints which 2re not feasible to program
so that the generated solutions are evaluated
against criteria and eliminated or adjusted

accordingly.
An organizational unit.
An evaluator of configurations. It is a number

which represents compactness of the configuration

relative to affinities. It is used for sorting
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Distance Index
Increment

Element

Free Space

Module

Qgpgut List

Space Envelope

and eliminating configurations. It is the sum

of the distance index increments.

The distance between a pair of modules multiplied
by the affinity between the pair of elements

of which the modules are a part.

Smallest individual entity in the system which
has its own identity, size and affinities. The
size of an element may be one or more modules.

An element can include an entire department,

a part of a department, or can be a combination
of several departments depending on relationships,

space and shape requirements or content.

Space envelope large enough to allow free growth
of a configuration; must be large enough to simulate

having no boundaries.

A basic unit of measurement, an enclosed space,
the size of which is determined by the planner;
it is usually equivalent in size and shape to

the planning unit.

A table which contains a list of the elements
and a set of coordinates defining the location

of each module of each element.

Represents the maximum limitations which have
been delineated in which the final layout must
exist. It is defined in terms of three coordi~
nates which indicate the maximum distance in each
of the three dimensions. The distance is measured

in modules.
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Vector

A set of coordinates which defines a point on a
graph or a space on a grid or a particular element
of a matrix. Vectors can be added and subtracted

to transfer one space to another.

6.4.32
Arthur D Little Inc



g

—

HWIN

r/ 6 MODULE

SPATIAL GRID

MATRIX

|| A number in the matrix

N

represents @ module. The location

w
e

|| of the number on the matrix

corresponds to the location of the
module on the grid.

FIGURE 6.4.1 SPATIAL AND MATHEMATICAL CONCEPTS

6.4.33 Arthur D Little Inc



SITE

20

10

\k \/// 30

2,3, 4,5 6,7,8 910,11,12,13,14

10

8 m =
I 2
2 o =
2 8 .mM £ x W
of % gf e 3 E 2
e o5 ©3 o& £ $ g
8 B2 B o
o2 o5 U0 Y
o EE _
N i 2
2494447 RREN RN
24%:%.%.%7/ M RERE K
2022, <> 2~ glglglg g gle
o 4 \\ et d 3222||$0m0W
LT KA grielol~-i~-|~|elo| g
= k, & ol 433.L.|.|W.0_M04.
p 4 ool ~|~lejelolgl
ol _ \\\ 633221100M0~”M
5 ‘ 7, w|™ 3m.\.-1000.w..wd
IHY e G ) el B B P PP IEIE
UG SRR
#4244 %% RN
— 't o' N oo 123456.789.nlu

FIGURE 6.4.2 THE SITE MATRIX

Arthur D) Little frx

6.4,34



aved

SURGERY

CENTRAL STERILE SUPPLY

2 Modules

ELEMENT=~Smallest individual entity in the system which has

its own identity, size and offinities.
may be one or more modules.

The size of an element
An element can include an entire

department, a part of a department, or can be a combination of
several departments depending on relationships, space and shape
requirements, or content.
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J — =
1 2333 ]ofololo]2 fixly |z
113.5]1
2 2 (O 1 {2 |3 [O0]1]O0]o0O{n 415051
4
3 3 1 0.]0 1 2 0 (00 0 31611
31451
4 3 2 | 0 2 1 1 0|0 3 @E 314161
5(3|6]1
s 3|3 (1|2 Pl |2 @Q o
6 Jojof2]1r 1| |3]|30]1 @E 10/3[8 |1
l2 5|2 |1
yZ T T Y T S - Y 0 T A T e Tala
64|31
8 0|00 O 1 3 ] D: 2 1 RVIVEE
T N
9 0 {0 }0 0 ] 0 1| 2 ] @17 3(3 |1
021 03 |21 |1 ‘ OBl
] ]
) N q:?)i 8 [3[1 |1
2122 |1
Number of Elements = 10
Maximum Affinity = 3 E] Element Number
Process of selecting next element to be O "2" Affinity used
introduced into the layout:
PRIMARY SECONDARY
STEP ELEMENT AFFINITY  ELEMENT
ONRL 43 > 3
@ 1+ —i 3 >5
Q@ 4+ 13 + - 10
@ 34 — 3 ¢ > none
G st 43—
® 10+ 3 ——>none
@ 24 okl — none
3 {2 + -
® 6F 13 >
@ o 3 + >
i 7 13 | > none
@ 8} =43 —> none
@ o+ — 2 ——9

FIGURE 6.4.12 SELECTION OF ELEMENTS
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RANDOM NUMBERS

Interch
Row v?i'-?‘r:c — Row
SelectTwoD@l 5
@ 4 3
®| 5 2
@ 4 1
®| 3 2
1 2 3 45 1 2 3 45 1 2 3 45
0o}l3|2]{1]o0 0/o]o|2|o 0l of o] 2| o
3fojojojo 300 |0 |0 3| o] of 0| 0
2{0f0]3]0 200303 1| o] 3} 0] 2
1/0[3]{0]|2 1 /0|30 ]2 2/ o[ 0] 3] 0
M |ofojoj2{o’ @ (03210 (@ [0/32 10
1 2 3 45 1 2345 1 2 3 45
olojol2]0 2 {0 ]o 3]0 2| 0] 0] 3] 0
0[3(2{1]0 032103 1| of 3| of 2
1{0{3{0]2 10 {3 [0 |2 0/ 32| 1f0
2(ofof3'o0 0oz 7o o[ o] o] 2] o
@ |3]ojojojo| (® 0 |o o |o 3/0{0{0]0

Through continuing the process of interchanging rows, many different random
arrangements of the affinity matrix are possible.

FIGURE 6.4.13 RANDOMIZATION OF THE AFFINITY MATRIX
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Vector List
RANDOM NUMBERS
(vectors) m
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-— OO
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=111
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210
=210
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ot el ol
olol o} o] of o] o

Group |11

13
14
15
16
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18
19

20
21
22

o o olol-l—lok lelo

1
o b lslololdbks lolo

g
>

lololakhloblob B

oloblbph i<

&&%

]
e Ce d

49

3

%
%
%

efc.
As with the offinity matrix, the process of interchange of vectors can
be continued so that many possible variations in the vector list occur.

FIGURE 6.4.14 RANDOMIZATION VECTOR LIST
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DISTANCE--The distance between any two modules is defined to be equal
to the number of modules separating them. An equivalent
statement is that the distance is equal to the distance in
modules between the centroids, minus one.

B

. &
0 MODULES

: ,r 1y —p——

b ‘ ’ SRR
1 MODULE

) 2 *— —H—

| 5

(one vertical level = \L
,ZL g 2 modules horizontally) R

2 MODULES -
fP——— 7

FIGURE 6.4.15 DISTANCE MEASUREMENT
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Expansion

From:

Type to | Type Factor
Hard > Hard a
Hard > Medium| b
Hard —2| Soft c
Medium |—| Hard d
Medium [—| Medium| e
Medium || Soft f
Soft —| Hard 9
Soft —| Medium| h
Soft ->| Hard i
Hard —| Qutside | |
Medium |—| Outside | k
Soft —| Outside | |
Hard —| pfene m
Medium | — ¢l n
Soft —| Element | ©

The values for a, b, ¢ .... o are based on their
relative difficulty of expanding one space into
another space according to the types of the two
spaces.

FIGURE 6.4.16 ADAPTABILITY INDEX
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(RELATIONSHIP LAYCUT TECHNIQUE)

LESTER GURSLINE ASSOUCIATES

JELVEDERE-TIHURONs CAL IFIRNIA

PROJCCT COOE2 MAPNCH AF

INPUT DATA FOLLIWS:

SPACE ENVELUPZ DIMENSIONS?
TOPJGRAPHY 1S NUT INCLUDED

TOTAL <t AL ouUMMY
NUMusER OF ELEMENTSS 34 32 2
NUMBER OF MUuDULESS 1ia 109 S
NUMHER UF OREDLFINEY ELCMENTS? 0

FIGURE 6.4.17 SUMMARY OF DATA
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FLOJFR PLAN FOR LEVEL

1

FD2

FD4

FOo1

2

FDa

SEM

Fal

CAR

3

ENT

SEM

SEM

CAR

CAR

SER

4

ENT

FQ3

FO3

Dee6

no2

S 6

ENT ENT

FO3 FD3

FD3 FOS

DARE¢ DBA

D82 DB1

SER SER

1

SOLUTION NUMRER
7 8

LPS

FOS FOS

FOS EMS

DR1 EHWS

FIGURE 6.4.18 SAMPLE PRINTOUT
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6.5. SURVEY OF COMPUTER-AIDED DESIGN PROGRAMS

1.5.1. INTRODUCTION

"Computer-aided design' accelerates the design and decision-making
process by rapidly and efficiently performing a number of time-—consuming
chores that ordinarily are done laboriously by hand. It enables the
designer to generate and evaluate a much wider range of alternative
problem'solutions, space layouts, and site plans in the search for an
appropriate design solution.

To put the problem in perspective, one must examine what is and
what is not feasible. The term "computerized design' implies a system
in which the design is generated by the somputer alone. In engineering
it is possible to computerize many processes. However, in the realm of
architecture, there is not the analytical base required for a total
application of the computer. Hence the term 'computer-aided design."
This implies that while the computer is used (to a greater or lesser
degree) in the design process, the responsibility lies with the
designer.

The computer wmust be perceived as an "aid'"—a design 'assistance"
The computer augments, but does not substitute for, human intellect and
activity. The emphasis is on interaction between man and machine rather
than man or machine action. An interactive design system is one in
which designer and computer cooperate in a series of complementary
actions and reactions resulting in a process that extends the range of
human capacity to deal with complexity and uncertainty within a rational
contest.

Computer design systems can be either optimal-producing, or sub-

optimal-producing as outlined below. No computationally feasible

optimal-producing procedure exists at present, as such a procedure
requires a precise definition of optimality. Such a definition must
include all constraints, all costs to be minimized, all factors to be
maximized, and all other criteria which must be met in an optimal
facility. Were such a definition possible for a medical facility, the

dynamics of health care would soon render the definition obsolete.

6.5.1

Arthur D Little Inc



CLASSIFICATION OF COMPUTER DESIGN SYSTEMS

I. COMPUTERIZED DESIGN PROGRAMS

II. COMPUTER-AIDED DESIGN PROGRAMS
A, Optimal-producing
B. Sub-optimal-producing

1. Improvement-type

a. CRAFT
b. FRAP
2. Construction-type
a. ALDEP
COMSBUL
c. CORELAP
RELATE

Valid, feasible computer-aided design programs will most likely produce
sub-optimal solutions. The overall logic used in most computer-aided
design programs is heuristic (trial and error, based upon rules of thumb).
These programs arrive at logical block-plan layouts, often by mimicking
the processes of human designers, but these layouts can in no way be
construed to be optimum in the strict mathematical sense.

Computer-aided design programs can be further classified as improvement-
type or construction-type. The improvement algorithms accept a layout as
input and attempt to improve on it according to some criteria. The
construction algorithms arrange spaces into a layout according to some
general criteria. Improvement programs can be quite helpful if there is
an existing layout and if a proper objective can be defined. Construction
algorithms, on the other hand, are less likely to produce layouts of
workability, but offer the designer both a basis for beginning his work
and, in the case of some programs, a wide range of alternative layouts

that can spark new ideas and schemes.

6.5.2
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Six computer-aided design programs were surveyed and briefly examined
for their applicability to medical facilities. A discussion of each program
is given below. Two were designed specifically to handle medical facilities.
Two are of the improvement~type, four of the construction-type. All six
produce sub-optimal layouts. The programs surveyed are ALDEPI, CORELAPZ,
COMSBUL3, CRAFT*, FRAPJ; and RELATE®. A brief description of the
working method of each program is given. The results of the evaluation
are summarized in table-form at the end of this appendix.

There are other programs in existence today. Those included in this
survey were selected because of their wide use and are representative of a
wide range as significantly different approaches. There are programs
such as the HIDEC-RECOMP programs based upon the procedure of Christopher

6

Alexander®” which address the layout problem but do not produce layouts.

6.5.3
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6.5.2. DISCUSSION OF PROGRAMS

6.5.2.1. ALDEP (Automated Layout DEsign Program)

ALDEP is a construction program which utilizes a random technique.
The relationship chart is the basis for construction. Up to 63 |

departments* can be included. The input data include :

o The preference or relationship table indicating the relative
importance of having any two departments placed next to each

other.
® The departmental areas.
® Width and depth of floor.
® Number of layouts to be tried.

® Any department or departments to be preassigned.

ALDEP will generate as many random layouts as specified by the user.
First an available department is selected at random and located in
the center of the layout. The relationship table is then scanned to

see 1f a department has the highest relitionship with the preceding

department. If one exists, it is placed in the layout; if none exist,
then any available department is selected randomly and located. This
procedure rontinues until all departments have been placed in the layout.
The layout 1is then printed.

Each layout is scored on the basis of adjacency of departments.

Departments which have common borders with some other departments

— [ ) a— ——

contribute to the score. The user may specify a minimum acceptable
score and only those which meet this criterion are printed. Each layout

will be different and will possess a different score.

*The terms "element' and "department" are essentially equivalent although
"element'" is considered more accurate. The term "department' is used
here where it was used by the original author.

6.5.4
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6.5.2.2.  CRAFT (Computerized Relative Allocation of Facilities Technigue)

CRAFT is a computer-aided design tool of the {mprovement typu; |
attempts to {mprove upon a proposed layout. CRAIT ntilizes a “transperation”
cost criterion and attempts to minimire the materials handling cost |
the rearrangement of up to <0 departments.

The input data are:

® An initfal layout to scale.
® The volume of traffic between each pair of departments.

® The cost/unit distance/unit volume for transportation between
cach pair of departments.

® The departments which are to be fixed.

@ The parameters which deteruine the building size, the number of
departments and the control scheme for arrangement possibilities,
outputs and debugging.

First, the transportation cost is computed for the inftial layout
using rectangular distances between department centroids. The total
transportetion cost is computed using the distance between departments,
the volume of travel between the departments and the transportation cost/
unit distance/unit volume. The program then considers the effect of
the interchange of pairs of departments which either are the same sizc,
have a common border, or border on a common third department. The Inter-
change which would produce the largest reduction in total cost 1{s made
and the new layout is printed. This procedure is continued until therc

{s no irterchange which would {mprove the total cost.

6.5.2.3. FRAP (Functional Relationships Analysis Program)

FRAP is a layout program of the improvement type. Its purpese is Lo
improve functional relationships in medical facilities through reduciug

distances traveled by personnel and material be:tween and within buildings,

6.5.5
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Moving buildings, moving elements between buildings, moving
elements within.individual buildings, or any combination of these
three types of movements are possible. Elements and buildings may
be given fixed locations or may be movable.

Punched~card input includes specific geometric data for each
building and the inter-element traffic flow rates. Output includes
calculated traffic activities, element arrangements between buildings
and vertically within buildings, a map of building positions within
rectangular boundaries for the facility grounds, and movements which
occur in the program processing.

Program operation involves initial calculations followed by cyclical
determinations of building movements, element movements between buildings,
and ‘lement movements within buildings. Calculations continue as long
as any improvement is found for any of the three types of movement within
a set of movement cycles, or untid a designated limiting number of sets
of movement cycles is completed.

FRAP is directed toward minimization of traffic activity, which is
defined as ‘the sum of the products of wolume flow rate and separation
distance for all pairs of elements. The volume flow rate of traffic may
be represented by some measure such as number of persons or amounts of
materials (with materials and people properly related as to importance
or expense) moving between the elements each day or by a relative attraction
index. The relative importance of vertical to horizontal movement may

be changed by an input conversion factor.

6.5.2.4, CORELAP (COmputerized RElationships LAyout Planning)

CORELAP is a construction program which utilizes path-oriented logic.
That is, the layouts are a result of a specific logic rather than a random
method, and consequently produce only one solution. The relationship
chart is the basis for construction and CORELAP can handle up to 45

departments. The input data include:

® The number of departments.

® The department area.

6.5.6
Arthur D Little Inc



e

ntasah ansnen [ ] - = —

® The side of the square which is the block size and also

determines the scale of the output.

® A relationship chart indicating the relative importance of

having any two departments placed next to each other.

® The maximum building length to width ratio to prevent

unusually long, narrow buildings.

First, the relationship table is organized and the department which
possesses the highest summation of its closeness ratings with all other
departments is placed in the center of the blank layout. The relationships
of this department are scanned and the department having the highest
relationship with it is placed into the layout adjacent to the first
department. The remaining departments are similarly selected based upon
the highest relationship ratings, or, when none exist, on lower relation-
ship ratings. Each department is placed in the layout adjacent to the
department with which it has a high relationship and at the same time
near any other department with which it has some relationship. As each
department is added, a layout is printed which offers the capability
of tracing the progression of the design. These, and the final layout,

are printed as a block layout.

6.5.2.5. COMSBUL (COmputerized Multi-Story BUilding Layout)

COMSBUL is a layout program of the construction—type. The relation-
ship chart is the basis for construction of up to 35 elements.

COMSBUL is actually an extension of the CORELAP program which allows
buildings of two storfes. The main algorithm, input, output, and
assumptions are the same as with CORELAP. The modification now allows

the layout to begin on a new level once the first has been filled.

6.5.2.6. RELATE (RElationship LAyout TFEchnique)

RELATE is a layout program of the contruction-type, utilizing either

path-oriented logic, or a random technique. The relationship chart is the

6.5.7
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basis for construction and a random method of location selection produces

random variances upon the layout. The input data include:

o The number and sizes of elements

® An affinity matrix indicating for each pair of elements the

relative importance of adjacency in the layout
® The element shapes where desired
® The site, with topographical features and no-build zones
® The locations of any elements to be preassigned

® The number of layouts to be generated by each method

(path-oriented or random)
® Evsgluation data

® Definition of relative distances (horizontal- horizontal and

vertical-horizontal)
® The number of layouts to be printed

Elements are assigned to the layout near elements already in the
la§out with which a liigh affinity exists. Using the preassigned elements,
the remaining elements are placed into the layout according to their
relationships, first with the preassigned element(s), and then with other
elements previously placed in the layout. Layouts are generated using
a random selection method. These layouts differ as a result of random
choices where equal alternatives appear at each step of the process.
Beginning with the preassigned elements, the relationshp table is scanned
to see {f an element has the highest relationship with an element in the
layout. 1If one exists, it is placed in the layout; if none exist, then
an element is selected based upon a lower relationship. This continues

until all elements have been placed in the layout.
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Each layout is given an index which is the sum of all measures of
distance between every pair of elements, each weighted by the relationship
between each element of the pair. 1In addition, other indices are
generated which measure relative values of capital cost and affinity.

The requested number of layouts are then printed with the indices for
each.

For a more detailed explanation of this program, see Section 6.4,

6.5.3. EVALUATION OF PROGRAMS

It is felt that none of the programs surveyed can be directly
applied to the layout of the military medical facility. ALDEP, CORELAP,
and CRAFT are designed specifically for the industrial plant layout
although applications have been proposed in more general architectural
problems. FRAP and RELATE were designed specifically for the medical
facility problem but modifications would be required for implementation
by the SGO. Therefore, analysis of the methods centers mainly on the
assumptions and techniques employed by each program.

The improvement techniques, CRAFT and FRAP, are not acceptable
for the medical layout problem. Generally, they operate on a principle
of interchanging elements in order to reduce cost or minimize traffic.
Such a single criterion is not sufficient for hospital design. 1In
addition the designer must have a layout to input to the computer. Such
a layout would have to be good with respect to all criteria other than
materials movement or personnel traffic. The computer is of only minimal
use, and may even hinder the process, since it considers only one
criterion in a process which requires simultaneous consideration of many
criteria.

All programs, with the exception of CORELAP and CRAFT, are capable
of layout on more than one level. However, of those programs, only
RELATE is truly three-dimensional. While the others move to another
level when a lower level is filled, RELATE moves up or down at any
point where the relationships would be better solved by doing so. With
modern methods of vertical transportation, it is often true that moving
up to a higher or lower floor is more efficient than moving a large

distance on the same floor.
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All the programs use a relationshp matrix as the prime criterion
for layout. Only CRAFT employs a quantitative matrix, and that is based
on materials handling costs. The others use a matrix which is made up of
relative values which can individually be based upon qualitative or quanti-
tative considerations. The method suggested by Muther’ 1s the fundamental
base for the matrix. Muther suggested that a matrix be devised in which
the numbers describe the relative desired physical relationships between
elements.

The site or building form is an important consideration. In this
area the programs differ considerably. ALDEP, CRAFT, and FRAP require
a definite building shape be predefined for input. CORELAP and COMSBUL
only require the form to be rectangular and the ratio of width to depth
can be changed. RELATE can accept a definite building shape, no shape at
all, or a zoning technique to limit ground availability. 1In effect CRAFT,
ALDEP, COMSBUL, and CORELAP are limited to one building while FRAP and
RELATE are multi~building techniques.

The construction techniques, CRAFT, COMSBUL, CORELAP, and RELATE
all use the relationship matrix to determine the building process.

First one element is assigned to the layout, followed by the other
elements, one by one. The relationships determine the order in which these
elements are assigned, each one being assigned close to another with which
it has a high relationship.

The CORELAP and COMSBUL technique sorts the relationship matrix into
order according to the sum of all the relationships for each element.

This method then results in those elements with the most relationships
being brought into the layout earlier, and being morc central in the final
layout. Only one layout is generated. The programs, then, ignore the
possibility of different layouts based on the same relationship patterns.
There are no options and no way to preassign element locations.

The ALDEP method brings new elements into the layout based upon
higher relationships, but uses a random method which replaces the
assumption that those elements with the most relationships should Le
central. A large number of layouts must be generated to be reasonably

certain of achieving one that is near optimal.
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RELATE is capable of generating layouts based upon a method similar
to that of CORELAP and COMSBUL, at the user's discretion. However, many
layouts can be generated which will differ due to a different pattern of
element sel2ction. That is, while CORELAP will produce the same lavout
each time, RELATE utilizes a random process for the assignment of elements
to locations under the assumption that where each element is placed as it
comes into the layout is as important as the sequence in which elements
are brought in.

In every method, it is necessary for the designer to evaluate the
layouts and to adjust and refine them to make them workable. He cannot
trust that the computer has optimized the layout with respect to even one
constraint. Of the construction techniques, only ALDEP and RELATE include
an evaluation capability. ALDEP scores each layout according to the
number of adjacent elements, weighted by the relationships between elements.
RELATE scores each layout according to the distances between each pair of
elements in the layout, weighted by the relationships between them. This
is used as a preliminary screening device and only the best layouts
according to this measure undergo further evaluation. Each layout can
also be measured in terms of its capital costs and adaptability. RELATE
stands ready to accept any other criteria for evaluation purposes. The
designer still must judge and evaluate, but he has some preliminary
measures to aid his choice.

The value of FRAP is in the improvement of existing facilities or
the improvement of layout proposals. Considerable flexibility is allowed
and where the functional-flow criterion is acceptable, may prove quite
valuable in secondary analysis for remodeling and expansion.

The Functional Relationships Analysis Program has not been used
extensively as it has certain technical limitations. FRAP requires a
considerable investment to make it useful and then it would be useful
only as an adjunct to more sophisticated methods.

The programs investigated cannot guarantee optimality. CRAFT should
produce good sub-optimal lavouts, however, with respect to material
handling.

0f the computer-aided design programs surveyed, RELATE is most

suitable for military medical facilities. It is the only construction

6.5.11
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program designed specifically for the layout of medical facilities. Only
RELATE has a large enough capacity for large facilities. In addition,
there are many more options which are, in many cases, necessary for the
medical facilities problem, such as predefined shapes, site topography, a
large number of preassigned elements, three-dimensional capability, user-
defined relative distances, and a sophisticated and quite open-ended

evaluation system.

Even RELATE, however, would require modification if applied to the
military medical system. The planning methods of the Department of
Dz2fense and the assumptions for military hospitals dictate much reworking
not only in the methods of the use of RELATE, but in the program itself.
In fact, RELATE itself is not static. The methods of use are highly
intertwined with the program itself and many of RELATE's capabilities are

only special methods of use.
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