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ABSTRACT
An approach to the computer-aided-design of

educational facilities through the simulation of educational
activities is described in this dissertation. Such a system can be
used by school designers to evaluate and improve school floorplans.
The implementation of this system involved: (1) the design and
implementation of a systematic procedure for determining those
characteristics of a school program which affect or are affected by
the physical contraints of a school building, (2) incorporation of
those characteristics into a model which could be applied by a
simulation system to a proposed floorplan, and (3) the development of
computer programs which could successfully simulate educational
activities on the proposed floorplan and provide feedback to the
architect as to the sufficiency of his design. (Author)
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Computer-Aided-Design of Educational Facilities

William S. Bregar

Under the Supervision of Professor Richard L. Venezky

This dissertation describes an approach to the com-

puter-aided-design of educational facilities through the

simulation of educational activities. Such a system can

be used by school designers to evaluate and improve pro-

posed school floorplans. The implementation of this sys-

tem involved 1) the design and implementation of a system-

atic procedure for determining those characteristics of a

school program which affect or are affected by the phy-

sical constraints of a school building, 2) incorporation

of those characteristics into a model which could be ap-

plied by a simulation system to a proposed floorplan, and

3) the development of computer programs which could suc-

cessfully simulate educational activities on the proposed

floorplan and proVide feedback to the architect as to the

sufficiency of his desi?.

A classroom observation scheme was devised which

focussed on the physical aspects of elementary school acti-

vities. Of particular interest was the grouping of students

and their configuration within an observed space for

selected instructional activities. Also included in the

observation scheme were characteristics of activities
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which would affect the placement of activities in open-

school floorplans and information pertaining to the use of

furniture and equipment in the observed activities.

Traditional and multiunit schools were observed and

the collected data were analyzed to ascertain significant

factors pertaining to the use of space. Results showed that

group size varied significantly as a function of school

program and activity. Models of activity duration were

derived which, in combination with group size, would allow

schedules of activities to be generated. Activity descrip-

tions were created to provide a model for generating

furniture and equipment requirements, the configuration

of students in the space, and the optimal space require-

ments necessary to carry on the activity given these two

characteristics.

A prototype system of computer programs was designed

and implemented which would accept 1) parameters consist-

ing of a school program designation, a student enrollment

figure, a simulation time step, and a space calculation

mode, and 2) inputs consisting of a proposed floorplan and

a schedule of blocks of time to be allocated to activities.

Using the designated school program model the system generates

schedules of activities and their characteristics, then

attempts to fit them to the proposed floorplan. Outputs
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from the system provide information concerning the potential

use of space on the floorplan in terms of the amount and

type of space in use throughout the scheduled day.

Emphasis in the programmed implementation of the sys-

tem was placed on the problems of representation of floor-

plans and in the assignment of scheduled activities to

spaces.

A tree structured representation of floorplans was

developed which reflected the' hierarchical subdivision of

space observed at the sample schools and which allowed

relatively easy and direct access to the resources and"

properties of the space.

Because of the space-subspace relationship allowed

on floorplan designs which could be input to the program,

linear programming assignment algorithms were not appli-

cable and other standard approaches to assignments of ac-

tivities to spaces were not feasible. Therefore, a heu-

ristic approach to assignments was taken which produced

reasonable, if not optimal, results, thus allowing the

final evaluation of space use to be derived from a repre-

sentative assignment of activities to spaces.
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CHAPTER 1

INTRODUCTION

1

1,1 General Introduction

This paper will describe a computer-aided-design

system for use in evaluating and improving proposed school

floorplans. The implementation of this system involved

1) the design and implementation of a systematic procedure

for determining those characteristics of a school program

which affect or are affected by the physical constraints

of a school building, 2) incorporation of those character-

istics into a model which could be applied by a simula-

tion program to a proposed floorplan, and 3) the develop-

ment of computer programs which could successfully simulate

educational activities on a proposed floorplan.

What is pl'esented here is an approach to the solution

of a class of what might be called "floorplan design prob-

lems". Many different interpretatiOns can be given to the

concept of floorplan design. For example, if one is given

a list of rectangular rooms and dimensions and a rectangular

space into which the rooms are to be placed, then the set

of solutions to the problem includes exactly those configu-

rations of the space where all the rooms are properly con-

tained in the space and no room overlaps with any other room.
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Furthermore, additional criteria may be introduced

and thus increase the complexity of the problem. For

example, the dimensions of the rooms and the space might

be specified as a range of allowable dimensions instead

of a specific set. Constraints might also be added which

would designate the orientation of spaces to one another

and the allowable distances between spaces.

Within the rooms themselves, a floorplan problem can

be defined in terms of the placement of objects into the

space. The size and shape of such objects and their rela-

tionship to one another may affect'their eventual position-

ing and orientation An the space. Finally, the uses to

which the rooms are to be put can and should have an effect

on their size and shape as well as their orientations to

one another and their relative locations on the floorplan.

1.1.1 Some Notes on Design Theory

According to Alexander [ 1 1, the ultimate object of

design is form. Form is something over which a designer

has control. It represents the solution to a design prob-

lem defined by a sometimes vague context. The reason

"context" is a nebulous concept is that the degree of fit

between a form and its context can often only be expressed

in terms of how well the form neutralizes potential "mis-

fits". That is, a bad fit would yield discernible points
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of failure which could be fully described and theoretically

neutralized in a different realization of the form. Al-

though it might be possible to correct one point of failure

and yield a "failure free" design, there is no guarantee

that correcting several failure points won't result in an

entirely new set of bad fits.

It remains to be defined what exactly are the points

of failure in a design, and by what process such points

are to be detected. In architecture there exists a differ-

ent set of points for each class of building; houses, office

buildings, apartment houses, airport terminals and schools

clearly are designed under quite different contexts. 'Fail-

ure in an apartment building might be an inadequate number

of three-bedroom apartments whereas failure in an airport

terminal building might be an excessive walking distance

between connecting.flights; aesthetic properties alone

could determine the failure of a particular house

design.

The complexity of design problems demand a great deal

from the designer. As Alexander puts it, "the individual

designer's inventive capacity is too limited for him to

solve design problems successfully by himself". Negroponte

[24] takes the view that a symbiotic man-machine relation-

ship can be developed through which the design process takes
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the form of an interactive, dynamic dialogue. Furthermore,

the machine, intelligentsin its own right, and the man learn

about each other and so learn to work well with each other.

In.addition to a high level interactive ability, the

machine must also put forth design information which is

context dependents such a realization does not currently

exist and is relatively far off. While it may not be pos-

sible currently to automate the entire design process for

all domains, it may be automated for some domains and

partially automated for others in such a way as to augment

and complement the designer's ability to create a solution

to his specific problem.

What parts or how much Of the design process is auto-

mated depends on the purpose, philosophy and economical

constraints of the object to be designed. If the purpose

is to emulate human abilities in design, then perhaps the

design process in its entirety should be automated. This

would be a distinguishing feature of computer-implemented-

design as opposed to computer-aided-design. It could also

be properly identified as a form of artificial intelligence.

In a computer - aided - design context, it might be more desir-

able philosophically to allow the human designer more lati-

tude as a professional but provide him with substantive

feedback and speedy responses so that he may improve his
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design. The question now focuses on what feedback should

be provided and how much "substantive" is, Clearly a

computer can amass and output enough data to inundate any

designer; thus judicious use must be made of this facility

for it to be an efficient, functional aspect of the design

process.

1,1,2 The Design Process in Educational Architecture

The design process as it applies to this thesis is

limited to the architectural domain, Within this domain a

portion of the context for the design of elementary school

floorplans is defined and used as the basis for a simulation

procedure. Results from the simulation are 'summarized and

presented to the designer of a floorplan in a form which

can aid him in determining the sufficiency of his design.

More specifically, an elementary school is an example

of a facility which has to accommodate a large variety of

events which are scheduled over a period of time. Other

fadilities having this property include recreational build-

ings, convention halls, and playground layouts. The events

taking place in these facilities are activities. To provide

feedback to a school designer, these activities are charac-

terized and simulated against a proposed floorplan'. Spaces

in the floorplan are then evaluated in terms of the degree

to which their resources, including area, satisfy the re-
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quirements of the activities which are to take place. The

evaluation consists of a tabulation of space use over time- -

which spaces are being used, how often and how efficiently

they are being used. Central to the evaluation are the

results of the decision making process involved in deter-

mining at a given time how a set of scheduled activities is

to be assigned to a set of available spaces. In the research

to be described, a human-information-processing approach is

taken toward the solution of this problem, The problem

solving representation of the system interacts with a

logical, efficient hierarchical floorplan representation

to produce reasonable although'not necessarily optimal

solutions to this "activity assignment" problem.
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143 Design Problems in Education

The design of the school must be consistent with the

type of instruction systems carried on" [10,p. 51]. The

evolution of teaching methodology in the United States has

historically been accompanied by changing school structures

to accommodate them. The one room schoolhouse of the

nineteenth century has been transformed to the egg-crate

construction of the first half of the twentieth century

and finally to the open-plan schoolhouses of the past

decade. The egg-crate design came about as a re-

sponse to the requirement of absolute independence between

grade levels; the open-plan in response to the attempt

to abolish grade level differences and open lines of

communication among teachers and students [20].

It is 'instructive to trace some of the changes in

elementary school methodologies and their influence on

school design.

1.3.1 Traditional Schools and Early Variations

To exemplify the effects of differing educational

programs on spatial requirements, first consider what is

generally thought to be a traditional school system ap-

proach.

Although there has never been a single monolithiC

system which could be defined as the traditional educa-
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tional methodology, there are certain characteristics

which could be generally attributed to the concept.

Among these characteristics are 1) a one teacher per class

organization, 2) an age graded division of students and

3) an emphasis on teacher-centered group instruction.

The graded school concept, embracing much of the "tradi-

tional" approach to education has persisted from the

1860's to the present. As was mentioned previously, the

self contained classroom was the architectural interpreta-

tion of the independence of grade levels.

The first variations of the traditional methodology

appeared in the late 1800's and early 1900's. The major-

ity of these programs were designed to individualize In-

struction so that students could proceed through grades

at their own pace. Among the alternatives were the

Elizabeth Plan, the Pueblo Plan and the Cambridge Plan,

each of which employed some form of ability grouping [331.

They were all administrated in graded schools, however.

Higher ability groups, for example, did more work but

remained in the same grade. As such, these methods placed

no additional demands on the school facility which could

not be met by the self contained classroom.

Further attempts to individualize education were made

in the 1920's and early 1930's. The 24th Yearbook of the
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NSSE defines two main types of plans designed to provide

for individual differencess Type 1--those which attempt

adjustments without breaking up the basic class organiza-

tion, and Type 2--those which emphasized strictly indi-

vidual progress and much individualized (one-to-one) in-

struction in essential subject matter [35].

Some instances of the Type 1 plans include Detroit's

XYZ multiple track plan, the Batavia Plan which involved

"coaching and encouraging laggards", the Gary Plan which

employed platoaning and Reavis and Miller's independent

attempts to individualize instruction through differential

assignments,thus holding students to the same rate of

progress [351. Each of these plans recognized individual

differences among students but maintained the heterogeneous

groupings common to traditionally oriented schools, thus

creating no requirement for architectural change.

Perhaps the best example of the Type 2 plan was the

Dalton Plan introduced by Helen Parkhurst around 1922.

Basically, the plan used a sociological approach to in-

dividualize instruction by having students draw up contracts

which would define the scope of their work for a month.

This would permit them to budget their alloted time ac-

cording to their own needs. The Winnetka Plan, also of

early 1920 vintage, divided the curriculum into common
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essentials (consisting of basic subjects) and group and

creative activities such as music, art, and physical

education. Students worked individually on common essen-

tials using carefully prepared materials, and moved thrOugh

planned sequences of these materials at their own rate

C331.

The Type 2 plans were aware of the restrictions of

the lock step environment, and could have had an impact

on school architecture. In fact the Winnetka Plan resulted

in the Crow Island Elementary School which has been cited

by the American Institute of Architects as a precursor

to modern school architecture [ 3]. There was no Reneral

acceptance of these plans, however, and, for the most part,

the egg-crate school design hai endured.

1.3,2 Alternatives to TraditiOnal Schools

In the 1940's and middle 1950's two major innovations

in instructional methodology appeared which would come to

have a great impact on both the organization (staff and

classroom) and the physical design of American schools.

These were the development of non-graded schools and the

implementation of team teaching.

According to Goodlad and Anderson [11] , the non-graded

school is an organization designed to implement continuous

student progress, thus recognizing the substantial indivi-
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dual differences between students. Goodlad and Anderson

further point out that "non -graded" schools

appear not to have adopted a uniform set of character-

istics". They are themselves individualized with respect

to the "innovations developed after entry into non-grading"

[1,1 pp. 208, 209]. Interest in non-graded schools in-

creased slowly through the 1950's but more quickly in the

1960's where by 1969 about one elementary school in four in

the United States was attempting to convert to a non-graded

program Cr].

Team teaching first emerged in American education in

1954 and has experienced a rapid growth rate ever since

1321 Like the non-graded concept, it is not restricted

to elementary schools but its primary impact hal; occurred

in that domain. Shppltn defines team test,hIng *s an

instructional organization involving teaching personnel

and the students assigned :o them, in which two or more

teachers are given responsibility, working together, for

all or a significant part of the instruction of the same

.group of students [31].

Team teaching and the concept of non-grading in them-

selves and some more recent methodological innovations

(which drew upon the former concepts in their development)

hE.ve evolved through definition and practice to a much
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greater extent than their predecessors--with consequent

acceptability. Furthermore, minformal analysis of a

sampling of these concepts will show that they can and

do have architectural consequences.

The Nongraded English Primary School

As an example of a non-graded school organization,

the non-graded English Primary School, which has been the

subject of much research can be said to he organized in

a "project oriented" fashion. Elliot Eisner, who made a

comprehensive study of the English Primary School [9]

describes how pupils are given their choice of several

projects which they can pursue during the course of a

school day. If they finish or tire of one project, they

are free to move on to another. In contrast to traditional

schools there is relatively little teacher-centered in-

-struotion-and-more-ofa_tendenty _for students_to_work

in small groups.

The grouping of students in this continuous progress

school can and should be a factor in the consideration of

school floorplans to house these methodologies. In many

non-graded English Primary Schools "the troundary of the

classroom and the rest of the school is not so clearly

delineated as is the classroom in the traditional school:"
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(Eisner, op cit.) In the non-graded school the variation

in grouping can result in enough small groups competing

for space in a self-contained room that the wails begin

to inhibit the activities which could take place. A

report of the Educational Facilities Laboratories states

that while attempting to implement innovative educational

procedures "many a school administrator has felt thwarted

'because the building wouldn't get out of the way.'"

[13. p. 15]

Team Teaching

Teim teaching is an example of a staff oriented

organization which can have an effect on school design.

Although no one set of characteristics can accurately

portray a given team teaching school, two properties- -

shared decision making on the part of the instructional

team and new groupings of pupils -- have been citi#d as

13

pertinent factors in the consideration of school designs

for team teaching. Cyril Sargent of the Educational Faci-

lities Laboratory C301 applies these properties in defining

a set of four design requirements for team teaching schools

to function effectively*

1) they must accommodate groups of various sizes

ranging from 2 or 3 to 100 or 200,
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2) they must accommodate fluidity in the movement

and reorganization of groups which may be changing

continuously and at non-standard times

3) there must be a place for teachers to work--both

in private and in groups as teams

4) the school may have to be adapted to more students

working independently by providing private spaces for

study and research

Sargent goes on to cite three architectural "solutions"

to the design criteria proposed. These are the open-plan

school, the loft plan and planned variability. The open-

plan provides one or several areas with no interior walls,

the loft plan is a modular one with moveable interior parti-

tions and planned variability attempts to build into a

structure the basic spaces necessary to accommodate the

groups of students and teichers according to their most

likely needs. For planned variability Sargent states that

enough must be known about the "recording of student. groups

and teacher teams to permit the planning of spaces to fit

the needs of groups of varying size and purpose."[ 30,p.229] A

major component of this thesis is the design and testing

of a procedure to collect and analyze information about

the dynamics of grouping under different methodologies for

the purpose of determining space needs.
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Individually Guided Education

A more recent alternative to traditional instruction

is Individually Guided Education, a total integrated sys-

tem of education developed at the University of Wisconsin

Research and Development Center. The instructional com-

ponents of IGE are encompassed in the multiunit school

concept, which is based on 1) a team of teachers admin-

istering one of several separate independent units* in a

school, 2) a non-graded division of students, and 3) in-

dividual, one-to-one (student/teacher), small group, and

large group instruction with the emphasis on the student

as an individual [17].

The spatial configuration of a school under the IGE

organization can be considerably different from that of

a traditional one. A team of teachers administering a unit

needs to interact continually to coordinate activities.

Closed classrooms, while not an impossible barrier, can

inhibit the communication among members of the team. The

non-graded division of students changes the number of

separate class entities, hence their size, This number

is usually reduced yielding three or four units, each

containing children whose ages might vary by two or three

*
In practice, a K-6 primary school usually has three units
corresponding roughly to grades 1-2, 2-4, and-4-6.
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years. The reductiOn of the number of class units in-

creases the number of students in each, resulting in a

need for larger unit meeting spaces. At the same time the

emphasis on individual and small group modes of study

imply a need for smaller spaces to carry on activities.

Such spades are usually created as subspaces within the

larger unit space. This analysis is summarized as one

of the stated desired conditions for the successful im-

plementation of an /GE organization.

"The school building is constructed or remodeled

to facilitate /GE practices. Pods Of varying

shapes and sizes in recently constructed build-

ings accommodate 75 to 150 children and permit

one-to-one, small group, class size, and total,

unit activities. Older buildings are remodeled.

so-that-there -is---one large-central-IMC_that ac-
C

commodates up to 90 intermediate-age children

and another that accommodates at least 60 primary

age children in a school of about 600 enrollment."

Cl?, p. 7]

It is clear that the expectation of the designers of

IGE is that a pod will be subdivided as necessary for

simultaneous use by students in groups of varying sizes,



In general, spaces in an elementary school will be

used-for a variety of activities. In a traditional closed

classroom, virtually any kind of educational activity may

be expected to occur. Art, music, reading, math, and

science may all be accomplished at the same desk. In the

multiunit school, where there is likely to be more poup

movement, some spaces are often designed as dedicated spaces

where particular activities will almost always be sched-

uled. Other spaces will be designated as general instruction

areas and will hive to accommodate the usual variety of

individual and group instructional activities. How in-

dividual spaces are put to use, how often and to what

extent they are used is determined by the method for as-

signing scheduled activities into the available spaces.

Compounding the design problem for school buildings

he-factor-ol=i-constantly-changing enrollment. Schools

are usually constructed in a district or area which reaches

some minimum population level. For a growing community it

does not make good sense to build a school which will ac-

commodate its current population. Neither does it pay to

overcompensate for an expected enrollment figure, It is

difficult to assess the impact of changing enrollment on

the functionality of an elementary school. A well designed

school with carefully planned and scheduled activities can
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survive a substantial increase in enrollment without signi

ficant overcrowding.

To recapitulate, the design of educational facilities

is a problem which must be concerned with satisfying

methodological differences between schools, allocating

space among scheduled activities, and remaining sensitive

to changing enrollments,
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1.4 Approaches to Educational Facilities Design

Every state has codes which specify legal standards

which all school buildings must meet for construction

materials, ceiling heights, fire and safety regulations,

19

sanitary facilities and so on, Theschool architect,

however, is concerned with'not just the physical aspects

but also the functional factors--a more subjective set of

criteria. According to Paul [271, these should include

requirements which might be classified as global (school

and community wide) and local (classroom or spatial) re-

quirements. To be considered globally are school philo-

sophy and school methodology as has been previously dis-

cussed (Section 1.3). Local considerations besides class-

room objectives include space needs for activities and .

functional relationships between spaOes. Among others,

the Pilkington Research Unit [29] would add to these re-

quirements one of adaptability to meet changes in educational

aims and practice.

Adequate traditional school buildings can be construct-

ed, according to Castaldi [7 ], by following guidelines

Ruch as those shown in Table 1-1. Future schools would

have additional facilities for individual study in carrels,

and space for programmed instruction and specialty rooms

for construction or workshop activities and remedial
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TABLE 1-1

TYPES, NUMBER, AND SIZES OF SPACES IN A CONVENTIONAL
ELEMENTARY SCHOOL (A Partial Listing)

20

Normal
-Class

Total
Sq.

Type of Space Number Needed Size Feet

Kindergarten 1 Per 20 Students 20 1100-1300

General Classrooms 1 Per 25 Students 25 900 -1000

Remedial Rooms 1 Per 5 Teachers 6-10

8 Sq. Ft.Auditorium
Per Persons

*Excerpted from Castaldi [ 7 ].
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TABLE 1-2

FORMULA FOR COMPUTING NUMBER OF INST$UCTIONAL AREAS
IN A NON-GRADED SCHOOL

E n
Number of Areas = 1.25 t. N

where E = Total Number of students requiring apace
for a given group size

C = Number of students in a given group or
class

n = Number of minutes that a given group size
meets per week

'N = Number of minutes in the school week.

Examples Assume an elementary school program calls for

300 students to meet in groups of 16 for 10%

of the time. Let N = 300

3
Then Numbei of Areas = 1,25 6

00_- 300

In 6.25 6 spaces.

Excerpted from Castaldi [ 7].
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instruction. For non-graded schools he attempts to define

the number of spaces necessary to accommodate a particular

group size as a function of total number of students to

be broken into groups, time (in minutes) per week which

that group will meet and number of minutes in the school

week (see Table 1-2). Even though this model might predict

the number of spaces necessary, it is based on the assumption

of a fixed schedule of activities. The question of how

much area to allocate to each space is not directly

addressed.

To design buildings for educational methodologies

which attempt to individualize education through non-graded

multi-age grouping, school designers have turned increas-

ingly toward an open-plan school design. Engelhardt [101

'considers the activities which would likely go on in a

continuous progress open-plan school, the factors to be

considered in planning such a school, the'relationship

between spaces (Figure 1-1), and then prescribes-space

requirements to accommodate the program. The requirements

for square feet per space are presented as sample values,

however, the method for determining the area requirements

are nowhere described. The effect of the schedule of

activities on space requirements is not considered.
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OPEN-PLAN SPACE RELATIONSHIPS
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Figure 1-1
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Castaldi and Engelhardt are representative of those

who can establish good general guidelines to follow in

designing a school building. The effect of such generality

is manifest, though, in the wide range of interpretations

embodied in existing elementary schools, A comparison of

award winning elementary schools in Nation's Schools [16]

showed a difference in space allocation of from 54,2 to

112,3 square feet per student with costs ranging from

$10.80 to $33,84 per square foot. Instructional space

ranged from 40% to 80% of the total area of the facility.

A better attempt to define space needs in terms of

area requirements has been made by Banghart and others at

Florida State University [4]. The model is appropriately

applied to high schools and uses a building block approach

where the basic unit is a student module. A student module

is defined as "the space and resources required to maintain

a student in a given activity at a particular time".

_ Activities arecategorized_ into _nine types_which_include

such classes as general class activities, art activities,

and laboratory activities. Each has a student module

associated with it. Space needs are determined by simulating

schedules of activities based on previously compiled in-

formation on student requests for activities, duration of

the activities and the number of activities requested per

student.



041
25

The promise of the FSU approach is that it can

accurately deliniate space needs based on known information

about educational activities in high schools. However,

the method by which the student module dimensions are

determined is not outlined. Though these might be more

standardized at the high school level, this is not nem-

eerily the case at the grade school level. Further, all

instructional activities are grouped into one class under

the assumption that for such activities, the student module

is an interchangeable unit. Again, in elementary schools

with different methodologies, this may not be applicable

as is shown in Chapter 3.

The approaches described provide guidelines, general

and specific, for determining the amount of space an

educational facility might require, assuming the per-student

space needs figures they utilize in their models are cor-

rect. It is conceivable that the FSU simulation could be

applied -to -a proposed- floorplan to test-its adequacy.

Apker E 21, using available seating as his spatial denomina-

tor, did just that. He simulated a high school with modular

scheduling in order to make better decisions about space

needs. The high school had net yet been built at the time

of the simulation. Among the questions answered by Apker's

system was "Could better decisions be made regarding
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building needs when using simulation?" The results showed

that for a school of 1500 students the architect over-

estimated classroom needs by 21 rooms and .underestimated

seating space for large group instruction. The scheduling

for Apker's simulation performed by the Generalized Academic

Scheduling Program (GASP). Using a computer to generate

complex schedules for modular schools has in most cases

proved to be superior to manual methods both in quality

and cost [23].

11U and Apker do provide some basis for testing floor-

plans. As they are applied to high schools they can pro-

vide valuable information for school designers. The high

schools involved, however, do not appear to present the

problem of the effect on space of varying methodologies.

That is, by assuming the "traditional" mode of education,

space needs can be translated into seating requirements

within a fixed space. Apker and FSU also have the ad-

vantage of being able to work with fixed, regular schedules

which can be based on past student requests. Applying the

appropriate scheduler to the student requests and a space

list yields a complete schedule of activities, where they

will be located, and with appropriate inputs, the instruc-

tors who will supervise the activities. This information

is sufficient to determine the use of space over time in the

educational facility to which the simulation is applied.



04,j
27

1.5 The Desien Problem for Floorslans

The foregoing discussion lays a basis for specifying

the design problem of developing viable school floorplans.

The characteristics of the problem can be described in

terms of requirements, constraints, and criteria. Re-

quirements are a function of a particular educational

methodology; they are derived from an analysis of the

activities which take place in an elementary school.

Activities have certain characteristics--they are scheduled

at certain times, they require resources such as space

'and equipment, and they involve groups of people. Con-

straints may also be placed on activities such as through

the assignment of priorities or by virtue of their re-

lationship with other activities. The floorplan, to be

satisfactory, must meet certain criteria. It must provide

'enough space to contain the activities scheduled at

particular times; the resources of the spaces must ade-

quately meet the needs of the activities; and it must

allow activities to satisfy the demands of their constraints.

Certainly, there is a good deal of subjectivity asso-

ciated with the evaluation of a floorplan as has been

described. What is an adequate amount of space for an

activity according to one set of school administrators

might be inadequate to another. Factors ranging from the
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aesthetic to cost considerations might affect such judg-

ments, The adequacy of a school floorplan for a given

educational program can be defined for the purposes of

this report as a function of the amount and configuration

of space available for carrying on educational activities

under that program.

It is because of the subjectivity involved in deter-

mining what is a satisfactory design and what isn't, as well

as a conscious decision not to automate the design process- -

thus leaving the more creative aspects of design in the

hands of the architect--that this research is directed

toward the development of a tool to augment the design

process.



29

1.6 Method of Implementation

It is the purpose of this thesis to show that ap-

propriate, useable information about the floorplan of an

elementary school can be presented to a designer through

the vehicle of a computer simulation. The kind of simula-

tion employed is known as a discrete simulation--one in

which all changes in the system modelled are assumed to

occur at discrete points in time [17]. That is, the simula-

tion is a function of a set of events which happen at dif-

ferent times but whose effects can be assessed and incor-

porated into a model at some discrete moment in simulated

time. The events in this case are activities and their

major effects is their impact on the available space in

a school at the times they occur, It is important, further-

more, in view of the number of differing educational

methodologies in current use, that the simulation be

sensitive to the differences, if any, of'the effects upon

space use ofone methodology versus another.

To provide a basis for demonstrating such a sensitivity,

a systematic method for modelling elementary school activi-

ties was developed. Through the direct observation of

elementary schools operating under different scholastic

progress and the subsequent analysis of the data recorded,

characteristics of activities were classified and incor-

porated into a data base of "activity descriptors" from
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which simulated activities could be generated. The data

items which were recorded incltided a floorplan drawn to

scale detailing instructional spaces, information on how

students were grouped for activities, and the time and

duration of each observed activity.

Utilizing the information in the data base is a system

of computer programs which, according to a set of input

parameters, generates likely sequences of activities and

their characteristics, steps at user designated time

intervals through the schedule, and at each time step

attempts to find spaces on the proposed floorplan into

which to assign the activities. Upon the completion of

the assignment phase, the system collects information on

the status of space in the school and builds a report which

provides that information to the designer.

Chapters 2 and 3 of this dissertation document the

development of the observation procedure and the methOd

and results of analyzing the data collected in the process.

Chapter 3 also details the construction of the activity

descriptors for one of the two multiunit schools which were

observed in a field test of the observation procedure.

Chapter 4 gives a functional description of the simulation

system including. parameters to and the flow of data through

the system. Chapters V and VI describe the approaches taken
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to the problems of floorplan representation and the assign-

ment of activities to spaces at each time step during the

simulation. Chapter 7 analyzes the results of running

three selected test cases through the simulation process;

Chapter 8 summarizes the work and offers suggestions

on implications for future research.
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CHAPTER 2

Development of a Model of Educational Activities-
The Observation Procedure

2,1 Introduction

This chapter will describe the development and im-

plementation of an observation procedure for collecting

data which would characterize the actual and potential

impact of elementary school activities upon instructional

space. The objective in collecting data was to show that

the implementation of different scholastic programs can

result in schedules and physical configurations of activi-

ties which would lead to different architectural concep-

tions. The utility of the procedure is its ultimate ap-

plication to the development of mathematical models of

elementary school activities.

,The success of a simulation of a system is strongly

dependent on the validity of the model employed to repre-

sent the system. For many applications enough is known

about the variables involved to derive a theoretical model

for a system. For physical phenomena or events such as

the arrival of people to a terminal, known parameterized

distributions suffice to provide an accurate model. Often,

however, the events tolbe simulated do not conform to

or are not known to behave according to computable



distributions.- For example, many economic and social

systems often require complex mathematical and logical

models to reflect their behavior accurately. In deriving

these models researchers are often required to observe

specific components of the system they wish to simulate.

Most clasiroom phenomena falls into the category of

those systems which would require a period of observation

before they can be accurately described. Existing class-

room observation schemes, however, are generally concerned

with the interactions which occur between participants in

the instructional process [15, 25. 341. To develop a

model of instructional space use, however, information

must be available which describes the number and configura-

tion of participants in instructional activities and the

physical equipment necessary for these activities. This

information must then be organized by instructional program

and translated into specific space requirements for activi-

ties operating under those programs. Although the classroom

organization can be generally defined for different educa-

tional programs, the specificity of information required

to build an accurate model for a simulation can be best

derived from direct classroom observation.
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2.2 Problems of Observation Schemes

There are many problems associated with non-mechanized

recording schemes. These have to do with the interpreta-

tion of events by observers, the complexity of the systems

being observed, the instrumentation used to record the

observations, and the costs involved in administering an

observation program.

The use of human observers places implicit limits on

the accuracy and reliability of the data depending on the

degree of bias of an observer and the amount of subjectivity

involved in interpreting the events. These problems can

be partially alleviated by rotating observers (to reduce

the bias factor), comprehensive training of observers to

reduce subjective judgments., and of course the design of

observation methods which are as objective as possible.

With respect to the complexity of the system being

observed, consider the observation of instructional activi-

ties for determining their impact on educational space.

Under the strictest interpretation of the traditional

methodology, the activities in a closed classroom would be

relatively easy to observe and record. Identity of events

could be easily determined and the recording of other items

such as the number of students and their configuration would
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also be straightforward. In addition, the rate of change

of activities would be slow enough to allow observers time

to make better decisions about questionable items.

Contrasting with this traditional model is the un-

structured environment of an open school. Large spaces

accommodating several simultaneous activities which are

frequently changing are much more difficult to observe

accurately. More than one observer can be assigned to

such spaces, but the problems of coordination of observers

then becomes a factor. The observation recording form

must allow entries to be made as quickly as possible so

that information will not be lost.
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2.1 Method

The development of the observation procedure for this

study was conducted by 1) deternilning what items of informa-

tion about elementary school activities should be recorded,

2) designing observation forms appropriate to the task and

3) field testing and revising the procedure where necessary.

Two schemes (Appendix A) were developed, field tested, and

modified before the final version of the observation pro-

cedure was adopted.

Before deciding specific items of information to be

recorded some overall goals had to be defined. The primary

architectural description of interest was the requirement

for and use of space by activities. The major component

of an educational activity which requires space is the

student; thus the focus of the observation procedure was

on information which detailed how many students typically

engaged in activities under a school program, what resources

they used, and how much time they spent on the activity.

Furthermore, the space in which an activity took place,

its size, shape, and resources could be used to characterize

activities in terms of the amount of space deemed necessary

by experienced teachers in a given school program.

From the perspective of the activity, the resources

are represented by a set of requirements for floor space,
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furniture, and equipment; whereas the space is expected

to provide the required resources for the activity to be

conducted in an efficient manner.

The observation procedure was to relate, for a given

school, activities, students, spaces, resources and time

in such a way as to allow the development of models of

characteristics of activities which could be generated in

a simulator. Schedules of these activities would also be

generated which would reflect scheduling and grouping tech-

niques employed under different methodologies.

An observer positioned in an instructional area would

make entries upon an obserVation form which would describe

the asynchronous events taking place over the course of a

given school day. The result would be a scenario which

would reflect the sequence and characteristics of activities

through the "eyes" of the space in which they took place.

Because of time constraints, the requirement of

formatted entries on the observation sheet and the large

number of items to be recorded, the observation procedure

was an intricate one and required capable, conscientious

observers.

One major consideration in the designof the recording

sheet used in the observation procedure was that over the

course of a short period of time a given space might be
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the scene of many activities, a good number of which happen

to occur simultaneously, It is important to maintain the

distinction among simultaneous activities because they

reflect the physical realization of the way students are

being grouped to accomplish educational goals--hence can

be viewed as a function of the methodology being employed

at the observed school,

2.3.1 Determining the Pertinent Information Items

. The determination of those aspects of elementary school

activities which were to be ovserved came about as the

result of several school visitations and consultations

with principals, teachers, school architects, and school

administrators, Several schools in southern Wisconsin,

including open-plan schools, were visited. Rooms and pods

were observed at length, and careful attention was given

to any characteristics of an activity which could con-

ceivably be affected by or have an effect upon the physical

constraints of the space in which it occurred and the actual

utilization of the space.

Items which were chosen for inclusion on the final

version of the obiervation forms were of two types! 1)

those which were recorded once per day for each space

observed and 2) those which were repeated for each observed

event. Items of the first type were for identification and

*This was done with the assistance of Mr. Michael Even, an
architect and former research associate at the U. of Wisconsin.
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included the observer's name, the name and organization

type of the school, the date of observation, and identifica-

tion of the space for which the observer was responsible,

Items of the second type were intended to provide informa-

tion about space use in terms of the physicil aspects of

activities and in terms of the scheduling of groups meeting

to pursue those activities. A list of the latter type items

follows with an explanation of each item and the reasons

for including it on the final observation form, For con-

venience, the items are presented in the same order as

they appear, on the form in Figure 2 -1.

Item Name or Description Explanation

1. Start and End Time

2, Location

The start and end time for each
event was recorded for the
purpose of providing informa-
tion about the scheduling of
activities. Information to
be derived included duration
and sequence of events plus
data concerning the time of
day certain activities were
likely to take place.

Location of an activity iden- *
tified the subspace of a space
in which the activity was tak-
ing place. Keyed to a scale
drawing of the space and its
subspaces, the total floor space
being used by the activity could
be determined.

*
Note a subspace s of a space S is formally defined as

s S which means that it is possible that s = SI e.g.,
a space may be a subspace of itself.
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3 Group

4, Group Type

5. Number of Students

6. Number of Supervisory
Personnel

7. Name of the Event

050
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A name was assigned to each
group as it formed to partake
in an activity. Whenever the
same group could be identified
at another time, its assigned
name was to be used. This item
was to provide information
pertaining to the circulation
of groups within an observed
space.

Group type showed whether a
group of students were proceeed-
ing independently or as a group
in pursuing their activity!
This characterizer would have
an effect on the decision of
what space the group would be
assigned during the simulation
procedure.

The number of students in each
group observed was recorded to
provide information which could
relate educational program group-
ing practices for instructional
activities. The number of stu-
dents in an activity is an
important factor in computing
the space required for the
activity.

The number of teachers and
teacher aides was recorded sii,oe
the additional people concerned
with the activity require ad-
ditional space. Supervisory
personnel were diffetential
from the students in the acti-
vity to document methodological
differences in staffing.

The events recorded were of two
kinds, each of which could be
represented by a different model.
The two kinds of events were 1)
subject or instructional type
events, and 2) other events,

___
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which attempted to describe
circulation, changes in the
make-up of a group, and unused
space. For a complete listing
of event codes see Appendix

8, Physical Configuration The physical configuration of
of the Group a group refers to the arrange-

ment of that group in a space.
How the group is arranged can
affect how much space is used.
A description of configuration
types is given in Table 2-1.

9. Distraction Factor

10. Furniture and
Equipment

The distraction factor was
defined as a composite index of
the amount of noise and physi-
cal activity associated with an
instructional activity. The
purpose of the distraction
factor was to determine the
potential for one activity to
disturb another if they were
held in adjacent spaces with
no intervening walls. When
assigning spaces to activities
in the simulation, the distrac-
tion factor should have an effect
on the location of activities
relative to one another.

All the furniture and equipment
employed in conducting an acti-
vity was recorded. Different
P...ieces of furniture require dif-
ferent amounts of space, and
.activities could have certain
regular requirements for fur-
niture or equipment which, in
the simulation, would affect
the decision on what space would
meet those requirements best.
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TABLE 2-1

CONFIGURATION CATEGORIES*

1. Frontal Minimal (FMI)-Students arranged rectangularly,
in rows with aisles between rows.

boob
boob
bb bb

Frontal minimal configuration

2. Frontal Optimal (FOP)--Students arranged rectangularly,
in rows with aisel space on all sides of each student.

bei
atiOE)
O. e3

Frontal optimal configuration

3. Circular (CRI) -- Students arranged in a circle or arc.

O

Circular configuration

4, Radial (RAD)--Students grouped in lines radiating from
a common center.

o

Radial configuration

Configuration categories were determined by Michael Even.
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TABLE 2-1

(Continued)

5. Clustered (CLU)-Students scattered in small groups.

a
8 8

66 as
0 0
0 0

Clustered configuration
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2.4 Design of the Observation Forms

The observation forms were designed so that the

recorded data could be directly transferred to punched

cards, yet be conveniently transcribed with a minimum of

decision making on the part of the observer.

Three kinds of data were recorded; quantitative (e.g.,

group size), categorical (e.g., subject) in which items

could be chosen from a list, and graphic (scale drawings

of observed spaces and subspaces).

The quantitative and categorical items were designed

to be entries on an 8i" x 11" observation sheet (Figure 2-1),

one column for each entry. Each observation of an event

could thus be described on one line of the sheet. When

several events or activities were observed to occur

simultaneously, their start-times could quickly be recorded

on consecutive lines, the other descriptive entries made,

and the end times easily filled in when the activity was

observed to end.

To conserve recording space, lists of categorical

items were drawn up and appropriate codes were assigned

to them for use by the observer. The categorical items

included Event, Configuration, and Other Equipment, and

schedules of these items are presented in Appendix

which contains the directions and reference sheets given

to each observer.
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The graphic data consisted of a floorplan of the

space in which an observer was to be stationed. On they

floorplan the observer would draw and name (to be keyed

to the observation sheet) each subspace in which a recorded

event took place. The space and subspace drawings were

later transferred to punched cards through the use of a

digitizer in the Cartography Department at the University

of Wisconsin.
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2.5 Selection of Sample Schools

Two types of elementary school programs were observed- -

the traditional program where one teacher ran a self-

(
:ontained classroom of from 20-40 students, and the multi-

nit program where teams of 4-5 teachers worked with units

of 150-200 students.

Three schools were selected for observation, two of

which were multiunit (Schools A and B), the other, tradi-

tional (School C). Because of the recent trend in building

open plan or pod-type schools without interior walls, the

two multiunit schools selected were of the open plan type

(see floorplans, Figures 2-2 and 2-3). Classrooms in

School. C were rectangular with dimensions of 22' x 35'

or 27' x 29'.

All of the spaces observed at Schools A, B, and C

were instructional areas ranging over grades 1-6. In

School A, the three units observed represented the equiva-

lent of grades 1-3, 3-5, and 4-6 for units 2, 3, and 4

respectively. In School B, only the units representing

grades 3-5 (area A) and 4-6 (area B) were observed. In

the traditional school, C, classrooms were observed for

grades 1-5, Two weeks of observation was done at School B

(the first of which served to acclimate the observers, not

all of whom were available each day) and one week of
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observation was made at each of Schools A and C. The

actual time spent in each space at School C was dependent

on the decision of the individual teacher as to how long

her classroom could be observed.

The operation of the multiunit schools was based on

individual unit schedules which allocated blocks of time

for general subject areas. For example, the first 30

minutes of every morning at School Atunit 4 was scheduled

for language arts activities. At School Co the traditional

school, the classrooms.each operated on their own specific

schedule with more specific activities designated at each

time period. A sample schedule for School A, unit 4 is

shown in Table 2-1, The length of the scheduling cycle at

all three schools was one weeks the only daily changes

were those representing accommodations made for physical

education, art, and music.

It should also be noted that School B was in a transi-

tion phase from a traditionally operated school to a multi-

unit school. Hence, there was a tendency for organizing

spaces and groups more on the order of the self-contained

classroom than might otherwise have been expected.
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TABLE 2-2

SAMPLE SCHEDULE FOR SCHOOL A, UNIT 4

51

8,30 Language Arts Block

9'00- 900
900-10,00

Physical Education-Group 1.
Physical Education-Group 2

10,30 Math Block

11,30 Lunch Hour

12,30 Study Hall

12,30-1,00 Music. Group
12,30-1,00 Physical Education Group
12,30-1,00 Art Group

1s00 Math Block

2'00 Recess

2,15 Language Arts Block

3015 End of Day

Entries in the second column represent activities which
take place outside of the observed space but do not in-
volve all the students. Those students which remain in
the space continue the activities in column 1. When an
activity in column 2 is completed, the group returns and
continues the activity specified in column 1.
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2 6 Collection of the Data

The actual collection of data was performed at the

three schools from April 10, 1972.to May 5, 1972 for the

. periods of time described earlier.

52

2.6.1 Orientation of the Observers

Five observers were hired, only three or four of whom

worked at any one time. Each day observers were assigned

a space and given their materials. The materials consisted

of observation sheets, instructions (including lists of

categorical items with their codes) and a floorplan. The

instructions appear in Appendix B. Prior to the first live

observation, a training session was held with each observer

and his or her part in the project was explained in detail.

The first week of observation was utilized to get the

observers accustomed to live recording of data and to

resolve problems in the observation procedure. The reli-

ability of the observers was thus established through care-

ful monitoring of the early observation results.

2.6.2 Assignment of Observers to Spaces

There were two considerations involved in assigning

observers to spaces* 1) how many observers were necessary

for a single instructional area and 2) how to avoid or

reduce possible bias on the part of the observer in record-

ing Information.
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In the former case, it appeared that for traditional

closed classrooms, a single observer could easily dispatch

his or her responsibility. The multiunit school, A, with

its large pods and often changing groupings, of students

was significantly more challenging. Recording the activi-

ties of more than 150 students instead of about 30 seemed

to be beyond what could be reasonably expected from ob-

servers. The space itself was large enough so that one

could not get accurate counts of,students and equipment

when positioned across the room.

The availability of one extra observer during the

week the study was taking place at School A provided an

opportunity to place two observers in one of the three

pods being watched, each of whom was assigned one-half

of the area. Upon inspection, the observations appeared

to be more accurate and with greater detail than those of

a single observer in the same pod. Thus it was concluded

that for large spaces, more than one observer was desir-

able.

To reduce bias the observers were rotated among spaces

observed on a daily basis. No formal analysis was made to

verify the existence or absence of bias, but spot checks of

observers' forms--especially with respect to their percep-

tions and drawings of subspaces within the observation area- -

showed a general consistency in their recording of data.
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2,7 Discussion

Since the study was interested in the physical as-

pects of activities, attention was focused on those events

which would be considered instructional entities or those

which represented the dynamics of groups. The group

dynamics data included descriptors of formation of a group

and subsequent coalescing into a larger group or the

splitting into subgroups. Furthermore, items denoting

circulation within spaces and between spaces were recorded

in an attempt to discover patterns of circulation, espe-

cially for open plan schools.

The data collection phase yielded about 3000 lines

of observations. The data, however were not as readily

adaptable to computer analysis as had originally been

thought. Some of the difficulties were due to the con-

straints of the observation form itself; some to the trans-

formations which had to be performed on the data before it

was acceptable to the computer analysis programs, and some

to the latitude given to the observers which resulted in

either inconsistent or uninterpretable data.

Because an event could be described on one line, events

starting simultaneously, such as a large group breaking up

into several separate groups and starting independent

activities, could be recorded on consecutive lines without

confusing the observer or the analysis procedure.
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Items on the sheet were arranged so that similar or

related items were grouped together (e.g., Group, Group

Type, Number of Students, Supervisory Personnel and all

the Furniture and Equipment items). In addition, the

most dynamic information was located on the left side of

the sheet so that it would be recorded immediately--namely,

time of the event. It should be further noted that the

most common furniture items, chairs, desks, tables, and

teacher's desks, were made column headings so only their

quantities had to be entered.

Of the data items recorded per line of observation,

there was little difficulty encountered in the recording

of time, group size, supervisory personnel, distraction

factor and the four pre-labelled furniture columns.

Certain kinds of events, configuration codes, and the

recording of other equipment did present some problems

in reliability, however.

Circulation events and minor changes in the makeup of

groups were difficult to record accurately in addition to

the major activity events. Appending furniture and density

designators to the configuration codes proved to be con-

fusing to observers.

One further problem in recording was evident in that

very few observations were recorded in the Other Eauipment
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column; and what was recorded tended to decrease as the

days progressed.

The aforementioned problems were at most nettlesome

and were not of sufficient import to affect the overall

objective of the observation procedure--to provide data

for modelling activities under differing educational meth-

odologies. In fact, the approximately 950 observations of

instructional activity events alone provided a sufficient

base for testing various aspects of the simulation program.

Furthermore, the instructional activities were recorded as

a set of sequential states from which it would be possible

to infer some of the circulation information; the graphic

information combined with inventories of furniture and

group sizes would allow the configuration density to be

deduced; and the obvious equipment requirements for acti-

vities (such as the likelihood of using a piano ..n a music

activity) could be arbitrarily defined.

One further problem occurred because observers were

allowed to generate their own names for locations which

they were observing. Since the observers were rotated among

spaces in a school, the same spaces and its subspaces were

renamed several times, thus requiring a good deal of effort

to rename each space and subspace consistently to allow a

computer analysis of space use in the observed schools.
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2.8 Recommendations

With a few alterations, the forms described are

adequate for recording observations of elementary school

instructional activities. A different approach will be

necessary to observe and record circulation and group

dynamics directly. The precise approach would depend on

the particular inferences which could be drawn from the

-instructional activities about circulation and group dy-

namics in the observed elementary schools.

Alterations to the observation forms would includes

Pre-assignment of names to all spaces and subspaces
observed (the observers were allowed to generate
their own names).

Deletion of the density codes since they can be
compUted from information already present on
the form.

Elimination of group names (the observers cannot keep
track of the content of groups).

Dropping the event codes designating circulation and
group dynamics information.

Replacing the "Other Equipment" columns with pre-
labelled columns specifying particular pieces of
equipment to record. Such equipment would include
TV sets, movie projectors and similar items which
could be determined to affect space use.

The above alterations would eliminate the major sources

of confusion (names of subspaces and groups), reduce sub-

jectivity on the part of the observer from having to decide

density, and make the recording of furniture and equipment
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more efficient. Of course, adoption of a new version of

the observation form would be contingent on an appropriate

field test.
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2.9 Conclusion

This chapter has described the derivation and con-

struction of an observation procedure to collect data

about the physical aspects of elementary school activities.

With some improvements, the procedure is thought to be a

viable means for obtaining data which, when used appro-

priately, can supply information for use in the development

and evaluation of school floorplans. A test of the pro-

cedure on three sample schools yielded a sufficient amount

of usable data to warrant this conclusion. The next chapter

'uses this data to develop a procedure for building models

of educational activities which would reflect the observed

activities for differing school programs.
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CHAPTER 3

Data Analysis and Results

60

3,1 Introduction

This chapter describes the analytical procedures

which were applied to data collected during the observa-

tion phase and summarizes the results. The objective in

analyzing the data was to derive the basis for a model of

educational activities.

The model consists of a set of frequency distributions

_compiled from the observed data and algorithms which operate

upon those distributions to generate schedules of activities,

distributions of students among them, and a selection of

physical characteristics which would affect the choice and

use of space,

given a schedule and an initial student population,

the objective of the simulation program is to generate

those subactivities which are likely to occur during a

block of time. Two factors are necessary to determine such

a schedule--the number of students engaged in a subactivity

and the duration of each subactivity. The actual algorithm

used to generate schedules of subactivities is described

in Chapter 4. In the following sections of this chapter

models for predicting group size and activity duration

are developed and their relationship to each other is
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examined. The remainder of the chapter describes the

modeling of the physical aspects of activities. The

information for these models was obtained from the

observations described in Chapter 2.

The other observed characteristics of activities

were compiled into tables of information referred to as

activity descriptors. These characteristics included

the physical configuration of students in a space,

furniture and special equipment used, the type of group

pursuing the activity, and a composite noise/physical

activity indicator called the distraction factor.

Prom the configuration and furniture requirements the

amount of square feet per student required for an activity

can be computed; this figure multiplied by the projected

group size yields the total square feet required for an

activity. Furthermore, a relationship between activities

can be determined as a function of the distraction factor

and can be used in deciding upon the actual placement of

activities in a space.

It should be noted that as an exploratory study, the

results presented herein should be interpreted from the

perspective of the methodology used to derive them rather

than as design parameters per se. This is due to the

sample size for schools which was too small to provide

a reliable data base.
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Because the major focus of the study was the

multiunit school, and the most consistent data was

recorded at School A which was using the multiunit plan,

a complete analysis of this school was run from which

to derive a useable simulation model. Comparisons

were made and are reported on all three schools, however,

where the quality of the data allowed such an analysis

to be done,
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,2 Developine 71odels of Activities. Group Sizes and
Durations

63

3,2,1 Introduction

Standard analysis of variance procedures were applied

to the collected data to determine major factors contribut-

ing to the sizes of groups and the duration of instructional

activities. Frequency distributions for appropriate

categories of group size and duration were then generated

for each of the significant factors found in the analysis

of variance and thus represented the computational model

2,.
utilized in the simulation. A Pearson Jc. test of

statistical independence was performed on group size and

duration to verify that the distributions could be used

to generate these properties of activities independently,

from one another.

In each statistical test the level of significance

was established at p4( .001, This conservative level

was chosen to minimize the chances of incurring a Type 1

error--rejecting the null hypothesis falsely.
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3.2.2 Establishing the Statistical Independence of Group
Size and Duration

Before the derived models of group size and duration

could be used together to simulate schedules of subactivi-

ties, their statistical independence had to be ascertained.

If the two variables were unrelated, they could be generated

from their derived distributions independently. If they

were not independent, however, a joint frequency distribu-

tion would be necessary to model them.

APearson )(2 test of association performed on the

joint frequency distribution of categories of observed

group sizes and durations (see Table 3-1), showed that

the two variables were not significantly related (d,f,=54,

DC2=49,85, P > .655).

3.2.3 Developing a Predictive Model of Group Size

To develop a predictive model of group size, an

analysis of variance was performed to discover from which

other factors there were significant effects.

The hypotheses tested were that school program,

instructional activity, and age would have significant

effects upon the size of groups.

Factors considered in the analysis were School

(2 levels), Activity (4 levels), and Age (that is, Pod)

(3 levels). Although School B was designed as a multiunit
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TABLE 3-1
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JOINT FREQUENCY DISTRIBUTION OF
CATEGORIES OF GROUP SIZE AND DURATION

Group Size

1-6 7-16 17-35 36-300 Total Columofn

5 38 31 29 14 112 11.2
6-10 47 28 44 10 129 12.0

11-15 63 38 47 9 157 15.7
16-20 38 45 28 7 118 11.8
21-25 25 25 31 11 92 9.2
26-30 34 37 50 11 132 13.2
31-35 27 15 24 8 74 7,4
36-42 17 16 23 0 56 5.6
41-45 10 11 19 1 41 4,1
46-50 7 7 5 0 19 1.9
51-55 0 4 7 0 11 1.1
56-60 8 10 11 1 30 3.0
61-65 0 1 4 0 5 0.5
66.70 2 2 1 0 5 0.5
71-75 0 5 3 0 8 0.8
76-80 1 0 1 0 2 0.2
81-85 0 0 3 0 3 0.3

,86 -90 1 1 0 0 2 0.2
91-95 1 0 2 0 3 0.3

-11t7rAL 319 276 332 72 999

CHI-SQUARE = 49.85 with 54 DID.

Probability (CHI-SQUARE > 49.85) = .6553

65
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school, it was in a transitional phase and still operating

as a traditional school with some amount of teaming.

Therefore, Schools B andC were considered to be traditional

schools and School A a multiunit school. Activities were

originally classed as Language Arts, Math, Science, Art,

Music, Social Science and Other (consisting mainly of

independent work). However, Art and Music were generally

carried on in special rooms which were not observed, while

Social Science occurred only occasionally, but not in

conjunction with all levels of the other factors. There-

fore, Art and Music were not included in the analysis

and the small number of Social Science observations were

included in the "Other" category. The variable Pod cor-

responded to a unit in a multiunit school and served to

bracket grade and age levels. The three levels in terms

of school grade were 1-2, 2-4, and 4-6, There was an

obvious difficulty in attempting to compare these units

with the more rigidly defined grade level in the traditional

school. It was decided that the best comparison could be

made by breaking the traditional school into three units

consisting of grade 1, grades 2 and 3, and grades 4 and 5..

Analysis of variance of group size revealed significant

main effects (p < .001) for school program (F(1" =

33.0 ?), activity (F(3,00) = 13,41), and the interaction of
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school and activity (F(3000) = 6,32). Table 3-2 presents

a summary of the analysis,

The interaction effect indicated that group size could

only be generated as a function of the values of the

School and Activity factors, as opposed to just school

alone,

Over all schools, (see histogram, Figure 3-1) the

observed frequency of group size decreased with increasing

size. Furthermore, a reasonable categorization of group

sizes into "small", "medium", "large", and "very large"

could be made for groups ranging in size from 1-6, 7-16,

17-35, and 35+.

For the particular model of School A, the observed

group sizes were categorized into the four levels and a

frequency table for each Activity was tabulated (see Table

3-3). These categories were further justified upon an

examination of the mean group size at each level which

fell nearly in the center of each grouping. In addition,

the distributions of group size within the category limits

were relatively flat (save for the peaks at multiples of

5).

Thus, a group size g for an activity can be chosen

by the following method. Let Ci, 1=1,4 designate the

four categories of group size with category limits Li

and U. for the lower and upper limits respectively. Let
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TABLE 3-2

SUMMARY OF VARIANCE ESmIMATES, ERROR TERMS, AND
F-RATIOS FOR SIGNIFICANT SOURCES IN THE ANALYSIS OF

VARIANCE OF GROUP SIZE

Source df MS F-Ratio

School 1 19856.16 33.07*

Activity 3 8053.09 13.41*

Pod(age) 2 4115.09 6.85

School x Activity 3 3796.12 6.32

School x Pod 2 1545.77 2.57

Activity x Pod 6 922.47 1.54

School x Activity x Pod 6 1448.57 2.41

Within Cells 898 600.4056

e

*
p <401

.

I
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p
i

stand for the observed percentage of observations for

which the group size fell into Ci . An activity is first

assigned a group size category with probability P(Ci) = pi,

Within the category, the distribution of group sizes is

assumed to be even, hence an evenly distributed random

number from L
i

to U
i

is chosen to be G , the

group size.

The reader may observe that the above computation

is equivalent to choosing a group size from a table which

lists each possible group size value and its corresponding

probability. Within the range of a defined category

C. the probability of choosing any particular group size
Pi

U Lwould be ----- . The two level computation, however,-.
i

requires less preparation and computer storage.

3.2.4 Developing a Predictive Model of Activity Duration

Utilizing the same general technique as was used in

developing a model for group size, a predictive model for

the duration of an activity was derived by determining

whether there were significant effects upon duration from

other observed factors.

The first question tested was whether activity

duration varied with school program and instructional

activity.
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As in the analysis above, Schools B and C were treated

as traditional schools and School A as a multiunit school.

Activities consisted of Language Arts, Math, Science,

and Other which included all other instructional activities.

An analysis of variance on the observation data in a

2 x 4 design (school program x activity) showed no signi-

ficant effects (p > .001) for school program, (F(1,00) =

1,47), activity (F(3,00) = 4,63) or school x activity

(F(3,00) = 3.60).

Since neither school nor activity was found to be a

significant factor, observations were collapsed across both

of these factors in developing the model for duration. Over

all activities and all schools, a histogram (Figure 3-2)

shows that the distribution of observed durations is skewed

with a peak between 15-20 minutes and a smaller peak at

30-35 minutes. The five minute interval was chosen because

upon examination of a minute by minute tabulation, most

events were recorded as taking place at a time equal to

an integral multiple of 5. Whether this was due to an

unconscious rounding off process by the observer or re-

flected a propensity for activities to begin and end at

"even" times (five minute integrals) is not known.

The peaks in the distribution at 15-20 and 30-35 would

seem to indicate that for the schools involved, a
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reasonable time for an activity might have been 15 or

30 minutes. The rapid falloff of observations of acti-

vities taking longer than 30 minutes could, perhaps,

be attributed to limits on the length of the attention

span of an elementary school age child.

Consideration of the possibility that the duration

of an activity might be different for younger and older

students led to an analysis of the effects of age upon

duration. For this test, POD was used as the factor since

the pods divided the students into three age levels, 6-8,

8-10, and 10-12. A one-way analysis of variance for

three levels of pod showed no significant effects

(F(2,°©) = .33, p > .001) .

A predictive model of duration was therefore con-

structed from the distribution of observed activity

durations across school, activity, and pod. This distri-

bution is summarized in the percentage column of Table 3-1.

To obtain the duration of an activity let Ci (1=1,20)

designate any one of the 20 categories of duration with

category limits Li and Ui respectively. Let pi stand

for the observed percentage of observations for which the

duration was of a length falling in Ci . An activity is

first assigned a duration category with probability

P(Ci) = pi . (The lower bounds of the intervals for the
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duration of the activity are chosen to correspond with

the apparent tendency for activities to last for integrals

of five minutes.) Within the category the distribution of

durations is assumed to be uniform, hence a uniformly

distributed random number from L
i

to U. is chosen

to be D the duration.

3.2.5 Discussion

A method has been presented for deriving estimates of

the group size and duration of activities under specified

elementary school programs. The method consists of

determining which of several hypothesized factors affected

group size and duration by an application of analysis of

variance. For each of the dependent variables group size and

duration, separate analysis of variance were performed for

school program, activity, and pod (grade range). For the

schools observed, the school program and activity were found

to have significant effects on group size; while duration

did not appear to vary significantly for any of the three.

Frequency distributions of group size as a function

of school and activity, and of duration for all observations

were then plotted. Neither conformed exactly to known

theoretical distributions, hence suitable categories were

chosen and frequency tables were generated for modeling

the two variables. A final test was made on the two
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variables which ascertained that for the observed data,

group size and duration were statistically independent.

Thus the models described were incorporated into the

simulation.

76
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3.3 Creating Activity Descriptors

Once a schedule of activities has been generated

from the models of group size and duration, erch activity

in the schedule can be characterized in terms of the

particular use it will make of a space. The data used

in making this characterization are referred to as activity

descriptors which provide information about four major

aspects of an activity,

1. The amount of space needed per student for
an activity

2. The nature of the activity (group or
independent, supervised or unsupervised)

3. The distraction potential of an activity
upon other activities

4. The resource requirements of an activity
in terms of equipment and furniture needs.

Each of these items is a factor which must be considered

when deciding where a scheduled activity will be placed.

The observation procedure is designed to collect information

about these items either directly, as in 2, 3, and 4 or

indirectly, as in 1, where observed space per student

can be computed by dividing the area of the space identified

in the "location" field of the observation form by the

number of students recorded in the group size field. It

should be pointed out, however, that as the actual data

collection phase of this project produced an unsatisfactory
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set of observations in the Other Equipment category,

estimates were used to provide data to the simulator for

"resource requirements" items. The following sections

detail the data reduction techniques and derive the models

for each of the four aspects of activities mentioned pre-

viously.

3.3.1 Determining Space Requirements

Two approaches to determining space per student were

employed. The first involved utilizing the observations

made of how space was actually used in the different observed

schools for different activities, Because of the dif-

ficulty in the recording of furniture used for an activity,

the configuration of students, irrespective of the actual

furniture used, was examined and related to the use of space.

The second approach involved the derivation of optimal space

per student needs based on estimated dimensions of furniture

and aisle space under the different configurations,

3.3.1.1 Observed Space Per Student

To test school designs in situations reflecting the

observed management of instructional space, a model was

derived from observed frequencies of the five kinds of

configurations described in Chapter 2, Section 2.3.1.
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The frequencies are reported in Table 3-4 for the three

observed schools. The most notable apparent differences

were the negligible use of the frontal optimal configura-

tion and the dominance of the clustered configuration in

school A.

A model of observed space per student was developed

for school A by preparing for each of the configuration

types, a table showing the frequency of observed square

feet per student for four configurations (Table 3-5).

The categories of square feet per student were chosen

from inspection of a histogram (Figure 3-3) in which observ-

ed frequency of square feet per student at school A was

plotted at intervals of two square feet. Reasonable

categories can be derived from the histogram with ranges

3-12, 13-40, 41-58, 59-100, and 100+, within which the

frequencies are fairly uniformly distributed.

Simulating observed student space needs consists of

two operations. First a configuration, CON,, (j=1 ..... 4)

is chosen for an activity according to the distribution

of observations shown in Table 3-6. Let Ci, (i=1,2, ....5)

represent the five categories of observed square feet per

studentforconfigurationCON.with lower and upper limits

L2andLu,respectively.Let pi, (i= 1,...,4) equal

the percentage of observations for which observed square
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TABLE 3-4

FREQUENCIES OF OBSERVED CONFIGURATION* BY SCHOOL

A

School

B C

FMI 37 36 12

FOP 2 82 30

Configuration

CIR 93 76 79

CLU 249 137 97

RAD 25 0 0

*Configurations area
FMI - Frontal Minimal

FOP - Frontal Optimal

CIR - Circular

CLU - Clustered

RAD - Radial

For complete description see Chapter 2, mable 2-1.

so
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TABLE 3-5

FREQUENCY OF OBSERVED SQUARE FEET PER STUDENT
FOR FOUR CONFIGURATIONS-SCHOOL A

Square
Feet
Per
Student

II

Configuration

81

0-12

FMI

17
45.95

CIR

23
24.73

CLU

59
23.69

RAP

0

0.0 riorColumn

13-40 16

43.24
35
37.63

66
26.51

6

24,50
COUNT

fr -a
A

41-58 4 11 30 8

10.81 11.83 12,05 36.00 Column

59-99 0 9 21 4 COUNT
0.0 9.68 8.43 16.00 % of Column

100 + 0 15 73 6 COUNT
0.0 16.13 29.32 24,00 % of Column
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TABLE 3-6

FREQUENCIES AND PERCENTAGES OF OBSERVED
CONFIGURATIONS - SCHOOL A

83

Percent of
Configurations* Frequency Observed Frequency

FMI 37 9.1

FOP 2 .49

CIR 93 22.9

RAD 25 6.6

CLU 249 61.3

*Configurations are:
FMI - Frontal Minimal

FOP - Frontal Optimal

CIR - Circular

RAD - Radial

CLU - Clustered

A detailed description of configurations is given in
Chapter 2, Table 2-1.
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feet per student fall into category Ci A configuration

is first assigned a square feet per student category

with probability P(Ci) = pi within the category, the

distribution of square feet per student is assumed to be

uniform, hence, a uniformly distributed random number

from L to U
i

is chosen to represent square feet

per student.

It should be noted that the observed space use figures

should be interpreted with some caution. In the large,

open spaces of school A, observations were made of as

few as 7 or 8 students occupying an entire pod (approxi-

mately 7200 square feet of space). This reflects a mis-

interpretation on the part of the observer of how much

space was actually being used. Obviously, this would

yield an extraordinarily high space per student figure.

Thus, in the data base supplied to the simulation program,

an upper limit of 150 square feet per student was establish-

ed to avoid generating an unrealistic space per student

figure for a given activity.

It is still possible to generate unrealistic space

needs, however, and so the use of observed space use

figures is not recommended.

3.3.1.2 Optimal Space Per Student

An alternate method for modeling required space per
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student was developed for the purpose of providing more

consistent information to school designers about space

requirements. The optimal space figures are based on

the dimensions of furniture in an activity, a scaled

representation of each type of furniture into one of

the five configurations, and the measurement of space

used therein.

Four furniture items were considered in the model and

their dimensions computed on a per student basis (Table

3-7A). These items were chairs, desks (including chairs),

tables (including chairs) and a no furniture designation,

since many observations were made of students arranged in

configurations on floors in front of blackboards or around

some area of interest but using no furniture. Added to

these dimensions were figures representing computed aisle

or circulation space associated with each of the configura-

tions (Table 3-7B). For the radial and circular configura-

tions, estimates of the circulation space required per

student were based on scale drawings.

In Table 3-8 the computed optimal square feet per

student figures are presented. For the FMI, FOP, and CLU

configurations, the computation of square feet was as

follows

SQ. FT. = (FL+AF) (FeAs)
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TABLE 3-7A

OPTIMUM DIMENSIONS

Dimensions of Furntiure Items Used on Per Student Basic

Length Width

1. Desk (including chair) 3 ft. 2 ft.

2. Chair only 2 ft. 2 ft.

3. Table (including chairs) 2 ft. 4 ft.

4. No furniture 2 ft. 1,5 ft.

TABLE 3-7B

Aisle Space or Circulation Space Per Configuration*
Per Student

Square Ft.
Front Side Estimate

1, FMI 2 ft. --

2. FOP 2 ft. 2 ft.

3. RAD MO 411 18 sq. ft,*

4, CIR MO 4111 MD 16 sq. ft.*

5. CLU (assuming 4 desks
per cluster)

4 ft. 4 ft.

*
Configurations area FMI - Frontal Minimal

FOP - Frontal Optimal
CIR - Circular
CLU - Clustered
RAD - Radial

For complete description see Chapter 2, Table 2-1.
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TABLE 3-8

COMPUTED OPTIMAL SQUARE FEET PER STUDENT

Configuration FMI FOP RAD CIR CLU

Desk 10 20 24 22 42

Chair 8 16 22 20 36

Furniture

Table 16 32 26 24 48

No Furnituie 6.0 14.0 20.25 18.25 30.25

*These are rough estimates derived from plotting each of
these configurations to scale for groups of 20 students
computing the total area and dividing by 20 to yield an
average per student space allocation.
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where FL and F
w

are the length and width of a

furniture item (in feet) respectively (Table 3-7a);

AF and As represent front and side aisle space (in

feet), respectively (Table 3-7b),

For radial and circular configurations the computation

is

SQ, FT. FL Fw C

with F
L

and F as before and C e the circulation space

estimate for a configuration given in Table 3-9b.

Given the square feet per student designation, the

simulation proceeds to select an appropriate area in

three stages, First, for a particular activity, a

furniture item is chosen. This choice is based on

estimated frequency distributions of furniture types for

each of six activities; art, language arts, math, music,

science, and other (Table 3- 8). (The distributions are

estimated because furniture was not consistently recorded

on the observation sheet. Then, a configuration type is

selected as in the procedure for determining space needs

($ection 3.3.1.1). Finally, given configuration and

furniture, Table 3-9 is entered and the square feet per

student designation is extracted,

3.3.2 Determining the Nature of the Activity

A second characteristic of an activity which could
la
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TABLE 3-9

ESTIMATED PERCENTAGE DISTRIBUTIONS OF FURNITURE USED IN
INSTRUCTIONAL ACTIVITIES

Furniture
Type

Desk

Table

Chair

Nofurn

Activity

89

ART LARTS MATH MUSIC SCIENCE OTHER

40,0 40,0 50.0 5.0 30.0 40.0

40.0 25,0 45.0 2.0 60.0 30.0

0.0 20.0 0.0 80.0 5.0 10.0

20.0 15.0 5.0 13.0 0 20.0
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be used as a constraint in the selection of an appropriate

apace in which to conduct the activity was defined to be

the nature of the activity. This characteristic was a

composite of two observed features of an activity, namely,

whether or not the students were working individually and

whether or not they were under some supervision. The

major effect these features would have on the choice of

a space is that for a group of students, under supervision,

working as a group, the space should be convex to allow a

line of sight between any two students.

Since there were only four cases, a joint

frequency table was generated for the two features so

that they could both be obtained in one operation. Table

3-10 shows the observed frequencies and their associated

percentages.

To obtain the nature of an activity, a number between

1 and 4 is generated according to the frequencies in the

table and the associated pair denoting individual work and

supervision is assigned as a characteristic of the activity.

3.3.3 'Determining the Distraction Factor

The distraction factor (DF) was a number from 1 to 4

with which observers attempted to categorize the potential

an activity had for distrubing an adjacent activity assuming

there were no intervening walls. It was based on the
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TABLE 3-10

JOINT FREQUENCY PERCENTAGES OF GROUP TYPE AND PRESENCE
OF SUPERVISORY PERSONNEL

91

Percent of
Group Type Supervisory Personnel Observed

Frequency

Group

Group

Independent

Independent

Yee

No

Yee

No

59.39

13.45

16.24

10.92

TABLE 3 -11

FREQUENCY AND PERCENTAGE OF OBSERVED
DISTRACTION FACTOR BY ACTIVITY

Activity

ART LARTS MATH

D Count 28 279 62
i
s
t f

1
% Col

Count

52.83

14

61.9?

125

44.93

44
r aac
c t

2 % Col

, Count

26.42

11

27.96

40

31.88

2?
t o
it
o

) % Col

Count

20.75

0

8.95

5

19.57

5

n
4

% Col 0.0 1.12 3,62

Total
Count 53 447 138

SCI OTHER

53 98 .-

54.64 52413

30 48
30.93 25.53

12 41
12.3? 21,81

2 1
2,06 .53

97 188
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observer's judgment of the amount of noise and physical

action involved in the observed activity. In determining

the placement of an activity into a space, the assumption

Would be that high distraction activities should be located

away from other, ongoing activities.

Assuming that the distraction potential of an activity

was independent of school program, and that the DP was

recorded consistently, a frequency table was generated

for instructional activities using data from all three

schools observed (Table 3-11). For the class of activi-

ties observed, the results showed an ',mooted concentra-

tion of low distraction potential values.

A distraction factor is assigned to an activity

according to the observed frequency distribution.

3.3.4 Determining the Resource Requirements for an Activity

The final characterization of an activity consisted

of a specification of equipment required for efficient

functioning of the activity. The model was to be based

upon the observed use of eqqApment, however, as stated

earlier, what information was recorded was of little use.

Nevertheless, to assign an activity to a space, it was felt

that the resources of the space should, if possible, satisfy

the requirements of the activity. Therefore, frequency

distributions of equipment were estimated for six activity
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types--Art, Language Arts, Math, Music, Science, and Other.

For each activity, the thirteen equipment categories and

their probabilities are shown in Table 3 -12.

Again, the method for choosing an equipment item for

an activity is to pick an item according to the frequency

distribution of items for that activity in the table.

3.3.5 Discussion

Methods for modeling four characteristics of an

elementary school activity have been presented. Two of

them, the nature of an activity and the distraction poten-

tial were derived from data collected during the observation

phase of this research. A third, resource or equipment

requirements was estimated. The general paradigm was to

generate tables depicting the frequency distributions for

a set of factors and then to select factors with a proba-

bility reflecting the derived frequency percentage.

Two models were proposed for the fourth characteristic,

square feet per student per activity. This was to allow

a designer to choose whether a simulation should be con-

ducted under optimal conditions or whether it should reflect

observed space use. The answer depends on the use to which

the simulation will be put. The optimal figures could be

used in determining basic space needs and thus in establish-

ing lover bounds on size in the design of classrooms or
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TABLE 3-12

ARBITRARY PERCENTAGE DISTRIBUTIONS OF EQUIPMENT
USED IN INSPRUCTIONAL ACTIVITIES

Activity

ART LARTS MATH MUSIC SCIENCE OTHER

BLACKBOARD (BB)

PORTABLE
BLACKBOARD (BP)

RECORD PLAYER (RP)

TAPE RECORDER (TR)

MOVIE SCREEN (MS)

MOVIE PROJECTOR (MP)

SLIDE PROJECTOR (SP)

FILMSTRIP
PROJECTOR (FP)

TELEVISION (TV)

RADIO (RA)

EASEL (EA)

SINK (SI)

PIANO (PI)

05.00 50.00 70.00 05.00

05.00 15.00 10.00 05.00

0.0 05.00 0.0 20.00

0.0 05.00 0.0 10.0

0.0 05.00 0.0 0.0

0i.00 0.0 0.0 0.0

02.00 0.0 0.0 0.0

o.00 u.0 u.o 0.0

0.00

0.00

20.0.

20.0

0.0

05.0 15.0 05.0

05.0 0.0 05.0

0.0 0.0 05.0

0.0 0.0 05.0

0.0 0.0 45.0

65.00 10.0

05.00 10.0

0.0 05.0.

0.0 10.0

08.0 0.0

06.0 0.0

0.0 0.0

11.11 15.0

0.0 05.0

0.0 05.0

0.0 0.0

05.0 0.0

0.0 0.0
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open-style pods. It must be remembered, however that the

actual space utilized and the space necessary to carry on

an activity may be substantially different, As was

mentioned previously, in a spatial environment such as

that of School A an activity may be perceived as occupying

7200 feet of space even though only 7 or 8 students are

involved. Since the simulation program will generate

such space needs, it is recommended that optimal space

figures be used for most applications.
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CHAPTER 4

Simulation Technique

4.1 Introduction

In this and the following two chapters the techniques

used to simulate educational activities on a proposed

floorplan are described. The current chapter presents

an overall view of the system, then describes significant

aspects of the flow of information from a functional

perspective,

4.1,1 System Design

The entire simulation system is portrayed in Figure

4-1, The data collection and analysis phases have been

described earlier. In addition to the activity descrip-

tors, a floorplan, a schedule of activities, and a set of

simulation parameters must be provided to the simulator

which, as it proceeds, produces data pertaining to the

utilization of space.

The simulator itself is described from a functional

perspective in Section 4.3, The description details the

f/ ow of data through the system and provides the overall

logic incorporated into the simulation. Succeeding sec-

tions describe in detail the parameters to the system,

other inputs (the school floorplan, and the block schedule),

control structures, and the outputs. Algorithms for



generating characteristics of activities and detailed

schedules are also presented.

r
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4,2 Some Preliminaries

Preliminary concepts and processes basic to any

simulation and their employment in this one are presented

in this section. For more detailed information the reader

is referred to bibliographic reference

of the following discussion is drawn.

A computer simulation is a technique for performing

and analyzing experiments on a model of a real system. It

can be a costly way to do experiments and often requires a

lengthy period of time to develop, but it provides the

experimenter with a flexible method with which to test

alternatives, combine many factors, and get the benefit of

rapid feedback. In the specific area of school architec-

ture, the ability to test the functionality of a design

before building the facility could, theoretically, provide

a great cost benefit.

A system can be discrete or continuous. A discrete

system is one in which all changes in the state of the

system are assumed to happen at discrete moments in time;

a continuous system is one whose components are under

continuous change [18j. It is the model of a system

which determines whether the system which is to be simulat-

ed may be stochastic or deterministic, If it is deter-

ministic, then for a particular state a given input to
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the system will result in a particular known output. For

a stochastic system in a certain state, a given input can

result in one of a range of outputs whose distribution

may be known, but the exact response to the input would

be otherwise unpredictable.

A digital computer is an example of a deterministic

system. From the description of the current state of the

system and specification of the next input, the succeeding

state may be derived. Games of chance such as poker or

craps, are stochastic. Nothing about the previous.throw

of a pair of dice, for example, provides a clue as to the

results of the next throw; the range of values and their

distribution, however, is well known.

The system modeled in this thesis, a complex of

educational activities, is stochastic and discrete. A

stochastic model of the system was presentedciin the last

chapter vis-a-vis distributions based on observations of

elementary school activities. The system is discrete be-

cause changes in the system can be completely specified

at those moments in time when there is a change in the on-

going activities according to a generated schedule.

Two possible approaches can be employed in the imple-

mentation of a simulation with respect to the chronology

of the set of'events taking places a critical event



approach or a time - slice, approach. The critical event

method describes a sequence of events as a causal chain

and reports the state of the system at each new set of

events between the starting and ending event. Using the

time-slice method, the state of the system is sampled at

specific, usually regular, intervals of time, and is

modified to reflect the effects of new or changing activi-

ties in the system taking place over the preceding time

interval[22],

The simulation described in this thesis utilizes a

time-slice approach, stepping through a schedule of activi-

ties at regular intervals of time and updating the state

of the system based on the current set of activities in

process.

One final aspect of simulations which is of importance

is the simulation parameter. A simulation parameter is

a variable which describes some characteristic of the

environment of a system and which can be specified at the

outset of a simulation run: For example, the simulation

of the performance of a time-sharing operating system would

likely have as a parameter, the size of the high-speed

memory available to the system.

A simulation can have several parameters. The ability

to change the values of parameters and see their effects
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provides the user with a flexible, informative way of

assessing the performance of the simulated system.
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4.3 Functional Description

The simulation system described in this section

consists of a controlling routine and a set of subroutines

organized as shown in Figure 4-2. The controlling routine

reads the input parameters and accesses the appropriate

set of activity descriptors for modelling the specified

school program. A proposed floorplan in tree-structured

form is then input along with a list of names for spaces

and subspaces on the plan (the representation of the

floorplan is discussed in detail in Chapter 5). For each

space and subspace, the area is computed; then the entire

list of spaces is sorted into ascending order on area.

The program which computes the area of spaces (see Appendix

C) can also set an indicator showing whether a space has

any concave vertices.

For each classroom or unit (depending on school organi-

zation) a "block" schedule is input. A block schedule is

one in which a school day is divided into four or five

blocks of time, up to two hours each, during which a major

subject area is pursued. Concurrent, specialized activi-

ties such as physical education or workshop, which would

take place in other designated spaces can also be specified

on the block schedule, an example of which is shown in

Table 2-1.
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From the block schedule, a detailed schedule of

activities is generated. The detailed schedule subdivides

the blocks of time allocated in the block schedule into a

set of subactivities in such a way as to reflect grouping

practices employed by schools using differing method-

ologies and incorporates a model of activity duration

as described in the previous chapter.

Each activity in the detailed schedule is assigned

an Activity Control Block (ACB) which is one of the central

logical structures accessed and utilized by the simulation

program. A detailed description of the ACB is provided in

Section 4.6. For now, it suffices to know that the sched-

uled starting and ending times of an activity and its group

size are among the data stored in each ACB when it is

initialized.

Once all of the initiall4aidoet processes have been

completed, the controlling program calls a subsystem of

programs which perform the actual simulation (see Figure

4-1). The simulation proceeds using a time-slice approach

whereby time is initialized at the earliest time on the

input schedule and incremented by regular amounts until

the end of the schedule is reached. At each interval of

time the detailed schedule is scanned for all activities

which are beginning, in process, or terminating, and

compiles these into separate lists.
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The terminating activities are processed first.

Their resources and students are returned to their re-

spective eligibility pools and the spaces which they, oc-

cupied are flagged as available. Next, the activities

scheduled to begin are processed. Specific students are

chosen from the pool of available students and assigned

to each activity according to the previously computed group

size in the ACB.

In assigning students to activities, the assumption

is that the selection of any given student for an activity

is a random process. Each activity scheduled to begin has

been assigned a group size by the detailed schedule

generator. The available student pool initially consists

of all the students in the school and is subdivided to

reflect the assignment of students to units,. pods, or

homerooms as the case may be. At any subsequent period,

the pool consists of the union of any previously unassigned

students and those students compiled from the list of

activities terminating at that period. Each student is

also assigned a number from 1 to n where n is the total

enrollment in the school. Students assigned to a par-

ticular unit are represented by a set of contiguous numbers.

Thus to assign a student to a group in an activity, a

uniformly distributed random number is generated within
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the range of student numbers of the appropriate unit

and that student is assigned to the activity.

Each activity is then assigned characteristics re-

flecting the information contained in the file of activity

descriptors. These characteristics includes 1) space per

student needs, 2) the type of furniture to be used, 3)

equipment needs, 4) a distraction factor, and 5) a group

type indicator specifying.whether a group is working as

a group or as individuals and whether the group is super-

vised or unsupervised.

When the activities have been completely characterized,

the program assigns activities to spaces in such a way as

to find a reasonable fit between the activities and the

spaces whiSh are available for them. At this time the

lists of new activities and the activities in progress are

scanned and space utilization figures are compiled. At

the end of the simulated day, all the space utilization

figures plus other compiled- in-f6rMation it output for

analysis; the school designer can then modify the design,

if appropriate, and restart the simulation.

The assignment of activities to spaces is a particular

instance of the linear programming "assignment problem".

A formalization of this problem and the method employed

in the simulation to deal with it are presented in Chapter

6. The succeeding sections of this chapter provide the
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details for .the functional specifications presented thus

far. First, the parameters and input files are described,

followed by a description of the algorithm.

i
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4.4 Parameters to the Simulation

There are four basic parameters which must be defined

for the simulation program. These are SCHOOLTYPE,

ENROLLMENT, MODLENGTH, and SPACECALC. SCHOOLTYPE designates

the school program which is to be simulated and directs

the program to use a data base consisting of scheduling

information and activity descriptors derived from the

observation of similar.programs, ENROLLMENT specifies the

number of students in each pod, unit, or independently

organized room to be assigned to an initial pool of avail-

ability for use by the simulation. MODLENGTH is the unit

of time the simulation program will use to define its time-

slice interval. By specifying a larger unit of time for

MODLENGTH (e.g., 15 or 20 minutes), the scheduler can

be made to generate schedules resembling modular schedules;

whereas the selection of a smaller interval such as 5

minutes will result in more variable schedules. Finally,

the SPACECALC parameter declares whether the- program will

use optimal or observed space per student figures in its

computation of space necessary for activities.
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4,5 Other Inputs to the Simulation

111

4,5,1 School Floorplan and Space List

In addition to the simulation parameters, the simula-

tion takes as input a school floorplan which defines the

environment for simulated activities, Ideally, this process

would be totally interactive, however, as a prototypic

system, such a capability has not been implemented.

Currently, a floorplan--specifically the instructional

spaces on the floorplan--are defined by a set of x, y

coordinates specifying a set of vertices of the space,

and punched onto cards. A mechanical digitizer owned by

the Department of Cartography at the University of Wisconsin

and connected to a keypunch machine it utilized to prepare

the punched card input for the computer. Non-circular

spaces are defined by a set of n points (xi,yi), (i2=1,2,

.6. ,n) which are recorded in counterclockwise order.

Circular spaces are defined by a center point and a point

on the circumference. As many points as are necessary may

be used to define a space completely, and there is no

restriction on the shape of a space. Preceding each card

or set of cards containing the x, y coordinates of a

space is a card with a name which is to be assigned to

the space, and the number of coordinate points used to
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define the space. To complete the description of the

floorplan, a list of the spaces must be prepared which

defines the space-subspace relationship between the

spaces on the floorplan. Accompanying each of the lowest

level subspaces -those spaces which are not further broken

down--is a list of furniture and equipment.in the sub-

space,

4,5,2 Schedule

A schedule such as was described in Section 4,3

and depicted in Table 2-1 is read for each unit, pod, or

classroom in the school which is to be simulated. The

schedule provides a guide to the subactivity shcedule

generator which is explained in Section 4,
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4.6 The Activity Control Block

Each activity generated by the scheduler is assigned

an Activity Control Block (ACB). The contents of an ACB

reflect the current status of an activity as well as some

ancillary information. One of the two major logical data

structures in the simulation system, the ACB is central

to the decision making processes involved in simulating

the assignment of activities to available spaces. The

ACB is shown in its entirety with its relationship to

some-subsidiary data structures in Figure 4-3, Following

is a detailed explanation of each entry in the ACB.

ENTRY

Activity Number

Start Time

End Time

Status

End of Schedule
Indicator

Area Required Total area in square feet required
for this activity

An index to the entry in a table
of activity names which designates
the activity this ACB represents

The scheduled starting time for
this activity

The scheduled time of completion
for this activity

Tells whether or not an activity
has been activated and given a
locations 1 = not assigned

2 = in process
3 = assigned

A "1" indicates end of schedule



Student Pointer A pointer to a list which is a
string of binary digits. If the
nth digit is a "1", then student
n has been assigned to this
activity

Number Assigned The number of students assigned
to the activity

Name of the space to which activity
is assigned

Configuration of students' in the
space

Location

Configuration

Nature

Distraction Factor

Space'Pointer

_Furniturt and
Equipment Vector

Furniture and

Priority
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Nature of the activity--supervised
group, unsupervised group, super-
vised independent work, unsuper-
vised independent work

The numeric designation of the
distraction factor assigned to
this activity

A pointer to a list of potential
spaces, to one of which this acti-
vity may be assigned. Each entry
in the list contains the name of
the space and a score which re-
flects the degree to which that .

space can satisfy the requirements
of the activity

A 96 place vector, each position of
which represents an item of furni-
ture or equipment. The value of
each position is a 0 or 1. A 1
indicates that the activity re-
quires the item represented by
the position in which the 1 appears.

A pointer to a table which lists the
quantities of each of the furniture
and equipment items denoted by the
furniture and equipment vector.

The priority of an activity. It
is used by the assignment algorithm
to determine an ordering in which
activities will be processeakfor
assignment. (See Chapter 6;)
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4.7 Generatinz Charasteristics of Activities from
Frequency Distributions

From the analysis of observation data described in
P

the previous chapter a set of tables was prepared which

represent the distributions of the values of activity

characteristics. The values of characteristics were

categorized as one of two types, range values and explicit

values. Group size is an example of a characteristic

which was defined as a set of ranges, namely, 1-6, 7-16,

17.;35, and 35+. Distraction factor is a characteristic

which is divided into distinct values, (1, 2, 3, and 4).

The frequency distributions, therefore, reflect the percent-

age of times a category of a characteristic was observed,

whether it was a range or an explicit value.

For use in the simulation proeram, each of the fre-

quency distributions derived in Chapter 3 was transformed

into a cumulative frequency distribution. Accompanying

each distribution is a list ranges or values the char-
_ _

acteristic will take at each frequency.

For each value, N, to be generated for a characteristic,

the following algorithm is used.

Algorithm SIMFIN

Given a table of n ranges or explicit values CAT,

defining a characteristic for an activity and a cumulative



frequency distribution FREQ defined at each entry of

CATI

1) Generate a random number K between 0.0 and
1,0, Set K = 100*K.

2) Initialize i to 1.

3) While K > FREQ[i] set ilmi+1. (If i > n,
set NI- -1 and return.)

4) If CAT is a set of explicit values, set
N4- CAT[i] and return.

otherwise

5) Set N4- a random number between CATL and

CAT
U'

the lower and upper limits of the range

of the values for the category and return,

In Step 1 a standard random number generator is

used to produce K, a uniformly distributed random number

between 0 and 1 which, when multiplied by 100 can be

compared against the percentage stored in FREQ--a table

containing the cumulative. frequency percentage at each

category of the characteristic to be simulated. Step 3

performs the comparison until K is less than the itIr

value in FREQ or the end of the table has been found.

At this point, the following holdst

Assume FREQD1, 1< j < n+1 is the entry in FREQ at

which the comparison in Step 3 stopped, Then

PjI=FREQ[ji - FREQD-11 is the percentage of

frequency of category CAT[jl of the characteristic
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being simulated by virtue of the fact that the

entries in FREQ represent the cumulative frequencies

for the characteristic. Since 100*K is a uniformly

distributed random number and 0< FREQ[11:5 100 for

ixtlen, the probability that K will fall between

FREQ[ i1 and FREQ[ i -11 is pi=FREQ[ij - FREQ[ i -11.

CAT[j] will therefore be chosen with probability

pi. Thus the algorithm chooses categories of

characteristics at the same relative frequency

which they were observed. .

At Step 4 the algorithm tests whether the category

represents a range or an explicit value. In the latter

case, the algorithm terminates with the value of the

chosen category, For the former case, Step 5 is invoked

to generate a uniformly distributed random number K

such that CATI:;SK5CATu which is returned as the value

of the algorithm,

----Finally, in the -evrewt-that-in Step 3 i)n-,--the--algoa,

rithm terminates with an indication that no value was

assigned, This is possible, for example, where an activity

uses equipment 45 percent of the time, hence, the highest

value in FREQ is 45.01 any number K greater than 45.0

indicates no equipment is to be assigned as a requirement

for the activity,
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4.8 Generating Schedules

Preliminary to the main process of the simulation,

the block schedule which has been input is processed to

yield a detailed schedule of subactivities which will take

place during each major block of time, It is the schedule

of subactivities, each with its own ACB, which is processed

during the simulation phase and about which pertinent data

is collected and analyzed. The generation of this schedule

includes the assignment of a group size and a duration to

each subactivity based on the data collected for the .

school program to be simulated.

The major assumption underlying the generation of

detailed schedules is that the schedule of activities for

a given elementary school program is a stochastic process

which can be modeled independent of the reasons for which

a given activity might be scheduled by a teacher or team

of teachers at a given time and with a given group of

students. -'that is, it-- -is possible to predict the occur-

rence and certain aspects of an activity in the same way

as it is possible to predict the liklihood of an auto-

mobile accident--where it might occur, and under what

conditions--by having a statistical model of the occur-

rences of such events.
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4,8,1 An Algorithm to Generate Schedules

Under the stated assumption a reasonably simple algo-

rithm has been derived for generating schedules of sub-

activities, Inputs to the algorithm area

1) MODL--a parameter to the simulation which states
the value of the time-step interval

2) NS--the number of students

3) GFREQ--for the school program to be simulated, a
cumulative frequency distribution of group size
for each activity to be simulated

4) DFREQ--a cumulative frequency distribution of
activity duration

5) ACTBLK--a block schedule

6) STTIME--the starting time for the schedule

The result of executing the schedule generating algo-

rithm is a set of ACB's each of which is a 19 word record

stored contiguously into the array ACTSCH. Each ACB will

contain the activity number, its start and end time, a

section number (to differentiate subactivities from one

another) and a group size.

Algorithm SCHGEN--the schedule generator

1) (Initialize) Set NSAV I-- NS, T 4- STTIME, NDX 1,

la) (outer loop) while NSAV > 0 do Steps 2-6 (Generate
subactivities until number of students available
is 0.)

2) (Initialize inner loop) Set K4-- index of next
available ACB in ACTSCH, SECNO next available
section number for this activity.
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3) (Check for end of block schedule)
IF ACTBLK[NDX1=A.terminate. (A. is an end
of data indicator.)

4) (Get a group) CALL SIMFRQ with GFREQ, the
frequency distribution of group size for activity
of ACTBLK[NDX1. Set ACTSCH[K+MA1-minimum (GS,NSAV).
(ACTSCH[K+MA1 is the maximum assignable number of
students for this subactivity. GS is the group
size generated by SIMFRQ. NSAV is the number of
students left in the available student pool.
Whichever of GS or NSAV is least is assigned
to the ACB. Set NSAV.NSAV-ACTSCK[K+MA1. (Update
NSAV to show current number of students available.)

5) (Get a duration) CALL SIMFRQ with DFREQ, the
frequency distribution for activity durations.
Set TIMLEN 4- result of SIMFRQ.

6) (Adjust duration and enter into ACB). Let TDIFF
difference in minutes between proposed ending

time of subactivity (based on duration computed
in Step 5) and ending time of the block. If
WDIFF<MODL or mDIFF 0, set TIMLEN=TIMLEN+DIFF.
(If either of the two above conditions hold, have
the activity terminate at the end of the block.)
Otherwise,
Set TROUNIK((TIMLENPODLl*MODL)*2/MDL1
(TROUND now equals 0 or 1 depending on whether
the duration mIMLEN was longer than I4ODL /2
minutes past the last integral mod of time.)
Then set TIMEN4-(ITIMEN/1%!ODL1+TR0UND)*1:10DL.
(This adjusts 'MIEN to the nearest integral
MOD of time.) Finally, if TIMLEN*0 at this point,
set TIMLEFA-MODL so activity cannot take zero time.
After adjustment, store beginning time, end time,
and section number into ACB.

7) (Step time to next integral mod)74-T+MODL, If
T > end time of block then, set SECNO.-01
NDX4 next block in ACTBLK. Otherwise proceed
to Step 8.

8) (Collect students released from subactivities
ending at time T) NSAV4-NSAV+sum of students in
terminating subactivities. Return to Step 2.
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This algorithm generates activities or subactivities

at a given time T until there are no more students

available. It then steps to the next unit of time within

the current block, collects the students out of terminating

subactivities and creates new subactivities from this pool

of students, Each time an activity is generated, its

duration is also calculated. Both group sizes and dura-

tions are based on the models derived in Chapter 3.

The inputs to the algorithm are for the mostpart self

explanatory, however, the MODL parameter deserves some

additional mention. Varying the MODL parameter serves

two purposes. It determines the number of times the

simulation collects data about the status of space use in

a simulated school, and it also has an effect on the

regularity of a schedule of subactivities. What is meant

by regularity, is that there will be a greater tendency

for activities to all start and end at the same time

whenMODL is large than when it is small. The reason

for this is that when the algorithm generates a duration

for an activity, it rounds to the nearest integral "mod"

time boundary. Thus, for larger values of MODL, schedules

look more like those which would occur in a modular

scheduling system, whereas for small values, a more flexible,

variable schedule is generated.
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4.9 Outputs from the Simulation

Outputs from the simulation consist primarily of

space utilization data. Of course, how spaces are used

in the simulation, depends on the method by which a given

space is assigned to a particular scheduled activity.

Details of this procedure are given in Chapter 6.

Preliminary to the space utilization figures, the

following information is presented to define for the user

the conditions of the simulation*

The parameters for the simulation

A list of spaces in the proposed floorplan design
and their areas

The block schedule

The schedule of subactivities generated from the
block schedule

The parameters are simply those which the user

provided as is the block schedule. The areas of the

spaces on the input floorplan are computed and presented

for the designer's convenience. The schedule of subacti-

vities will vary according to the simulation parameters

and is a major input to the active simulation phase of

the program.

Specific space utilization data is collected and/or

computed during each time step, and at the end. of each

simulated day. Following is a summary of outputs:
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1, The activity name

2. The activity start and end times

3. Number of students assigned to the activity.
(An optional listing of students by student
number is also available.)

4, Furniture and equipment requirements

5. The nature, configuration, and distraction factor
assigned to the activity by the simulation program

6. Area of the space required by the activity

7, Name of the space assigned to the activity

8. Furniture and equipment inventories of the
space

9. Area of the space assigned

10. Percentage of the space utilized by the activity

Following the list of scheduled activities the

percentage of space in use of the total available in-

structional space is computed for each time step. At

the end of the day, the percentage of use of each space

in terms of the total amount of time it was available

is output.

The three computations of percentage of space utilized

are made according to the following formulas:

1. Ratio of space required to space utilized by an

activity--PA(S)

'Let AR = area of space required by the activity,

As = area of space assigned to the activity.

Then PA(S) = AR/As.



2, Percentage of total instructional space in use at
each time step--PT(S)

Let n = number of activities in progress at a
given time step

A = Area of space assigned to the (1,i:n)
S

.th

i activity in progress during this time
period.

A
T

= Total area of instructional space avail-
able.

n
Then P

T
(S) = :g A /A

1=1
S
i

/Am

3. Percentage of time a space is in use of total
amount* of time available --Puse(S)

Let MT = total number of instructional mods in
4 the daily schedule

M = number of instructional mods space j

was in use during the day

Then PUSE(S) = MT/Mj .

With the outputs provided, a school designer can

evaluate the way the spaces he has designed will likely

be used. Using his own values as to what those figures

should be, he can adjust, if he likes, the floorplan,

the schedule (by varying the MODL parameter and/or the

enrollment parameter), school program and check optimal

or observed space needs to see their effects before

*The amount of time is given in units of value MODL, the
time interval parameter. This is because if a space is
in use, it is assigned for.an integral number of modS.
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deciding upon a final desizn. Some examples of the use

and output of the program are given in Chapter 7.
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4,10 Summary

A functional description of a system which simulates

elementary school activities and analyzes their impact

on instructional space has been presented. The major

logical control structure, the Activity Control Block,

was described, and algorithms for generating schedules

and simulating characteristics of activities were given.

Finally, a list of outputs from the system and their

computations, when appropriate, were shown.

In the following chapter, details of a data structure

to represent school floorplans are presented. Chapter 6

describes the algorithm which makes assignments of

scheduled activities to spaces,.and some examples of the

use of the program are given in Chapter 7,
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CHAPTER 5

An Approach to the Representation of
Floorplan Problems

.101 Introduction

This chapter gives a detailed description of a

spatial representation for school floorplans. In the

previous chapter, the activity control block was pre-

sented--a structure which simultaneously representa the

state of an activity and its scheduled occurrence. In

the simulation, cnce a schedule of activities has been

generated and their characteristics computed, a process

of finding appropriate space for activities is initiated.

This process, explained in detail in Chapter 6, attempts

to satisfy a set of requirements and constraints posed by

the set of activities. The ability of the program to

assign spaces which comply with the requirements and con-

straints of activities is in part dependent on the accessi-

bility of that information about spaces which pertain to

these criteria.

Additional consideration must be given to the fact

that in a constantly changing environment. such as an

elementary school, spaces are assigned and released quite

often. Simulating this kind of situation requires accurate

accounting of what spaces are available and at what times.
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Furthermore, because of the observed tendency of teachers

to subdivide rooms and spaces to accommodate groups, the

assignment of a particular space may make its subspaces

and/or the hierarchy of spaces containing that space

unavailable. This, too, must be reflected in the spatial

representation.

In light of the given reasons and others which will

be described later in this chapter, a tree structured

representation of floorplans has been developed. One

particularly convenient aspect of this representation is

that it accurately reflects the space-subspace relationship

Cited earlier.
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5.2 Criteria for FloorDlan Representation

5.2.1 General Requirements

The purpose of a representation for floorplans is

not simply to represent the shape of a region and spaces

within it. In fact the representation provides kccess,

either directly or indirectly, to various properties of

a space which are essential to solution of a design prob-

lem. Problems which require such representations either

attempt to design floorplans or to enter objects into an

existing floorplan all under a set of well defined con-

straints.

Some general statements can be made about the require-

ments of a spatial representation. In particular there

are five primary properties of space which are of interest

and which should be accessible from the representations

1. Dimensions

2, Adjacencies

Location

42-Distances

5. Orientation

Each of these properties relates to processes which

attempt to resolve problems concerning relative locations

of space and constraints on the size, and/or orientation

of spaces. For object placement, the addition of an
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object description and representation of requirements

and constraints for such placements are necessary to the

problem solving process.

The actual representation of the five properties can

take many forms. Some may be derived from others, such

as, for exampleladjacencies'from location. All may be

derived from a list of coordinates for every space depicted

on the floorplan. What goes into the final representation,

however, is in large part attributable to the application

to which the representation will be put,

5.2.2 Criteria for a Representation for School Floorplans

In this research, a major problem is a form of object

placement--namely, the placement of activities into space.

Conversely, the problem can be viewed as an assignment

problem--the assignment of spaces to activities, the

appropriateness of which is crucial to the validity of

the space utilization data compiled by the simulation.

A secondary problem is incurred in the housekeeping activity

which must be performed to insure that the assignment and

release of spaces are properly reflected in the structure.

Educational activities are the "objects" in the system

being described and are considered to be shapeless or

amorphous; although their need for space is, in part,

derived from the configuration they will take. As
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described, the Activity Control Block is the representation

for an activity and outlines its spatial requirements.

These requirements are a) two types of resourcesi space

and equipment, and b) constraints *which include the schedule

of activities competing for space, location relative to

other activities, and shape considerations--in particular

the requirement for a line of sight between any two points

in the space constraints the shape of a space.

Four criteria for a spatial representation for school

floorplans from these requirementss

1. Properties of the space--dimensions, area, and
shape, must be available. (An activity may not
have a shape per se, but it may have a require-
ment which constrains the shape of the space to
which it should be assigned.)

2. Resources of the space should be available in
terms of the inventories of furniture and equip-
ment contained in the space.

3. The space-subspace relationship should be built
into the structure to facilitate keeping track
of the assignment and release of spaces to and
from activities.

4, Proximity relationships with other spaces should
be available to satisfy constraints on the location
of activities to one another.

A data structure making accessible this information

will supply most of the data necessary for determining

the placement of activities into spaces.
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.511_2ther Annroaches to Floornlan Representation

Research into floorplan representation has been under-

taken in two basic areascomputer-implemented-design,

and in artificial intelligence applications. In computer-

implemented-design, data structures for floorplans have

evolved from work in the computer design of floorplan

layouts and from the automated positioning of objects into

a space, such as computer room planning or circuit board

design. Artificial intelligence researchers have developed

data structures which provide a robot with information

about the shape and contents of the set of rooms in its

environment.

An early and still widely used representation is a

simple rectangular array such as that used by Armour and

Buffa in a program which determines location patterns for

physical facilities [51 and by Lee and Moore, in

CORELAP, a program which solves job shop.layout problems

by determining optimum arrangements of equipment and

facilities [191.

The rectangular array is defined as an m x n matrix

each element of which defines a square domain of the space

or floorplan being represented. Each element can also

take a value. The value of an element determines the

object the element represents. Thus a "1" might represent
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a wall, "2", a corridor, "7" might be a machine, and so

one An example of a rectangular array and a key to its

elements is shown in Figure 5-1.

RECTANGULAR ARRAY REPRESENTATION OF A FLOORPLAN

1 1 1 1 1 1 1 1 1 1 1 1

1 0 0 1 2 2 0 5 5 1 0 1

1 0 0 1 2 2 0 5 5 1 0 1

1 0 0 7 2 2 0 0 0 1 0 1

1 1 1 1 7 1 1 1 7 1 1 1

1 3 3 3 3 1 0 0 0 0 0 1

1 3 3 3 0 1 0 0 0 0 0 1

1 3 3 0 0 7 0 0 0 0 0 1

1 3 0 0 0 1 0 0 4 0 0 1

1 0 0 0 0 1 0 0 4 0 0 1

1 0 0 0 0 1 0 0 0 0 0 1

1 1 1 1 1 1 1 1 1 1 1 1

Key to elements:
0 = Empty
1 =
2 = Desks
3 = Tables
4 = Partition
5 = Cabinets
7 = Doors

Figure 5-1
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Although widely used, the rectangular array has

several major drawbacks. Accuracy in the representation

is. limited to the size of the domain of an individual

element, Placement of objects requires routines to find

empty areas of appropriate sizes to fit the objects.

Such areas must be built from sets of adjacent unoccupied

domains, To fit them into an area, objects may have to

be rotated before being placed, Any attempt to increase

accuracy, which would require smaller domains for the

elements, would increase the number of elements, and thus

the time required to operate algorithms utilizing the

rectangular array.

To improve accuracy without increasing storage re.-

quirements, yet still retain the explicit representation

property of the rectangular array, researchers at Stanford

Research Institute developed the hierarchical array for

use in its robotics development [8 1 . A hierarchical

array, instead of being restricted to a single predefined

grid allows subdividion of the grid where more detail is

necessary, Subdividions may take place up to three levels

deep and may divide domains into a 4x4 grid as shown in

Figure 5-2,

The hierarchical array Is really used more for pattern

recognition than for object placement. Thus, while accuracy



BEST COP? =ABLE
154

136HIERARCHICAL
ARRAY

REPRESENTATION OF A
FLOORPLAN

1

if
4 +1

I
1 ,

.

NUMMI
111111111

The dark
solid line

represents the
walls.
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.2.0

. 5

.5
2.0

2.0
.5
5

VARIABLE DOMAIN ARRAY

.5 .5 .5 .5 2,0 .5 .5 3.0 3.0.5 .5
1 1 1 1 1 1 1 1 1 1 1

1 0 0 0 0 0 1 0 0 0 1

1 0 0 0 0 0 1 0 0 0 1

1 0 0 0 0 0 1 0 0 0 1

1 0 0 0 2 2 1 0 0 0 1

111 1 111 1111
1 0 0 0 0 1 0 0 0 0 1

1 0 0 0 0 1 0 3 3 0 1

1 0 0 0 0 1 0 3 3 0 1

1 0 0 0 0 1 0 0 0 0 1

1 1 1 1 1 1 1 1 1 1 1

137
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maybe increased without significant extra storage
----........

requirements, procedures for locating objects into a

space would appear to require more complexity due to the

recursive subdivision of domains in the array.

One further derivative of the rectangular array is

the variable domain entry [8:1, a 2 or 3 dimensional

matrix each of whose elements with non-zero subscripts

represents a rectangular domain (Figure 5 -3). The dimen-

sions of the domain, however, are defined by the zero

vectors in each dimension, thus can take values appropriate

to the degree of accuracy required of the representations,

Like the previous representations, the variable domain

array is limited to rectangular domains, and has many of

the same processing requirements for locating objects

into subspaces of the space being represented.

Many of the properties required in a representation

of school floorplans are not explicitly represented in

the rectangular array or its derivatives and would have

to be computed whenever needed by the simulation, For

example, there is no facility for determining the dimen-

.sions of a room without tracing around the code for a wall

and building a list of the domains representing the wall.

Similarly the space-subspace relationship would require

additional processing to determine it. That is, the
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coordinates of the spaces in question would have to be

derived and then analyzed to determine if the spaces were

disjoint or whether one was partially or wholly contained

in the other. An object entered into and removed from a

rectangular array must be represented in every domain that

the object covers, given its size. For educational activi-

ties it suffices to know only that a space is occupied or

unoccupied: entry and removal of an activity can be signified

with a flag reflecting the status of the space,

A somewhat different approach to space representation

was'taken by Grason in a computer implemented design of

floorplans [12:1 . Grason defined a formal class of

floorplan design problems, then designed a solution which

was limited to situations described by

1. a set of rectangular rooms

2, allowable dimensions for each room

3, a set of required adjancies between rooms
or between rooms and outside walls.

A programming system called GRAMPA (Graph Manipulat-

ing Package) was written which included elaborate problem

solving procedures for producing a physically realizable

floorplan meeting the stated criteria.

Grason utilized a dual graph representation for

floorplans. He first defined a floorplan graph in a
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standard way (Figure 5-4a) with the edges and nodes

representing wall segments and corners respectively. He

then constructed the dual graph of the floorplan by

placing a node inside each space (note-adjacent spaces

outside the boundaries of the floorplan are considered

as spaces for the purpose ofnode placement) and con-

structing edges to join the nodes of adjacent spaces.

Edges were designated as dotted or dashed to represent

east-west and north-south adjacencies between spaces.

The direction of the edges shows orientation, and a

weight associated with each edge specifies length.

Because Grason was not concerned about the use to

which space would be put, his dual-graph does not have

the facility for representing the properties of space

necessary for making decisions on the placement of acti-

vities. No mechanism for storing inventories of the

contents of a space are present. The graph shows con-

nections between spaces but not the relationship between

a space and its subspaces; nor are the coordinates of a

space directly available from which to compute this

information.

The dual-graph representation functions well for

problems where a floorplan must be designed to satisfy

dimensional and adjacency constraints and conditions are

constantly changing. In its present form, however, it
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can deal only with rectangular rooms.and floorplans.

Presumably, more co:aplex shapes can be approximated by

combinations of rectangular shapes.

One other representation which should be mentioned

is that utilized by Charles Pfefferkorn in DPS, the

Design Problem Solver P] . DPS was written to design

furniture and equipment layouts in a space. In particular

problems like those involved in computer room planning

where objects must be placed into a room under specific

constraints with respect to distance and orientation are

solved by DPS.

DPS uses e "convex polygon" representation for both

spaces and the objects to be placed in them. Objects and

layouts are represented by sets of convex polygons called

"space blocks". The space block is a symbolic representa-

tion. Each space block is represented by a set of sides

and each side by a set of two points as shown in Figure

5-5. If x is a space block then (SIDELIST X) is a list

of sides in counterclockwise order. The structure is

symbolic, and functions can be developed for operating

upon it, Thus (NEXTTO X) can return sides of spaces

adjacent to space block X . Similar functions allow the

symbolic manipulation of objects in the layout.



SPACE BLOCK REPRESENTATION

Space Block List for an object X

SB1

SIDELIST X

S1 S2 S3 S4

EP(End EP EP EP
( Print) ,)/

PT2'' PT3 PT4

Figure 5-5

pT/4.

S4
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X

PT1 S1

SPACE X

PT3

S2

PT2
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With the exception of curvilinear objects, virtually

any shape can be represented as a set of convex polygons,

Orientation and dimensions, however, are not explicit and

must be computed. Manipulation of the data structure is

a relatively time consuming procedure. Furthermore, as

in all of the other structures discussed thus far, the

spacesubspace relationship is not explicitly represented

in DPS--a factor which might not necessarily affect the

processes for which these structures have been implemented,

but turns out to be an important factor in the design of

elementary school spaces.

In examining alternative approaches it becomes evident

that for every floorplan problem there is a unique repre-

sentation. That is, the differences in the objectives and

constraints of the research involving a floorplan results

in the development of data structures particular to the

solution of problems with such criteria. Thus it is not

surprising that in the course of the present research a

data structure suitable to the requirements and constraints

of the analysis of space use in elementary schools, has

yielded an appropriate representation.

5.3.3 A Tree Structured Representation for School
Floorplans

To satisfy the requirements in this section, a
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tree* structured representation of floorplans was

developed (see Figure 5-6). Each node in the tree repre-

sents a well defined domain on the floorplan. In the

diagram solid lines between nodes define the space-subspace

(tree-subtree) relationship, and the dashed lines depict

internal linkages between nodes. If a set of spaces

S., j=1,.,n are subspaces of S, then U SS,
j=1

and Si (1 Si = 0, i/j. That is, if a space is subdivided,

it is subdivided with no overlapping subspaces,

In its internal representation are four structural

links; left, right, down, and back. A down link connects

a root to a subtree, each element of which is a member of

a two-way linked list connected by the left and right links.

The back link from each node points to its root. Thus

the internal structure is a back-linked binary tree rep-

resentation of a tree.

In addition to the links, each node contains a pointer

to a list of properties of the space and a data field

which can be used to keep track of the status of the space.

*A tree is a finite set of one or more nodes such that
a) there is one specially designated node called the root
of the tree; and b) the remaining nodes are partitioned
into m 0 disjoint sets T, mm each of which is a

tree. Ti.Tm are called subtrees of the root. [18

p. 3051.
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The property list consists of!

1) the name of the space represented by the node

2) the area of the space

3) the x,y coordinates of the space

4) an indicator of the convexity or concavity of
the space

The data field, which is 12 bits in length indicates

1) whether or not the space is currently in use.and 2)

whether or not the space is a terminal space (i.e., is

a terminal node).

Terminal nodes represent the lowest level subspaces

on the floorplan. From a terminal node, the down link

points to a list of resources contained in that subspace- -

an inventory of furniture and equipment. The inventory

of any node in the tree can be computed by backing up

the resource lists of the terminal nodes of the subtrees

of the node and summing across items.

One additional feature of this data structure is that

the set of property lists pointed to from nodes in the

tree is in itself an inverted list, each member of which

points back to its associated node in the tree. This

A terminal node is a node which has no successors,
i.e., a space which has no subspaces.
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inverted list is sorted on area and thus allows entry

into the space tree directly at a node whose area may

satisfy one of the constraints on an activity.
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5.4 An Example of a Floormlan Represented by the
Tree Structure

In this section an example is given to show how a

relatively simple floorplan can be represented by the

structure described in Section 5.3.

Figure 5-7 shows a rectangular space A00 with three

first level subspaces--A10, All, and Al2, defined by solid

lines. Each of these is in turn subdivided into two

spaces, and in the case of A21 and A24, further subareas

are defined--A30, A31, and A32. Furniture and equipment

in each space is also shown.

In Figure 5-8 the tree representing this floorplan

is shown. For each space there is a unique node and in

each node is the pointer to its associated property list.

The down-link of each of the terminal nodes points to its

resource list.

To obtain theset of resources for a space, a preorder

traversal* of the subtree whose root is the node repre-

senting that space is made. At each terminal node (in-

dicated by a bit set in the data field of the node) the

resources are accumulated, thereby compiling an inventory

of the space. For example, the contents of space A10 are

See [181, p. 316.
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16 chairs 1 sink 15 chairs A3y 9 chairs

8 chairs 1 Black-
board

1 Blackboard

4 tables
12 chairs

table
chairs

Tree Representation of Space A00

Figure 5-8
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obtained by starting at node A10 in the tree and visiting

nodes A20, A21, A30 and A31, the preorder sequence of

those nodes. A20 and A30 are marked as terminal nodes,

and their resources are combined to yield 8 tables and

28 chairs and 2 blackboards which is the inventory of

equipment and furniture of space A10.

When a space becomes occupied or released by an

activity, its subspaces, and the spaces which contain it

must be flagged to show they are or are not available

for assignment. For example, if space A24 becomes occupied,

A32, Al2, and A00 can no longer be assigned activities.

Following the back links in the tree from space A24, Al2

and A00 are immediately accessible. Below A24, a preorder

traversal of the subtree of which it is the root, visits

all the affected subspaces of A24. In this example only

A32 is visited.

Finally, the structure as depicted allows for a

heuristic approach to the problem of determining proximity

relationships among spaces. The idea is that spaces to

the same subtree are more likely to be closer together

than spaces in different subtrees. Furthermore, the

deeper the descent is into the tree, the stronger the

probability that two spaces on the same level are close
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together. This naturally follows from the fact that

subtrees represent the subdivision of a space. The

lower the level at which a given subtree starts the

smaller the area of the space represented by its root.

For example, in Figures 5-7 and 5-8 it is clear that

A24 and A25, siblings in the same subtree, are closer

together than A24 and A20. This heuristic does not always

work, however, considering that A20 is further from A31

(in its own subtree) than A23 is. Nevertheless, the

application of this heuristic can provide the assignment

program some reasonable guesses at appropriate spaces in

situations where a close proximity relationship is required

between two or more activities.

1,2
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5.5 Discussion

NMI
.

16:, 154

The structure described satisfies the four general

requirements specified in Section 5.3.2. Properties of

a space are directly accessible from its node in the tree.

Resources of a space are indirectly accessible from non-

terminal nodes by descending to all of the terminals

below the given node and at:cumulating all of the resources

on the respective resource lists. This feature avoids

redundant information being represented in the tree since,

of course, some subset of the resources of a space must

appear in one or more of its subspaces.

The space-subspace relationship is manifest in the

structure of the tree by the definition of a tree. When-

ever a space is assigned to an activity, neither its sub-

spaf.,es nor the spaces which contain it can be assigned.

Thus when the assignment of a space is made, the status

of affected soaces must be updated to reflect that fact.

This is easily accomplished using standard algorithms for

the traversal of a binary tree.

Finally, a proximity relationship between spaces can

be determined in two ways. One is to compute distances

or adjacencies between spaces using the coordinates of
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those spaces. Another way is to utilize the fact that

as spaces are subdivided and represented in the tree, the

lower the level of depth of a given subspace, the closer

it will likely be to its siblings on the same level. As

noted. this is a heuristic method of estimating proximity

since there are indeed cases where two subspaces of the

same space can be further apart than two spaces at a

higher level in the tree hierarchy of spaces.

The property list, inverted on area, is of great use-

fulness because the most important requirement of an

activity is that its space-area needs be satisfied. Thus,

a list of prospective spaces for an activity may be com-

piled which meet the area requirement, and with a pointer

to the tree, the status of each space can be ascertained

without searching. Finally, the implefientation of a set

of list processing routines makes it easy to add or remove

nodes from the tree or to update information contained

therein.

The representation described is not withoL. its

limitations. Perhaps the major limitation is the require-

ment that the input floorplan be a partitioned space with

mutually exclusive subspaces. That is, no space can be

partially contained by more than one space, nor can over-

lapping spaces by represented. Such a situation can occur
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in practice when a space is located on the common boundary

of two other spaces as is space C in Figure 5-9,

B

Figure 5-9

To implement a capability for the representation of

the above mentioned spatial cases would require that the

tree be generalized to a graph. In view of the fact that

in all of the spaces observed during data collection, no

spaces were recorded as overlapping, it was not felt that

the graph structure was worth implementing at this stage

of the research.

One other limitation in the representation is that

adjacencies between spaces are not explicitly represented.

Building this capability into the structure could be done

relatively easily, however, by adding to the property list

of each node, a list of adjacent spaces. The major use

of adjacency information would lie in the ability of the

system to build new spaces out of existing subspaces in
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which to assign activities. Since such a capability is

not existent in the present version of the system, it

was not felt necessary to build explicit adjacency in-

formation into the floorplan representation.
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Summary

A binary tree representation for school floorplans

has been presented in which each node corresponds to a

space on the input floorplan. Access to the nodes can

be made either by traversing the tree in the standard

way or through any element in the set of property lists

associated with each node.

This structure makes most of the information necessary

for deciding where to place activities, given their space

and resource requirements directly accessible to the

simulation program. In the next chapter, an algorithm

which makes use of this information to make assignments

of spaces to activities is formally described,
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CHAPTER 6

THE ASSIGNMENT OF ACTIVITIES TO SPACES

6,1 Introduction

6,1,1 General Introduction

In this chapter a formal description of the problem

of assigning elementary school activities to appropriate

spaces is presented and a solution is offered.

Assigning activities to spaces is a critical operation

in the simulation because it is from the results of such

an assignment that space use figures for a proposed school

floorplan are derived. This problem involves a set of

activities competing at a particular time on the schedule

for a set of available spaces. Feasible solutions to the

problem, if any exist, are solutions which satisfy a set

of criteria or constraints on the problem. A function

may also be defined such that the feasible solution which

minimizes this function is said to be an optimal solution.

As will be shown, however, certain conditions exist in

this particular problem which make it unfeasible to find

optimal solutions by any known methods.

One alternative to solving complex problems rigorously

is to define heuristics which can lead to reasonable

solutions to a problem but which can possibly miss better
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ones. Heuristics are generally used when a rigorous solu-

tion is impossible or impractical (e.g., in terms of

computing costs). Considering that in the elementary

schools observed in the course of this study, space assign-

ments were made by a teacher or a team of teachers studying

a schedule and finding a reasonable space for each activity,

optimal solutions were not necessarily likely to be found.

6,1,2 Alternative Approaches to Assigning Space to
Activities

Two approaches to the assignment of educational space

were considered in the course of this research. The first

was a derivative of an area of research known as the computer

design of layouts. Computer design of layouts includes

factory design or plant layout problems, printed wiring

board layouts and other floorplan layout problems including

hospitals, airports and to some extent, schools. These

problems are defined by 1) a 2-dimensional surface with

no previously defined spaces on it, 2) a set of objects

to be placed on the surface, and 3) constraints on the

placement of the objects.

Factory layout constraints, for example, are usually

defined by the flow paths required for the manufacture

of the items being produced. That is, the parts and

products involved in manufacturing an item must proceed
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through a sequence of operations (the sequence depends

on the final product) before the final product is completed.

The costs involved in moving materials through a system

can vary substantially with the location of the manu-

facturing facilities for an item. When many items, all

requiring different production flow paths are manufactured,

the operating efficiency of a factory can be greatly af-

fected by the layout of facilities; and the greater the

number of facilities to be located, the more difficult it

is to find an optimal solution[6],

The second approach considered, and the one eventually

pursued, involves the assignment of activities into spaces

whose boundaries are specified on the floorplan and the

resources of the spaces are defined. Linear programming

methods exist which will solve classes of such problems.

The linear programming assignment problem is repre-

sented by a set of m objects which must be placed into

a set of m locations according to certain restrictions

in such a way as to minimize a cost function. Typically,

the problem is set up as follows; Define a matrix of

objects and locations with a cost cij as the ijth entry

in the matrix. Let x
ij

be the assignment of object i

tolocationj(xijis referred to as a decision variable).

The question is, then, what values of xij (1=1.2,
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j=1,2,,,,,m) minimize a x the total cost
i=1 j=1

function. Standard algorithms exist (see [14], pp. 198-

204) which will find an optimal solution from the initial

matrix representation of the assignment problem.

One major factor mitigates against the use of linear

programming techniques to make the final assignments of

activities to spaces--in the set of spaces available for

activities at a given time there may be a space-subspace

relationship among some of the members in that set. Some

problems which have this characteristic can be solved

using integer programming methods, but usually only if

they contain small numbers of assignments, and even then

computing costs are quite high.

Another factor to be considered is that spaces are

often subdivided into a large number of subspaces, only

a subset of which would likely satisfy the requirements

of a particular activity. The linear programming approach

considers all spaces at all times until a final assignment

is made.

In light of these factors and the consideration that

the simulation is to show how space will likely be used in

a school floorplan (which is to say, not necessarily

optimally) a heuristic approach is used to make the assign-

ment of spaces to activities,
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In the following sections a statement of the assign-

ment problem as it pertains to this research is presented,

followed by a description of a heuristic approach taken

to derive solutions to the problem, and finally, the

algorithm used to perform the assignment operation is given.
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6.2 A Formal Statement of the Assignment Problem for
School Floorplans

At a given time step in the simulation there exists

either no scheduled activities or there exists a set of

activities which require space.

Let A = {aila2,...,an} be the set of activities.

For the set of activities, A , there exists a set of

constraint vectors, C , where

C
= ((clitc12 ..... cit.) (cn1"n2 . cnr)1

and c
ij

= the j th constraint on the i
th

activity.

Constraints consist of requirements for furniture and

equipment resources, specifications on the space required,

and priority to be given to an activity which may result

in an earlier assignment for that activity.

Let S = {Si,S2,...,S0 be the set of spaces available

for assignment such that

j < k and i j, Si n Si = 0 or

(Si C S
j

and S1 ¢ Si) or (S
j
C Si and

si ¢ S1)

That is, any pair of spaces is either mutually exclusive

or one is a proper subspace of the other.
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For S there exists a set R of resource vectors

such that

R = "rll'r12
....trim),...,(rkilre....rkm)}

.and r
ij

is the 3
th resource of the i

th space.

The problem is to find a mapping from A 4. S such

that the set of constraints C is satisfied by R .
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6,3 What is a Satisfactory Assignment?

At this point the question arises as to what kind of

assignment is indeed satisfactory, Criteria for job shop

layout problems, for example, are quite specific. A cost

function can be accurately determined for each placement

of an activity into a space, The arrangement of activities

into spaces so as to minimize total cost of producing a

product satisfies the criteria for the assignment. This

is not necessarily the case in an elementary school. Al-

though some criteria for activity placement can be rather

specific (e.g., number of desks and chairs required),

other criteria is more subjective, such as priority. In

particular some characteristics of an activity may take

it desirable for that activity to have the first choice

of available spaces--hence, a higher priority for being

processed than other activities.

Two kinds of priority are recognized by the simulation

system. These are referred to as explicit priority and

implicit priority. Explicit priority is a value given

to an activity which indicates how important it is that

the activity takes place at the scheduled time. Special

events such as all-school assemblies, invited speakers

for a class, examinations and other similar activities

comprise the majority of events which can be assigned

explicit priorities.
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Implicit priority is an internally generated priority

which reflects the relative importance of an activity based

on some elements in the set of requirements for an activity.

Implicit priority can be based on equipment requirements

such as pianos for music activities or easels for art

activities. It can also represent the extent of use to

which the resources required by a space will be put. The

measure of this extent of use is the quantity "student-

minutes" calculated by multiplying the number of students

participating in an activity by its duration in minutes.

That is, an activity which has a larger number of students

and /or will last a longer period of time should have

access to an available space prior to an activity which

will use the space less time or with fewer students.

Priority is a constraint which affects the order in

which activities are assigned and thus gives a better choice

of spaces to higher priority activities. The other con-

straints, namely, area required, furniture and equipment

required, distraction factor, and nature of the activity

are constraints on the size, resources, location, and

shape of a space. Area, furniture and equipment are self-

explanatory as to the requirements they place on a space.

Distraction factor can place a restriction on the location

of an activity by requiring that it be isolated from other
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activities by walls or by distance. If the nature of an

activity is group (supervised or unsupervised), then the

space to which it is assigned should have a shape which

allows a line of sight between any two points in the

space.

It is not likely that at assignment time there will

be a set of spaces which will perfectly match the require-

ments set down by the scheduled activities. Of the spaces

available, however, some measure of the degree to which each

space will satisfy an activity can be computed. If each

activity could then be assigned to its best choice or

highest ranking space based on this measure, this could be

said to be the optimal assignment of activities to spaces.

It is possible, however, that several activities will

find that one particular space is their best choice. A

decision must be made in this case to deprive all but one

of the activities of their most desirable space. A

satisfactory assignment of activities to spaces is thus

seen as a relative matter. What can be done, however, is

to evaluate the worth of a space to an activity and define

heuristics to provide a reasonable assignment of activities

to spaces.
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6.4 A Heuristic Approach to the Assignment of Activities
to Spaces

6.4,1 Heuristics and Human Information Processing

In the absence of methodologies which are guaranteed

to provide optimal or correct solutions tl a problem,

heuristics can often be employed to provide useful results.

The heaviest use of heuristics is in the area of

artificial intelligence where researchers have attempted

to emulate human abilities in game-playing, theorem proving

and problem solving programs. A good example of a heuristic

is in Newell, Simon, and Shaw [26] where, to generate the

proof of a theorem, they work backwards from the theorem

to the axioms using theorems or previously proved valid

logical rules to generate lines in the proof. By this

method, they are guaranteed that if one of their generated

lines is the same as an axiom or previous theorem, then

they will have generated a valid proof of the theorem.

There is no guarantee, though, that they will ever attain

a proof. They are assured that they have narrowed the

search compared to starting with an axiom or theorem and

generating lines hoping to get to the theorem to be proved.

Problems can often be represented in the form of a

tree where at each node there exists a number of alter-

-- native actions that can be followed. If the tree is fully

diagrammed (which can only be done practically for small
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or trivial problems such as the game of tic-tac-toe), and

a solution to the problem exists, then one or more of the

terminal nodes will represent a set of solutions. A path

can then be traversed from the root of the tree to one

of the terminals, yielding a problem solution as a sequence

of steps (nodes in the tree). When the entire tree cannot

be represented, as in the game of checkers, for example,

heuristics can be employed which eliminate alternative

steps which will be unlikely to yield a winning sequence.

One such method is to assign a score to each of the alter-

natives using arbitrary criteria and to follow only those

branches which, by virtue of their scores, seem promising.

An evaluation polynomial which algebraically combines the

criteria is a common way to compute the scores of the

alternatives from a node.

The worth of such heuristics is in their ability to

reduce the number of alternative paths to the solution of

a problem at a relatively small cost in terms of possible

undesirable choices. Lindsay and Norman [21] describe the

selection of a move by chess master as taking place in

two phasess an exploration phase, during which less

promising moves are weeded out, and a verification phase

in whiCh the validity of the remaining moves is determined.

Decisions during these two phases are guided by a set of
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criteria or priorities, a combination of which can be

attributed to a given move.

Thus, a parallel can be drawn between mechaniz-

ed heuristi- methods and human problem solving be-

havior. Both attempt to narrow the search for a solution

to a problem by reducing the alternative paths at each

step of the way.

6,4,2 Problem Solving Processes in the Assignment of
Activities

A set of heuristic processes can be defined for

assigning activities to spaces. Two of these are analogous

to the exploration and verification phases Of decision

making described in Section 6.4.1. In particular, given

the sets A of activities and S of available spaces,

there are four processes involved in an assignment*

1. Eliminate high priority activities. This is a
pre-processing step which makes immediate assign-
ment of high explicit priority activities. Pro-
cesses 2, 3, and 4 operate on the remaining
activities.

2. Exploration Phase. Reduction of the number of
alternative spaces for each activity based on
high significance criteria.

3. Verification Phase. Evaluation of the degree
to which each of tae remaining alternative spaces
satisfies each activity

4. Assignment Phase. Resolution of conflicts
(activities competing for the same space) and
final assignment.
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The first process is applied to the set of activities

ordered on explicit priorities. Activities with explicit

priority are assigned one by one to the spaces which best

suits them. Spaces are evaluated using the procedures to

be described in process three.

In process two the set of alternative spaces to which

an activity can be assigned is reduced by selecting for

consideration only those spaces whose area lies within a

certain range of the required area. Since space is the

most important commodity, this procedure prevents the

assignment of an activity to a space which is either too

small to allow the activity to function or which is so

big that to make such an assignment would result in a very

inefficient use of space. It would be even more inefficient,

if, in the latter case, an activity for which the space

was well suited were scheduled before the space was re-

leased and given a less satisfactory assignment.

To each of the remaining spaces being considered by

an activity, process three assigns a score based on the

percentage of agreement between the requirements established

for the activity and the resources supplied by the space.

this score is computed by a procedure which is explained

in the next section. The spaces for each activity are then

sorted on score.

U



18

The final process examines the space lists for each

activity starting with the highest valued spaces. If a

space is at the top of only one activity's list, it is

assigned to that activity. A space which is at the top

173

of two or more lists is assigned to the activity which

would suffer most by not obtaining that space.

Whenever a space is assigned a housekeeping function

is initiated to remove it, its subspaces, and the hierarchy

of spaces which contain it from every other space list for

activities remaining to be assigned. This is because a

space and one of its subspaces may not be assigned to

different activities simultaneously.

These processes, explained in the next section, are

iterated at each time step.

6.4,3 An Algorithm for Assigning Activities to Spaces

In this section a description of the method for

assigning activities to spaces is presented. The method

proceeds following the four processes described in the

previous section. The process of eliminating high priority

activities is accomplished through an exhaustive search

of available spaces for each activity and utilizes as its

criterion for assignment the best score obtained from the

scoring polynomial as described in the verification phase.

This process is not explained in further detail.
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For the remainder of the processes the following

algorithm, presented informally, is used for the computation

of an assignment.

LgartlulacSECIAsscealt

As before let A = {a1,a2 a
n

} be the set of

activities scheduled at some given time t Let

S = {si,s2 t s
k

} be the set of spaces available with

the space-subspace relationship as described in Section 6.2.

The sets C and R , constraints and resources, are also

defined to the algorithm.

Corresponding to the problem solving processes the

algorithm takes place in three stages; R-Reduction of

Alternatives, V-Verification, and A-Assignment.
1

Stage R - Reduce Alternatives

1. For each activity a E At Initialize the acceptable

range of areas of spaces at + 16% of the area constraint

on ai

2. Compile from the list of unoccupied spaces in S

the set of spaces, S* , whose area is within the tolerance

computed in Step 1. If S* has less than 2 entries do the

following steps;

1The programmed implementation of this algorithm performs
portions of the individual steps in a slightly different
order but with equivalent results. The description of
the algorithm in this form is presented for its clarity.
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2a Increase the acceptable range of spaces. The
upper bound is increased exponentially until it
reaches a maximum of 300%, The lower bound is
increased at regular intervals until it reaches
a maximum of 50%.
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2b If the limits in 2a have been reached, continue,
otherwise return to the beginning of step 2.

S* will be called the list of potential spaces to which

the activity may be assigned. Flag all concave spaces 3n

S*

3. Examine the value for the "nature of the activity"

constraint. If supervised group or unsupervised group

(working as a group), eliminate from S* spaces which have

been flagged as being concave.
1 Go to Stage V.

Stage V - Verify Alternatives

For each activity A, E A, j=10

1, Compute a score for each space on the potential

space list S* . The computation of the score is as

follows* For aj define a vector CON and a vector RES

each of the same length. Each element of CON represents

one of the set of possible constraints on activity aj

and each element of RES represents one of the set of possible

resources which must be present in the space for the

corresponding element of CON to be satisfied. That is,

1This step is not implemented in the programmed version
of the algorithm.
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the ith elementelement of CON corresponds to the i element

ofRES.CON.=1 implies constraint i is in effect,

RESi = 1 implies resource i is in the space, CONi

and RES
i

are 0 otherwise,

Let Q(CONi) = the quantity or value of the constraint
represented by the ith element of CON,

Q(RES.) = the quantity or value of the resource
1 represented by the ith element of RES,

SCORE
kj

= the score of the .kth space in the
potential space list of ai

In addition, for each element of RES, there exists

a list ALT of up to 4 alternative resources in order of

usefulness (the list may be empty), This list is referenced

in the event that a space does not have a required resource,

The following algorithm then computes the score for

the space:

Al orithm SCRSPC Compute the Score for a Space)

1. Check constraint vector: For CONi and RES
i

i=10290,,,M

a. if CONi = 1 and RES = 1 , go to Step 2

boilsCON=laridlIES." , go to Step 3

c.ifCON.=0 go to beginning of Step 1 (i.e.,

reiterate this step for the next value of 1).

2, Compute cumulative score:
IQ(CONi) - Q(RESi)l

Q(CONi)
SCRSPC 4- SCRSPC + 1
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3. Defaults Let m
i

be the number of elements in

ALT
i

(the list of alternative resources of REST .) Set

P 4-- 1 If m
i
= 0 , return to Step 1, Otherwise, set

M 1 While M m. do Steps a, b, and c.
I

a. Set P = P - .2 (P represents the relative value
of the alternative being considered compared to
the original requirement.)

b. If RES
1

> 0 Set

(

1Q(CON
1

) - Q(RES
i
)1

SCRSPC - SCRSPC + P 1 - --
Q(CON1)

1

and return to Step 1.

(Notes Q(CON
1

) is the quantity or value of CON
1

if it had been specified as the original
requirement for the activity. That is,
if tables are an alternative furniture item
for desks, then the quantity of tables
required for some number of students would
differ from the quantity of desks.

0. Set M M+1 . Go to a,

(1Q(C°N°"(RES4
The value of 1 - is a

Q(CONO
measure of the percentage of agreement of the
quantity or value of a constraint for an activity
and its corresponding resource in the space. For
example, suppose for some activity 9 chairs were
required and there were 12 chairs in the space
being evaluated. Let CON

1
and RES1 refer to

"desks", and P
1

= 1 Then CON
1
= 9 , RES1 = 12

and
1Q(CON.)- Q(RES

P
1
(1 - 19-12k

e

Q(CONO
1 (1

9

= 0.667 .
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Once scores have been computed for each space on S*

two further operations are performed. First, S* is

sorted into descending score order. Then, starting with

the space at the top of the list, any subspaces or super-

spaces of that space are eliminated from the rest of the

list, This procedure is repeated for what is then the

second space in the list and subsequently thru the next

to the last space on S*

When the potential space lists for each activity to

be assigned have been scored and processed, the final

assignment process begins.

STAGE A - Assia,nment of Spaces to Activities

The set of activities {a1la2 an} and their

processed potential space lists S
i

(i=1,2,,,,,n) are

the inputs to algorithm ASGACT which makes the assignment

of activities to spaces. The set A of activities is

sorted into descending order of student minutes (number

of students x duration in minutes). Let SPACE
il

and

SPACE
i2

be the first and second ranked spaces on Si ,

and let SCOREil and SCORE12 be their scores.

The list A is processed iteratively by looking at

the highest priority activity, say ak , which is yet

unassigned, Define CLISTS = {CLIST1,CLIST2,,,CLISTn_1}
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such that CLIST
k
= ak U A' t and A' is a proper subset

of {al:fig...tan} such that the top ranked space on the

S
*

lists for each element in CLIST
k

is the same,

ACTT is defined to be the activity represented by the

ith entry in CLIST
k

CLIST
k

then, is the set of

activities which have the same first choice space while ak

is being processed. Note that CLISTk
+l

is undefined

until a
k

has been processed, Whenever A' 0 (i,e.,

is null), ak is assigned to its top ranked space, and

the next iteration begins.

For each CLIST
k

define SPACE
ir

as

space for the activity which is the ith

Similarly, SCORE
k

is the score of the
it

space for the activity which is the ith entry in CLISTk

Define DIFF = {DIFF1,DIFF2,...,DIFFn.1} corresponding

the r
th

ranking

entry in CLISTk

rth ranking

to CLISTS. Each DIFF
k

is a list of differences between

the first and second ranked spaces on the S* for each

activity in CLIST
k

Finally ACTT is defined to be

the activity represented by the ith entry in CLISTk .

Algorithm ASGACT - Assign Activities to Spaces,

For i = 1, 2, n do the following steps

1. If (1+1) > n , assign a/. to SPACEil and

terminate the algorithm. Otherwise, proceed to Step 2.

2, (Check for activities competing for same space.)

PlaceaiintocmflictlistCLIST.and set COUNT f 1
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For j = i+1,,,,,n , if SPACE = SPACE
j1

, add a.

to the conflict list and set COUNT 4- COUNT+1

3. (See if any conflicts.) If COUNT > 1 proceed to

Step 4, otherwise assign ai to SPACE
il

and to to

Step 6.

4, (Compute difference scores for competing

activities.) For m = (1,2,COUNT) compute DIFFim =

SCORE
ml

- SCORE
m2

5. (Resolve conflicts and make assignment.) Sort

CLIST into descending order of DIFF. That is, place the

activity whose difference score is the greatest at the top

of the list, the next greatest second, etc. Assign ACT
ki

1

to SPACE
i

11
(Give the activity with the greatest differ-

ence score its top-ranked space.)

6. (Housekeeping.)

a. For SPACE
i

1
flag all subspaces and superspaces

and remove them from S
*

for every other activity
left to be processed in A , This is to prevent
the subsequent assignment of a subspace or super-
space of an already assigned space,

b, If ACTT g a
i

(Note-the sequence of activities in

CLIST
i
can change during the sort performed 3n

Step 5.), remove it from A and pack A Then
return to Step 1.

Upon the conclusion of ASGACT, the assignments of

activities to spaces at a given time t are completed,
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In summary, then, ASGACT looks at each activity in

order of its student minutes requirement and determines

if the top ranked space is the same as that of any of the

other activities,' If not, the activity is assigned its

top ranked space. If conflicts exist, then the difference

between the scores of the two top ranked spaces on each

list are examined. The activity for which this difference

is greatest is assigned its top ranked space using the

reasoning that it would suffer the most by having to

accept its second ranked choice. This decision process

iterates until all assignments have been made. Some

examples of the assignment process are given in Appendix D.
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6,5 Discussion
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6.5.1 Some Properties of the Assignment Algorithm

In this section some properties of the assignment

algorithm are presented which may not be readily apparent

from the preceding description. These have to do mainly

with what the algorithm does under certain limiting

conditions.

It is possible that on initial entry into ASGACT that

one or more potential space lists will contain only one

element. If that is the case, then, the computation in

Step 4 will not be meaningful. Therefore, whenever

there is only one space in an activity's list, SC0REm2

is set to -10,000 before Step 4 is executed. This number

is.great enough so that the difference between it and

SCORE
ml

will be larger than the difference score between

the two top spaces of any other conflicting activity's

list. If, for two or more activities competing for the

same space, the potential space list has only one element,

the activity for which the space has the highest absolute

score will be assigned to the space. The other activities

413 will not be assigned to any space since their lists will

become empty when updated to reflect the previous assignment.

Another factor of interest is that in the computation

of the score for a space the magnitude of the score is

dependent on the number of constraints. For example,
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consider a space with five resources. Suppose two acti-

vities have specified that space on their respective

potential space lists. The first activity specifies only

one resource requirement while the second needs four of

the five. If the space meets the requirements for both

activities exactly, its score for the second will be higher

than the first since the scoring algorithm produces a

cumulative score based on the fit between each constraint

and its associated resource. Currently, this information

is used in the event that several activities are competing

for the same space and that space is the only one on their

potential space lists, Otherwise it is used only to order

the potential spaces for an activity and to compute the

difference scores. While it might seem that an activity

can be assigned a space with a lower score for it than for

another activity, and will therefore waste resources, this

is not necessarily the case. In fact, a space which scores

high because its resources match an activity very well will

often have a significantly higher score than the second

best space. An activity with low resource requirements

will probably not acquire a space list with as widely

disparate scores since the range will necessarily be lower.

Thus, the activity for which the space scores the highest--

absolutely--will likely be assigned to that space. On
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the other hand, when the differencd score for the two

top spaces of an activity with high resource requirements

is low, then the activity isn't losing much by being

assigned to its second best space, if this happens to

become the case.
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CHAPTER 7

RESULTS OF THE SIMULATION FOR SELECTED TEST CASES

7.1 Introduction

In this chapter the -results of simulations for

selected test cases are presented and analyzed. A proto-

type system was implemented incorporating most, but not

all of the design criteria specified in Chapters 4, 5,

and 6. Specifically, two criteria for the assignment of

activities to spaces are not included in the current version

of the systems 1) the distraction factor is not considered

in the location of activities relative to one another and

2) the criteria for the shape of a space is not employed

in the process of selecting potential spaces for an

activity.

The simulation program in its present form generates

a large colume of hard copy output. Therefore, only one

test case will be presented in its entirety. Selected

portions of other test cases will be shown to illustrate

specific features.

All the tests were performed using a data base derived

from the observation of School A and the floorplans of

Schools A and B.
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7.2 The Test Cases
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7,2,1 Objective

The major objective in running the simulation was to

show how the results can be used in evaluating a school

floorplan. It should be recalled that the system is

designed to be an aid to the architect, and, that in

itself, it does not determine the success or failure of

a floorplan. The information it does supply, however, -

can be shown to be of use in making decisions about the

amounts and types of spaces that have been designed on a

given floorplan.

Several factors were considered in designing the test

cases to be discussed in this chapter. First, it was

necessary to establish some benchmark so that the validity

of the simulation could be ascertained. Given the quality

of the data collected at School A and its relatively complex

floorplan, it was felt that a simulation of School A on

its own floorplan would provide a rigorous test for the

simulation system. More specifically, it was known that

School A could be operated with at least its planned

enrollment (150 students per pod). Theoretically, the

simulation program should be able to emulate this in terms

of generating schedules, assigning students to activities,

and assigning activities to spaces. With a benchmark
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thus established, experiments could be performed with

the simulation to answer questions about the functionality

of an input floorplan.

In this chapter, the following three questions about

the schools observed in this study were considered repre-

sentative of the ways the system could be useds

1. How would School A function if its enrollment
were increased by 1/3.

2. If certain spaces are seen to be underused, how
would their removal affect the overall ability
of School A to provide space for activities.

3. What would result if the model for School A
were used in a simulation on the floorplan of
School B--e.g., a multiunit methodology on a
traditional floorplan.'

Three test runs were made to provide data with which

to answer these questions and to establish the benchmark.

These are described in Table 7-1a.

Since the observed data from School A was the most

reliable, the multiunit methodology was specified in each

of the simulations. In addition, keeping the methodology

constant provided a good base for comparing the performance

of the floorplans of Schools A and B. The block schedule

(Table 7 -lb) and the MODL parameter were also kept constant

Quasi-traditional would be more accurate since the original
floorplan design was totally open-space. As can be seen
from Figure 7-2, however, the space was organized, using
partitions, as an egg-crate design.
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so as that comparisons could be made between floorplans

while using the same generated schedule.

Test run one provided the benchmark. It was dne in

optimal mode with 150 students and a multiunit methodology.

One pod (C00) from School A was selected as the input floor-

plan. Its structure (Figure 7-1) was derived from observa-

tion. For test cases involving School Bo an equivalent

area (Area A) was selected as the input floorplan. Its

structure is shown in Figure 7-2. Each of these floorplans

is a large open space subdivided into the areas depicted

by the dotted and dashed lines, In School BAFigure 7-2)

the internal solid lines indicate moveable (but which were

never observed to change) partitions. No partitions were

observed in School A.

7.2.2 Preliminary Information for the Test Cases

This section is provided to give the reader information

which is not directly presented in the output from the

simulation program and to aid in reading the output shown

in this chapter.

For the two input floorplans Tables 7-2 and 7-3 give

the areas and detail the inventories of each space and

subspace for reference purposes. The spaces are organized

roughly into counter clockwise order as they appear on the
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TABLE 7-la

TEST RUNS FOR THE SIMULATION

Run School Floorplan Enrollment MODL Methodology Mode

1 School A Unit 2 (Pod C) 150 10 min. multiunit optimal

2 School A Unit 2 200 10 min, multiunit optimal

3 School B Area A 150 10 min, multiunit optimal

TABLE 7-lb

BLOCK SCHEDULE FOR THE TEST CASES

09600 - 10630 MATH

10630 - 1100 LARTS

11630 - 13100 SCI
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TABLE 7-2

AREAS AND INVENTORIES OF SPACES FOR
SCHOOL A, POD C

SoaQe Am Desks Tables Chairs BB MS MP TV SI

COO 7025 173 6 210 18 1 1 3 3

C10 1815 48 48 2 2
C20 232 1
C21 1486 48 48 2
C40 391 30 30 1
C60 43 8 8 1
C61 143 22 22
C41 204 18 18 1
C62 164 12 12 1
C63 52 6 6
C22 144 1

Cll 1865 53 53 2 2
C23 235 1 1
C24 130
C25 264 1 1
C26 1230 23 23
C42 344 25 25
C64 204 22 22
C65 142 3 3
C80 35 3
C43 109 12 12

3

C44 41 6 6
C45 61 10 10
C12 1461 38 1 42 3 1 1 1

C27 165 1
C28 312 1 1 1
C29 1254 .38 1 42 1 1

Legends BB = Blackboards, MS = Movie Screens, MP =
MP = Movie Projectors, TV = Television Sets,
SI = Sinks

*
Note--the inventories will not total correctly because
an item which is in the subspace of a space is in the
space itself.
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TABLE 7-2

(Continued)

193

Space Area Desks Tables Chairs BB MS MP TV SI

C66 24 3 3
C6 7 18 3
C68 193 24 2
047 251 8 1 12
C48 203 1 1
013 1758 34 5 67 2 1
C30 203 2 2 1 1
C4C31

9
1095
159

34
13

3
1

55
23

C50 139 16 24
C51 119
C52 29 2 8
C32 201 1
C33 126
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TABLE 7-3

AREAS AND INVENTORIES OF. SPACES
IN SCHOOL B, AREA A

Space Area Desks Tables Chairs BB BP MS MP

A00
A01
A10
All
Al2
A13
A02
Al4
A40
B40
A15
A41
B41
A16
A42
Al?

1.- A44
A45
A03
A18
A)16

A47
A48
A49
A19

A51
A50

A52

4220 146 8 223 14
309 5 5 1
109
94 5 5 1
88
12

788 29 1 36 2
153 -1
19 1

135
217 9 9 1

46 9 9 1
145
128 4 4
11 2 2

269 16 1 23
64 14 14 1

61 2 1 9
794 28 1 La 3
173 8 8 1
46 1
51 4 4
32 4 4

32
221 6 1 19 1
6 1 6
54

57 7 1

5 1 1

2

2

1
1

1
1

Legend: BB = Blackboards, BP = Portable Blackboards,
MS = Movie Screen, MP - Movie Projector

194
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TABLE 7-3

(Continued)

aace Area Desks Tables Chairs BB BP MS MP

A53 48 6 6
A20 175 8 8
A54 50 8 8
A5 5 35
A56 34
A57 41
A21 157 6 6 1

A58 42 1

A59 42 6 6
A60 28
A61 31
A04 788 37 2 49 4
A22 190 7 7 1
A62 34
A3 35
A64 62 7 7
A95 30 7 7
A65 51 1

A23 189 4 1 10 1

A66 66 4 4
Ag6 27 4 4
A67 61
A68 31 1

c
., 1

A69 2 4

A24 218 14 1 20 1

A70 56 -6 6
A71 1 6 1

A72. 44
A73 67 8 8

A25 172 12 12 1

A74 86 5 5

A75 80 7 7 1
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A05
A26
A76
A77
A7
A277
A79
A97
A8o
A81
A98
A9
A892
Ao6
A28
A83
A84
A29
A85
A86
A30
a87
A88
A31
A89
A90
A07
A32
A33 U
A34 83

A35 10

211

Area Desks

TABLE 7-3

(Continued)

Tables Chairs BB BP MS MP

565 14 4 49 2 1 1

273 2 23 1 1 1

27 1 6 a.

16 1 5
6

278
3

14 2
12
26 1

1 1

62 3 3
17 3 3
16
57 1 8

28 6 6
27 5 5
25 1 4 1

494 33 43 4 1
13o 13 13 1

66 8 8 1
68 5 5
141 8 18 2

84 8 8 1

58 10 1

104 6 6
61 6 6
46
92 6 6 1
6o 6 6 1

32
242

196
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floorplan and all of a space's subspaces follow it before

the next major space. No inventory figures are given for

a space which has no furniture or equipment.

On the output listing for a simulation run, the informa-

tion is organized into five parts; 1) the parameters, 2)

the block schedule, 3) the generated schedule, 4) summary

information of space use at each time period, and 5) an

end-of-the-day summary.

Preceding the summary at each time period is a list

of the activity sections which will begin at that time,

their generated characteristics and furniture and equip-
.

ment requirements. This list is presented in decreasing

order of the student minutes requirement.
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7.3 Simulation Examples

198

7.3.1 Introduction

In this section, examples of simulations are presented.

The first, Test Run 1, establishes the validity of the

system. The rest of the section is devoted to an analysis

of the various test runs as they pertain to the four

questions posed in Section 7.2.2,

743.2 Test Run 1

The output for Test Run 1 with the inputs and para-

meters described earlier is presented in the next several

pages. The block schedule (Table 7-1b) is a representative

schedule of activities with two exceptions. First, no

time was allocated for lunch, since it was assumed in-

structional space would not be used at that time. Thus,

the schedule was compacted, Second, no special activities

or activities which would normally occur in separate

specialized space were included. This would have meant

removing a certain number of students from the pool of

available students, i.e., fewer students in the pod during

those times. It was felt that a more rigorous test of the

program would result if the full complement of students

were available throughout the day.
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The detailed schedule of activities generated from

the schedule of blocks of time allocated for instructional

activities is shown in Table 7-4, Its conformance with

the model described in Chapter 3 should be noted. Math

and Science tended to have larger groups and therefore

fewer sections than Language Arts. (Language Arts was

allocated only one hour whereas Math and Science each were

allocated 90 minutes. Conceivably, Language Arts would

have had several more sections given the extra 30 minutes.)

Nevertheless, considerable dispersion of group sizes is

found in all three activities. A comparison is invited

between the schedule generated and that which was observed

at School A. Examples of the subdivision of blocks of time

for Language Arts and Math in Pod COO are 'shown in Tables

7-5 and 7-6. The groupings of students and durations of

the activities appear to compare favorably with that

generated by the computer programs for a similar amount

of time. Some differences were that 1 at the obser ved

school all of the students assigned to a Pod or an Area

would not necessarily be available for assignment to acti-

vities at all times, and 2) slightly longer blocks than

were observed were defined for the activities on the input

block schedule. The latter was true for certain' observed

periods but not in general, however.
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TABLE 7-5

SCHEDULE OF LANGUAGE ARTS SUBACTIVITIES
SCHOOL A, POD C

202

,Start. Time End Time SubAeot §22.1.112s No. Students

8:35 9,20 LARTS 1 15*

8,35 8,45. LARTS 2 9

8,35 9,15 LARTS 3 40*

8,35 8,45 LARTS 4 15*

8,35 8,45 LARTS 5 45*

8,45 9105 LARTS 6 9

8,45 9,25 LARTS 7 .2

8,45 9:25 LARTS 8 100
*

8,45 9:25 LARTS 9 5

9,10 9:25 LARTS 10 15*

9:10 9:25 LARTS 11 15

9:10 9:25 LARTS 12 9

9:10 9:25 LARTS 13 9

*
These figures are within ±5 of the observed number.

U
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TABLE 7-6

SCHEDULE OF MATH SUBACTIVITIES
SCHOOL A POD C

Start Time End Time Malt Sec. No. No. Students

9825 9135 MATH 1 40*

9825 9855 MATH 2 5

9825 98 45 MATH 3 25
*

9825 9.115 MATH 4 45

9825 9840 MATH 5 50*

9.25 9845 MATH 6 30*

9,35 9155 MATH 7 3

9835 9155 MATH 8 5

9835 9850 MATH 9 5

These figures are within ±5 of'the observed number.
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Following the generated schedule, the output listing

alternates between the description and requirements of

activities scheduled to begin at each time step and the

summary information which is printed upon completion of

the assignment of activities to spaces at that time

(Table 7-7). The former are sorted and presented in order

of student minutes and thus represent the implicit priority

ordering described in Chapter 6.

At the first time step (9400) six sections of math

are scheduled to start. According to the generated schedule,

Section 5 has 28 students! its characteristics include the

circular configuration, a distraction factor* of 3, and

requirements for 28 desks, 28 chairs, 2 TV's and 448 square

feet of space. The summary table at the end of the require-

ments listing shows that at 900, Math Section 5 was assigned

to space C40 which has 30 desks, 30 chairs, and 1 TV. The

area of C40 is 391 square feet and the ratio of space

required to space used is 1.15. Section 1 which requires

2 tables, 9 chairs and a blackboard is 216 square feet of

space C30 which has 2 tables, 12 chairs, a blackboard and

Note--the distraction factor is not currently utilized
by the assignment. algorithm.



203 square feet. Section 6 which requires 48 chairs, and

48 desks is located into Space C47 which does not ade-

quately meet the seating requirements (8 desks, 1 table,

and 12 chairs) but Is a closer match of the area require-

ment than other spaces which have the required seating,

Because the selection process of the assignment algorithm

is oriented towards matching area requirements as opposed

to furniture (the assumption being that much modern school

furniture is portable), discrepancies in seating between

the activity requirements and resources in the space are

not that uncommon in the program.

After the assignment summary the total space required

and space used during the time period is printed. The

figure for space used should be examined with respect

to the spaces which were assigned. An activity assigned

to a 'space which is a subspace of a larger space in some

sense utilizes all of the larger space unless other acti-

vities are assigned to other subspaces of the larger one.

Another factor which should be taken into account is that

without intervening walls a certain amount of circulation

space and buffer space between assigned activities is

desirable (e.g., corresponding to corridor space in the

traditionally designed school). This figure will range

from 15-30% of the total instructional space designed for
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a school and appears to be somewhat larger for open space

schools than for traditionally designed schools,

Looking at the summaries for some of the other time

steps some further observations can be made, There appears

to be adequate space for 150 students at almost every time

period, The maximum space required and utilized was at

12:10 when five sections of science required 4408 square

feet and used 4883 square feet which represents 69.50 of

the 7025 square feet in Pod C. Assuming that the maximum

of 30% of the instructional space of the pod has been

allocated for circulation and buffer zones--this indicates

about the maximum usage of the space. Nevertheless, for

the entire day the program only fails to find available

space into which to place the schedule activities at

10:40, 11:20, and 12:50. The combination of space used

by higher implicit priority activities and previously

scheduled activities results in the program's failure to

assign a total of five activities to spaces at those times.

Although spaces do exist which could have been utilized,

the program in its present form does not consider any

space whose area is outside the range of 50%-200% of the

required area for an activity. In fact some deterioration

*This does not include administrative, maintenance, and
toilet facilities,
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does occur in the ratio of space required to space used

as the number of activities starting and in process at

a particular time gets large--especially when there is

a great demand for similarly sized spaces.

After the last of the time step summaries a table

(7-8) giving the number and percentage of time modules

each space defined in Pod C was used over the whole day.

For example, out of.24 available modules of time space

C30 was utilized for 21 modules or 88% of the time. The

figures in this table must also be interpreted in con-

junction with the input floorplan. Clearly space COO

was in constant use (since all the available spaces were

subspaces of COO) but it was never specifically assigned

to an activity. Some spaces, such as C27 which is a first

level subspace of C12 and has no subspaces itself was only

used for one ten minute module of time. Its parent space,

C12, was not wholly assigned to any activity; therefore

C27 could be said to be a lightly used space.

It is evident that a good deal of analysis of space

use is possible from the current output of the simulation

program. The presentation of Test Run 1 was to provide

evidence that the approach taken herein is a viable method

for simulating the activities of an elementary school and

to introduce the reader to the form and interpretation of
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the output from the simulation program. The remainder

of this section is devoted to the application of the

simulation program to specific questions pertaining to

the design of a particular school floorplan--namely,

the three questions posed in Section 7.2

226

7.3.3 Example Applications of the Simulation System

In this subsection, the questions proposed in sub-

section 7.2.2 are addressed. Excerpts from Test Runs

2 and 3 will be displayed as necessary to establish a

point, however, the remainder of the output will not be

shown.

Question 1--How would School A function if its en-

rollment were increased by 1/3?

To answer this question, Test Run 2 was made. All

inputs and parameters the same as in Test Run 1 with the

exception of the ENROLLMENT parameter, which was increased

to 200.

The resultant generated schedule of activities (Table

7-9) showed the expected increase in the number of sections

of each activity. A consequent increase in the amount of

space used and required is Llso evident. For example at

9150, thirteen sections of math required 4374 square feet

of space and at 12,20, seven sections of science required
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4384 square feet (Table 7-10). Still, assignments took

place at these times for all but one of the activities

scheduled.

At the start of the Language Arts block (10,30),

19 sections are scheduled, totelve of which require between

100 and 260 square feet cf space. Combined with the

demand put on space by higher priority activities, this

requirement results in three sections not being assigned.

Again, it should be noted that there still existed spaces

available but they were not considered suitable by the

program under its present constraints on the range of

areas for the selection of alternative' spaces. For the

day, out of 117 scheduled sections of activities only

thirteen were not assigned spaces.

The summary of modules in use per space (Table 7-11)

shows a general increase in usage both in the number of

spaces which were put into use as well as the number of

modules that were occupied. However, many of the spaces

were used less than 60% of the time available--some of

these, of course, were not available when their parent

spaces or subspaces were occupied. The conclusion which

can be drawn from this run would indicate that there is

adequate space for 200 students in Pod COO of School A

if optimal spatial configurations are observed.
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Question 2--If certain spaces are seen to be underused,

how would their removal affect the ability of School A to

provide space for activities?

This question is relatively easy to answer with the

simulation program. In Test Run 1 (refer to Table 7-7)

for example, it was pointed out that space C27 was used

for only one ten minute module of time--for Language Arts

Section 13 at 10,40. Using the detailed listing option,*

the spaces considered for this activity and their scores

were listed (Table 7-12). C62, the best suited space was

assigned to Section 14. Spaces C27, C22, and C65 were

still available however, and were roughly equivalent in

score for this activity. If C27 had been eliminated from

the floorplan, the activity would have been assigned to

space C22 or C65 and no other noticeable difference in the

functioning of th? school would have been evident.

This information was deduced from the results of a

run in the detailed mode. The space C27 simply could have

been eliminated from the input space list and the simulation

program run without it to obtain the same information

directly. Experimentation could also be performed by

removing combinations of questionable spaces to yield space

The detailed listing prints the list of alternative spaces
for each activity along with their scores.
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use figures on any subset of the original set of spaces

on the floorplan. In any case, it is obvious that with

an enrollment of 150 students in Pod C space C27 could be

considered superfluous,

Question 3--What would result if the model for

School A were used in a simulation on the floorplan of

School B?

Test Run 3 which ran the multiunit methodology against

the floorplan of School B was designed to answer this

question. All parameters and inputs were the same as for

Test Run 1 except , of course, the floorplani thus the

schedule and required space for each time period were the

same in both cases.

In the floorplan for School B, Area A, roughly the

equivalent of Pod C of School A, contains approximately

4220 square feet of space. This space was partitioned with

room dividers into five homeroom areas, each seating around

30 students, Therefore, neither space A00 as a whole nor

any of the five homeroom areas (the largest of which was

794 square feet) could accommodate the full 150 student

enrollment as a single group.

The five homeroom areas shown in Figure 7-2 house a

large number of subspaces. Although these represent areas

in which students were observed to work as a group, it was

III III IIII I 1111
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not usually the case that all the subdivisions of a

space were observed simultaneously housing separate groups

of students. This is because there was no real separation

or buffer areas between one subspace and another in most

of the homeroom areas. Nevertheless, to the simulation

program, all the defined subspaces were considered as

avai2able spaces for the assignment of activit5.es--thus it

would be expected that for activities not requiring more

than 1588 square feet of space (which would allow the ?94

square foot space to be considered), the simulation program

would be likely to find space for most or all of the acti-

vities scheduled at a given time. However, at those times

(see Test Run 1) when the scheduled activities require more

than 3500 square feet of space any assignment at all would

be a tight fit at best.

These observations are borne out by the excerpts from a

simulation test run shown in Table 7 -J.3. In the optimal

mode only one section of Nath was not assigned to a space

(see time 9t10), and the homogeneity of requirements for

space resulted in some assignments which placed activities

into substantially smaller or larger spaces than they

required. This is in evidence from the spaces required

to space used ratio computed for activities scheduled at

9150, 10:10, and 12120.
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From the daily summary of space use, it can be seen

that four of the main homeroom areas A01, A02, AO3, and A05

were the most heavily used, despite the abundance of

smaller subspaces. This could be an indication of the

need for more similarly sized spaces,

Science Section 5 at 12320 which involved 58 students

requiring 1856 feet was not assigned a space, as expected;

neither was a Languae Arts Section (2) in which 125

students required 2750 square feet.

In eleven out of the 25 modules of time steps there

were requirements for between 3600 and 4200 square feet

of space, leaving less than 15% of the entire area for

circulation--and this does not take into consideration

the space taken up by the partitions dividing the area.

Two conclusions can be drawn from the results of

simulating the multiunit methodology on the floorplan of

School B. First, the lack of adequate large spaces is

a handicap to the large group instructional mode employed

in the multiunit school. The simulation generates large

'group activities with their associated large space re-

quirements, but finds no suitable space in which they may

be conducted. Second, the large number of observed sub-

divisions of the floorplan for Area A allowed the assign-
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ment algorithm to find space for almost all of the acti-

vities scheduled; however, as was noted, there was very

little space left over for circulation or buffer areas

between activities.
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7,4 Discussion

What has been shown in this chapter is that the

simulation system designed for aiding in the design and

evaluation of school floorplans can indeed by a useful

tool for the school architect. Utilizing a prototype

program (which does not include all of the design features)

and a basic set of output data, the system successfully

simulated an observed multiunit school on its own floor-

plan and then was used to provide information about the

functionality of the floorplan under altered conditions.

The program was further used to analyze the design of a

floorplan for a school operating under a traditional

methodology to determine how it would function under the

multiunit program. These were representative of the kinds

of tests for which the system was designed.

Much of the success of the program is related to the

accuracy of the observers and their ability to identify

and record the details of the spatial environment being

observed. For example, it was not until observing in

School A (which was observed last) that the ability of

the observers to provide accurate floorplans was well

established. It is probable that the subdivisions of

School B (the first observed school) were not entirely

precise. Nevertheless, the analysis of question 3
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(Section 7.3.3) was made assuming that the given floorplan

was a correct one. The program was still able to establish

some of the differences of the architectural demands of

the multiunit program as opposed to a traditional program.

As was mentioned previously, only basic outputs were

supplied by the prototype system. Although these were

sufficient to allow the computation of averages or tabula-

tion of certain kinds of space use figures, it would not

be hard to expand the output to include these features at

the user's option. All of the information in the activity

control block is available to the system at all times, thus

allowing a good deal of flexibility in the design of the

specific output for a particular user.

In terms of the actual use of space by one school

program versus another it is worth mentioning that if 150

students were divided into five 30 student groups and

assigned to a single 750 square foot area (25 square feet

per student) and if traditional scheduling were employed'

much less space would be required (3750 square feet in this

example) for instructional activities than appears to be

necessary as the groupings and scheduling become more

complex. It is this very complexity, however, which is

1A11 activities start or end at the same time--activities
always involve whole group of 30 students.
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seen as a major rationale for the development of the

system described in this thesis.
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CHAPTER S

Implications for Future Research and Summary

247

8.1 Introdlzction

The system described in this thesis represents only

an initial step into what is envisioned as an important

new application area for computers. Within the scope

of the present system there exist several areas for further

research and/or development. These can be divided into

three categories; 1) improvements and additions to the

program itself, 2) implementation of the program in an

interactive mode, and 3) establishment of a permanent

data base.

In the remaining sections of this chapter, these areas

for future research will be discussed. The last section

will provide a short summary for the thesis.
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8.2.1 Improvements and Additions to the Simulation
Program

The major area of research for improving the simula-

tion program lies in the modifications of the assignment

algorithm.

The method of assignment of activities to spaces can

be modified in at least two ways which would broaden the

scope of the simulation program. The first would be to

allow the program to build spaces out of existing, un-

occupied subspaces when appropriate. The second would

allow just the opposite--the subdivision of spaces into

smaller spaces when necessary. Such capabilities would

give the designer a greater degree of flexibility than he

now has to specify instructional areas on his design. It

would even be possible to direct the program to select from

a totally undivided space those areas which woula seem

appropriate for certain activities. For this particular

application, however, it would be necessary to derive

methods similar to those employed in the solution of wiring

layout problems to deal with the relationship of activities

to one another and the subsequent placement of those acti-

vities. Only the relations between activities and

permanent resources (if any) would be considered by the
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assignment algorithm in the placsement of activities.

The tree structured floorplan representation is quite

suitable for the implementation of algorithms which would

divide or coalesce spaces. All that is required is the

insertion or removal of appropriate nodes representing

the desired configuration of a space. Because of the four

way linkage between one node and another in the tree, the

addition or deletion of any node can be made directly with-

out the necessity of traversing the tree to that node just

to maintain appropriate pointers (as would be the case in

a one way linked list). In fact, the service routines

for adding or deleting a node anywhere in the tree already

exist as a part of the tree building program.

One further improvement to the assignment process would

be the addition of a lookahead procedure. What this would

mean is that for each time step the program would make a

set of tentative assignments instead of just one. Further-

more, it would iterate through several (usually some arbi-

trarily defined number) time steps repeating the same

process for each of the alternatives at that time step.

At some point the program could determine whether an earlier

assignment had seriously interfered with the placement of

a later activity and make decisions on the locations of

activities given the new source of information. This
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addition would be justified if more of an emphasis were

placed on an optimum assignment of activities than is

currently the case.

8.2.2 Implementation of an Interactive Capacility for
the Simulation

Operating essentially in a batch mode as it currently

does, the simulation program presents several handicaps

to a potential user. For example, the method of preparing

input floorplans and the associated hierarchical list of

spaces is cumbersome. Experimehtation with the floorplan

or the modification of parameters is limited and of course,

the user must be prepared to wait for his output.

Perhaps the highest priority item which should be

given an interactive capability is the input floorplan.

Any CR7 with a vector generating feature and an external

input device such as a light pen wo4allnw the architect

to draw a floorplan and specify spaces and subspaces on

the plan with a minimum of effort. Using existing algo-

rithms the program can build the hierarchy of spaces thus

alleviating the designer from the tedious preparation of

the hierarchial apace list. The specification of resources

would also be simplified. Upon the designation of a space

The author has programmed an overlanping polygon detection
procedure which c:'n determine wnether rep .ion defined by
its coordinates or any part of it is contained by another
region.
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an enlargement of that area could be presented to the

user and he could then enter resources via a keyboard.

A more sophisticated procedure would allow the specifica-

tion of resources and their location in the space right

into the floorplan as shown on the screen.

Additional features which could be provided inter-

actively are the specification of individual students

whose progression through the schedule could be monitored

and the manipulation of the coefficients for the scoring

polynomial in the assignment algorithm. For the former

case a structure already exists in the Activity Control

Block whereby the individual students assigned to a section

of an activity is recorded and maintained. Such a feature

would be able to provide information on circulation of

students within the designed spaces. In the latter case,

the capability would have to be added to the program, but

would provide yet another level of flexibility to the

designer who may wish to emphasize the importance of

certain resources to an activity and determine their effect

upon the assignment of activities to spaces.

8.2.3 Establishment of a Permanent Data Base

For the simulation program to be effective its data

base must be reliable. A large scale data collection pro-

cedure would have to be undertaken to provide the system
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with such a base, An appropriate sample of schools would

be selected; the range of observed activities would be

expanded to include specialized instructional activities

such as music, physical education, workshop, and labora-

tories. Activities would be observed an appropriate number

of times to provide a statistically reliable sample from

which to draw inferences for the school program being

modeled.

I
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8.4 Sur:mary

This thesis has presented a system for the computer

aided design and evaluation of elementary school floorplans.

The system consists of 1) an observation phase for providing

data from which to build models of elementary school acti-

vities under specific educational programs and 2) a computer

program which applies the model to a proposed floorplan by

generating a schedule of activities and their requirements,

their steps through the schedule, and attempts to make an

assignment of activities to spaces available at each time

step.

The output from the program, in the form of space usage

summaries at each time step and at the end of the scheduled

day, has been shown to be of value in assessing how the

designed space fits the needs of a school program and how

flexible the floorplan is with respect to changing enroll-

ments.

No attempt was made to program a full scale production

system. Rather, the intent was to provide the basis for

the implementation of such a system and to provide evidence

for the justification and viability of pursuing this re-

search. On the basis of the results of the observation pro-

cedure and experiments with a prototype system it is felt

that the continuance of research into the problem areas

identified 3n this research are indeed warranted.

rs
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APPENDIX A

Development of an Observer Recording Sheet
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DEVELOPYENT OF AN OBSERVER RECORDING SHEET

Two different kinds of recording methods were tested

before the final procedure was adopted% First, a narrative

type recording sheet was developed. The observer was ex-

pected to record in narrative form all of the events he

saw taking place in the space. The observer was given a

floorplan for his space, a sheet of observation procedures

(page 256) and several observation forms (page 257). For

each event that occurred the observer would note the time

and write a description of what he saw.

A test of narrative-type observation sheet was made

at an open-plan school with three volunteer observers.

Results were similar to those shown on page 258. Trans-

lation of the recorded data to a format which could be

keypunched and read by a computer was quite difficult be-

cause of the volume and ambiguity of the recording.

A second observation sheet was designed on which an

entire event could be described on one line. Descriptors

were assigned to specific columns on the sheet and consisted

of quantitative and categorical items. The start time of

each activity was recorded and activities were codified and

broken down into three phases--onset, instructional, and

code. (See pages 259-261.)
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A field test of the revised form revealed several

inadequacies. Because only the start time of an event

was being recorded, it was difficult to compute its dura-

tion. (An activity was assumed to have terminated when

a new one started in the same location.) The pha6es of

an activity were often indiscernible or too brief to be

of note.

Revisions made to the observation form included

adding a column for the end time of an activity, and

droppin the phase codes of activities. The final version

of the form is described in Appendix B.

1
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OBSERVATION PROCEDURES

1. Fill in heading information on observer sheet.

2. Write items and numbers of pieces of equipment in the area to
he observed in margin at left of sheet.

3. As an event occurs, record the starting time and begin the de-
tailed commentary of what is taking place. Use location codes
as indicated on the floor plan. E!,sentiallv, an event is a
change in status of something in the observed space. This c,in

mean things like a change in the activity oe subject being pur-
sued, the entrance and exiting of groups or individuals, a
change in the physical configuration in the room etc. Any

change of status in any of the following items can be considered
to be an event. Pay close attention to them and record their
status freciucntly.

Subject being studied

Groups and size of groups (if a group divides, give the
new groups names like GI, G2 etc. and record their acti-
vities

Number and types of supervisory personnel

Center of attention of the group (e.g. teacher, device,
etc.)

Equipment in use

Physical configuration of people and equipment in the
space

Noise level

Level of Olysical activity

4. Feel free to make evaluations, but enrlo,,e all evaluotions in
brackets ( --). Try to make the evaluation reflect architect-
ually significant ohcervations such as: "activity needs mire
space" or "lighting is inadequate".
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rvation Location B

c_-)1.

ist of
iipment Time Description of rvents

item Total
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Observer Location B

School

Date

Licit of
Equi pmc ,it

Time Description of I:vents

Item Total 9:00 32. S enter space, Noise High, sit at desks,
frontal

DI:sks 42 9:04 T walks in hands out exercise sheets. iKids
CHairs 55 pull out stationery from desks) desk:, al-
'I'a blcs 2 ranged in rows, 6 rows '7 desk:, each facing
Teach Des;; 1 Black Boards ( see plan)
Bookcase 'II 3 9: 06 Quiz begins, Noise 1.o\N, SubjectMath
Bookcase I. L 9:18 nniz endssheets handed in.
Black Board 2. 9 :21 Plc:floc-tor brought in, chairs moved to Location
SCreen 1 fl, facing screen hanging from Bk.!.
TV Ismail children have trouble moving choit s
Movie Project q ;> and 1 T join the group, shades pulled civet

windows, lights out
cnnsti action 9: 31 Movie startssubject social studies
Tools 9:51 Movie ends, lights on.

9:56 Discuision starts(social studies) seating
arrangementno change,

1 0:04 Change configuration into groups c, and t, each
(GL-C;61 1 of 5 (171 6 ;; K 1 T 'leave the space.

1 0:06 individual work starts: 1 group woif.r, with
teachet on math problems around table location
B3

3 Groups work at desks on math, noise level
medium.

1 Group playing game on fleet ncai BI31.
1 Group of 5 building but location B1,

1g7oups working well, group building but
disturbs 02.1

1 0:21 Another teacher enters works with group at B1
on math.

10 :L5 first teacher stops with group, ialpervi:,r!, 3
I Inmps at desks plus oiiginal iniaii5.
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KEY TO RECORDING SHEET

1. Time start time of an event.

2. Activity - the activity ohseived c,in he said to have
distinct nh,i.,s, the onset, the instructional or main
dnd the cod,_, or end. Within eacn the activity
further brol.en down as shown in Figure 1.

3. r;roub 52z^_' number of pupils in group being observed.

259

4. Loc'ation__ - narr asE,Igned to a location described on ob,eiver',,
floor plan.

5. Subject - a 3 or 4 letter code naming the subject to he
studied.

6. c;urervision number and tyre of supervi,,ory personnel (ted(her,,,

aides, etc.).

7 Attention a code describing the group's focu of attention.

8. ConfiguratIon - a code describing the physical configuration of

9. Equil,m-nt in a list of codes describing each piece of
equipment in the room which is actively in use.

LO. - an estimate cf the level of noise being oenerated by
the group being observed (LowMI, t.!odium(M), Hiph(H)).

11. Physical activity an estimate of the level of pnysical activity
of the group being observed (Low(1,), Medium(MI, High(H)).

12. Comnents anbropriate comment,: by the observer. Such comment,1
should he of the form, 'Too much space", 'too little space",
"interference from noi ", "lighting adequate", etc.
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ACTIVITY PHASES AND CODF,S

Onset
- Students walk into snace

Oi' M, vo nt of !Turn
OM - EX 11111 of motor ials (1 or- nq iIi p,apors , pass nq

out cquinment etc.
Fettina un ccitu.nment

C1) - Or can zat ion,-,1 activity
CC - Change of con f. i(jurat ion
ON - No ITIOVt2ttverlt of people or equipment

II . Instructional or main
IL - Lecture
ID - Pernon,.. trat
IQ - Question and answer session
IS - Individual student tprcser ta t on
IC - Class discussion
IT Ind...pendont work
IC - Group work
IT - Test
IM - Movie
III - Playing

III. Coda
OW Stuclent.c. walk out of space
CF Movement of , urni tore
CM - Exchange of

- keroval of emzi nt
CT Transitional c vent ;people moving ln and out of

room)

260
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APPENDIX B

Final Version of the Observer Recording Sheet

and Instructions to Observers
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RECORDING S.:-.EET INSTRUCTIONS

264

1. PAGE Iptter the pages conc,ecutively ht-Jrtinn 1.,ith "A".

2. IT'!' The line humher is filled in.

3. TP.IE - Fe cord the time of day running from, n000 02:00 midnight)
to 2400 0.1:DO 7 as each event startg and end-:.

4. UY - Name of the c.,111,f_pace being o:)seriled consil.tino of the

letL(..r nam.e asi,loed to the in ',ace 'pace blanL. 10

recording sheet 11,:dinci) and a two digit nu'nb r from
01 to c_19.

5. - Name of tho groat, I einc ol)served consisting of a letter

(nreferalAy "C"/ a a two (holt number from 01 t.4) 00,

6. CT - Grou') Tyo. If the people in the group are ding indi-
vidaal ',;or. 1-c-cord "I"0 If they ,are actInc: as greel ,

record a "0".

7. OS, OT Record the number of stnd,nt,, and teach.riq

respectively.

8 EVFNT See EVENT CODES

9. BASIC CONFIr;. - See CONFTf,UPATION CODES

10. Dr - Distraction Factor. An erAimatr of hoY much this ,ict,vi-

ty would affect other activities occurrilici
adjacent to it without separating m,iteriaEq. Per:old A

"1" for no distraction, "2" for little distraction, "i"
for moderate distraction, and "4" for high di,Jraetion.

11. OCII, 4DF, 4TA, 11Th - Record the number of
and Teacher's Desks respectively.

12. Other eguirment acsompanying list.

The t cc.] wid-r (T:!! wi 1 1 .1, al In,
I f all a', tr r 1,, 1,1 r!ghtrin,. t i ii c .111,7n , i 1 1

informltion en the line will De co,,,Ilde,ed :1 ii-',',

Feel free to cemrlent often on ,iny but

special em:iha,iis on the usc of nor o.

If a p,:ge letter and hoe number appear 1,2 f us ted in
the column, the line will he assumed to be a continurition
of the line desiTiated,
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EVENT COD?: S

Subject Event'

A. Lang udqe, arts

1. Corriuni cat) ye act vi ti es Cnm.N1

2. Listening 1.1;TEN

3. Speech
4 . Readi ng READ
5. Wri ti ng . 1.,/RITE

6. Spelling cP;:1,1

7. Grammar G TMR

R. Mathematics
1. Addi t ion ADD
2. Stibtror.t.i on qv;
3. Multi pl cation MUL'['

4. Division DTV

5. Set. theory c;11-,

C. Social sturlicc,
1. Current events C117'R

2. Geogr GEnC,

3. History MST
4. Poll tical

D. Selena'
1. Physical sci enr:e PHYSCI

2. RI liinL

3. Exnerir2nt',.

4. Process ar_t ppnc*

E. Art
1. Drawing, oaintin,s; , rtc. DRAW

2. Construction CONST

3. Art apt,reci 'RTA

4. Art history

F. Music

1. Play ng t rumen PLAY IN

2. c;ingi IN,;

3. Dan( inn DANCE

4. Music ap:,roci ati . A

5. Mils) c tneory M(15,T

6. Music history , MI15,11

Process activities a nclu:1 nqui ry , observation, and cla,,s, 11 -

cation .
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EVENT COT;ES (Continued)

G. Other cvents
1. Increase in groin size INC
2. D crc.ac. to grow, size -- DEC

3. Break into smaller groal.--; BRK

4. Combine grou:-,,, - COMil

5. Change of aroi:p type CETYP

6. Arrange e-m.n.--mo,,t ARR1:c
7. Circulation witl,in CIRCI
f3. Circulation in and out of space
9. Rece.s

10. General homeroom activities GEN

11. Snace unuqed EMP7:
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**
CONFlOTURVION CODES

I. Basic confiourations

A. Rectangular
1,

2.

3.

F,-ontal .111:11:,a1 with de<A,

Frontal opti:Ial with desk,
Frcntal minimal with tables

PMIND
FOPTD
FMINT

4.

5.

Frontal optial wich tables ,

Frontal minimal with chairs
FOPTT
FMINC

6,

7.

Frontal opti"-11 with chairs
Frontal mlnim.11 - no furniture

'PTC

YMIN.

8, Frontal ontimal - no furniture FOPT.

B. Circular
1. Circular with desks CIPCD
2. Circular with tables CIRCT
3. Circular with chaira CIRCE'

4. CircuU-r wIthlit furniture Cf BC.

C. Radial

1. Radial with dcs. RADD
2.

3.

Radial with table,
Bach al with chain;

RADT
'ADC

4, Radial without Furniture RAD,

D. Clusten-d
1,

2.

Clustered with desks
Clustered with table,;

CI,UDn*

CLUTn

3. Clustered with chairs CLUCn

4, Clustered without furniture CLU-n

Rocord the a"erage number of items in the clw;ter for "n".
Items m,an-, furniture in 1, .2, and 3, and students, in 4.

**
Confiquration ,hould he recorded as one of the codes abovo

followed by a space dermity indicator. The space don,.ity indiatoi-
are

1. Sparse
2. Moderate M

3. Heavy ,
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*
CONFIGURATION CODES

I. Basic configurations

A. Rectangular
1. Frontal minimal with desks FMIND
2. Frontal optimal with (1.,,31's FOPTD
3. Frontal minimal with tables FMINT
4. Frontal optimal with tables FCPTT
5. Frontal minimal with chairs FMINC
6. Frontal Outimal with chairs FGPTC
7. Frontal minimal no furniture FMIN.
8. Frontal optimal - no furniture FORT.

B. Circular
1. Circular with desks CIRCD
2. Circular with tables CIRCT
3. Circular with cnairs CIPCC
4. Circular without furniture CIRC.

C. Radial
1. Radial with desks RADD
2. Radial with tables RADT
3. Radial with chairs RADC
4. Radial witnout furniture RAD.

D. Clustered
1. Clustered with desks CLUDn*
2. Clustered with tables CLUTn
3. Clustered with chairs CLUCn
4. Clustered without furniture CLU-n

*
Confip,urat5ons should be recorded as one of the, codes

above followed by a spacr: density indicator. 7he space
density indicators are:

1. Sparse
2, Foderate
3, Heavy

**
Record the avera.7e number of items in the cluster for

"n". Items means furniture in 1, 2, and 3, and students
in 4.
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OTKEIR EQU

Equipment should be recordd as a two digit number from 01 to
99 followed by a two caara::tc: equip:Tent code. Record only the equip-
ment used actively by the pc0ple in the subspace.

I. Equipment codes

A. Blackboard pennanent) BB

B. Blackbo,ird BP
C. Partitions PA
D. Carrel CA
E. Television set TV
F. Television stand TS

G. Radio RA
11, Record player RP

I. Movie projector MP
J. Movie scrcrn MS
K. Film strip projector FP

L. Tape iecorder TR

If there is not enough space to record all of the equipment used
in an activity, use adjiLlonal lines on the recording sheet. Record
the adUiLioh,11 eul::enL che vinnv< r.c)uir::r.Ni columns except for

the last col= on the page. Write the page letter and line number
(left-adju:,tcd ) for which the current line is a continuation in this
column.

0
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The Computation of Floor Space in Subroutine PAREA
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The computation of school floor space is made in the

program PAREA. PAREA can compute the area of any n-sided

polygon, concave or convex, given an ordered list of the

(X,Y) coordinates of its vertices. The computation of

area takes place in two stages;

(1) PAREA traverses the polygon eliminating concave

points, summing the areas of exterior triangles including

these points and creates a convex polygon;

(2) PAREA computes the area of the convex polygon by

summing the areas of a set of its interior triangles and

subtracts the total area of e,:ternal triangles to yield

the correct area.

An example follows to clarify the above description.

The figure below shows a concave polyjon ABCDEFG. PAREA

examines each point in relation to its preceding and suc-

ceeding points to determine whether or not the point

represents a concavity of the polygon. PAREA starts with
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the points A, B, and C and examines B to determine if

it falls to the "left" of the directed line segment AC

This would imply that B is a concave point. As shown,

B is a convex point, however, and PAREA continues by

looking at B, C, and D , Looking at C, D, and E

PAREA encounters a concavity at D . D is eliminated

and the area of the external triangle CDE is computed.

Since D has been eliminated, PAREA continues traversing

the polygon by looking at E, F, and G and on around

to F, G, and A. Note that in the case of two or more

consecutive concave points they will not all be eliminated

in one pass around the polygon. PAREA continues traversing

the figure until it makes a pass in which no concavities

are eliminated. Thus on the second pass, E is discovered

to be a concave point and the area of CEF is computed. At

this time PAREA constructs all the interior triangles

of the new convex polygon APCFC containing point A and

not both of its adjacent points. Thus triangles ABC, ACF,

and AFG are constructed and their areas are computed. The

sum of the areas of these three triangles is the area of

ABCFG. Subtracting the sum of the areas of triangles CDE

and UF, PAREA thus computes the area of ABCDEFG.

The algorithm PAREA uses to determine if a point falls

to the left of a line and thus rcprese:nts a concavity can
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be shown in a decision table. Given the coordinates of

three points (X1,Y1), (X2,Y2), and (X3,Y3) we wish to

determine if (X2,Y2) falls to the left of the directed

line segment whose end points are (X
1
,Y

1
) and (X

3
,Y

3
).

The decision table is the completed extension of the follow-

ing reasoning. The slope !1 of the line from (X1,Y1) to

(X3,Y3) is (Y3-Y1)/(X3-x1 ) and its Y intercept B can

be given as B = Y1 - MX1 . If the quantities (Y3 -Y,1 )

and (X
3
-X

1
) are both positive and Y

2
- MX

1
- B (sub-

stituting (X2,Y2) in the equation of the line segment

being analyzed) is positive then (X2,Y2) can be said to

fall to the left of the line and is therefore a concave

point in a polygon. If the quantity Y2 - MX2 - B is 0

then (X
2'-

) is colinear with (X
1
,Y

1
) and (X

3
,Y

3
)Y

2

and if it is negative, (X2,Y2) falls to the right of the

line segment: Analyzing by cases yields the following

decision tablet

Y
3

Y
1

x3 - Xi Y
2

- MX
2

- B (X2,Y2)

+ + + concave
+ + - convex
+ - + convex
+ - - concave

+ + concave
- + - concave
_ _ + convex
- - concave

4.
a 0 '

I
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In case (X3 -X1) .-. 0 which would yield an infinite

slope (a vertical line) and cause a divide fault in the

computer, PAREA examines the direction of the line and the

relationship of the X2 coordinate to either X3 or X1

to determine if (X2,Y2) is a concave vertex of a polygon.
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APPENDIX D

Examples of the Assignment Algorithm
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In this Appendix, three examples of the assignment

algorithm are shown. All of the examples are taken from

simulation runs in the detailed mode so that the scores

of spaces which were being considered for assignment would

be available. Table D-1 which gives the areas and invent-

ories of spaces in School A is reproduced from Chapter 7

for the reader's convenience.

Example 1

The requirements for the five sections of Science

scheduled at 11:30 are shown in Table D-2. Following the

requirements for a section is a list of the spaces which

were considered for that section and their scores. Section

5, for example, requires 10 tables, 58 chairs, 1 blackboard

and 1865 square feet of space. Space Cll has 53 desks,

53 chairs, 2 blackboards and 2 sinks and is given a score

of 264,00. The partial scores are .914 for the chairs,

.731 for the desks (desks have a default value of 80% of

what the score would have been for tables) and .995 for

the area of the space--which sum to 2.64. When multiplied

by 100, this yields the value of 264.00. C11 is the first

ranked space for Section 5, and since there are no con-

flicts, it is assigned to that section. (Table D-3 shows

the complete assignment for the time step.)



t?ri-i"T "t'

%H.: D-2

PO'FN'TAL St's AND SO'DFFS FOR FP/F. S7.',aTIONS OF S'YfF,NCE

ACTIVITY = SCI SECTI 2 "E';: IRE!IENTS.
CONFm RAD 4.1DF=3 APE, PEem 238

3 TARE 17 (RAIN

277

I BP
ACTIVITY SC! SECTION 2

SPACE = C3O SCORE = 322 C5_
SPACE m C41 SCORE = 255.13
SPACE m C64 SCORE = 212.77
SPACE_m C23 SCORF.= 19;tiA14

SPACE = C47 SCORE = 193.46
SPACE = C20 SCORE = 197.48
SPACE

ACTIVITY = SCI SECTION 5 RECUIREMENT,
CONE= CIR DF=1 AREA REQ.= 1656

I(' TAFLE 58 CHAIR
I BB

ACTIVITY SCI SECTION 5

SPACI CII SCORE=_ 26'4.00
SPACE = C13 SCOfE = 227.20
SPACE = C21 SCORE = 229.03

ACTIVITY SC! SECTION 3 REQUIREMENTS,
CONE= RAD DF=2 AREA PECs= 308

4 TAPIE 22 CHAIR
1 BR

ACTIVITY SC! SECTION 3

SPACE = C42 SCORE = 243.77
SPACE = C26 SCORE = 193.70
SPACE = C40 SCORE = 107.60
SPACE = C25 SCORE =

. _ _ 105.71
SPACE = C47 SCORE = 161.04

ACTIVITY = SCI SECTION 4 FEOIIIREHENTI.
CONE= CLU DF=1 AREA REQ.= 696

S TAPLE 29 CHAIR
1 00

ACTIVITY SCI SECTION 4

SPACE = C46 SCORE . 2s5oo
SPACE . C31 SCORE = 113.02
SPACE = C26 SCORL = 54.31
SPACE = C21 SCORE = 48.56

ACTIVITY = !)C1 SECTI0 1 REC.UIREHENTS.
CONE= CLU DF=2 AREA REQ.= 576

5 TAPLE 24 CHAIR
1 MS

ACTIVITY SCI
SPACE = C46
SPACE = C3I
SPACE = C26

SECTION 1

SCORE = 233.61
SCORE = 40.73

SCORE = 51.04



BEST G'Oil ;' '!:I3LL

29.1
278

TABLE D-3

ASSIG=ENTS OF FIVE SECTIONS OF SCIENCE

T11.1_0..11:30

ACTIVITY SEC, U065TLT. AREA REr, SPACE AREA REQ:USED
SCI 5 58 1 i.056 CII 1865 i.on
SCI 3 22 308 C28 312 .99
SCI I 24 576 (46 568 1.01
SCI 4 29 696 C31 1095 .64
SC1 2 17 238 C30 203 1.17

AREA REqUIRrD 304 54. FT. AREA USED 4043 SQ.FT.
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When Section 5 is assignek:. space C11, space C42 is

eliminated from the potential space list of Section 3.

Section 3 is then assigned to space C28, its next choice.

Section 2 receives its first choice, space C30.

Sections 1 and 4 both list space C46 as their first

choice. Section 1 was given space C46 because a greater

difference score (192.88) was computed for it than for

Section 4 (142.38).

Example 2

A more complicated assignment is shown in Tables D-4

and D-5. Of eight sections of math, three require space

C62 (Sections 26, 22, and 25). The difference score is the

greatest for Section 22 so it is assigned to C62. Section

26, which had a higher priority than Section 22 lost its
.

best space, but it is now reconsidered for assignment since

it is still the highest priority unassigned vctivity. It

competes with Section 25 which, because C62 was assigned,

now has C28 as its top ranked space. The difference score

for Section 26 is lower than that of Section 25 and C28 is

assigned to Section 25. Finally, Section 26 is assigned to

space C25. Since there are no other conflicts, each of the

remaining activities gets its top ranked space (after

superspaces and subspaces of already assigned spaces are

eliminated from their lists).
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TABLE D-5

ASSIGNMENTS FOR EIGHT SECTIONS OF MATH

t .1
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, 1

> : tr, ") Cln .."1 .71,
1 . , 1 1." C '3 12:1 1 ".",

/ 1 t, rri CIL; 1,1 l 31
7 ,

1 ) .' 1 1..,n C 42 30'4 I

,", 1/ 1 6:: (3 r,',..! 11b

) 1 1-1 C:1) 3967 51 T



29;; 283

Examr2le 3

This example is given to show what happens when there

are many requirements for similar space, Table D-6 shows

the requirements for eleven Language Arts activities.

Sections 29, 30, 31, 32, 34, 35, and 36 all have similar

requirements in terms of space and equipment. As a result,

the potential space lists for these activities contain

many of the same spaces. Sections 27, 33, 28, and 26 have

higher priorities than those listed above. The spaces

which are assigned to the latter set of activities cause

deletions from the potential space lists of the lower

priority activities. For example, the assignment of space

C31 to Section 33 causes space C51 to be deleted from six

potential space lists. As the assignments are made in

priority order, all of the spaces on the lists for Sections

34, 35, and 36 are eventually deleted, and so no assignment

is made,

To reiterate a point, there still exists space into

which these activities may be assigned, however, their areas

lie outside the range which was defined as acceptable for

consideration. Not assigning these spaces warns a designer

of a potential problem.
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TARLF D-6

POTENTIAL SPACES AND SCORES FOR ELEVEN SECTIONS OF
LANGUAGE ARTS

ACTIVITY = LAPIS SUCTION 27 REQUIREMENTS,
CONF.= CLl OF=1 APLA REQ.= S76

YAW-E 24 CHAIR

ACTIVITY LARTS SECTION 27
SPACE' * (40 SCOPE lc 202.RS
SPACE. = C31 SCORE = 40.73

ACTIVIT' = FART; SECTION 13 RErlq.REMFMTS._ _ _ _ .

CONFr CLU or=1 AREA RE2o= S46
13 NOl

1 BP
ACTIVITY LARTS SECTION 33
SPACE = ('40 SCORE = 71.61
SPACE = C31 SCOPE = .55

ACTIVITY =
CONE= CLU

LARTS SECTIO,! 28 RECXIREMENTS,
CF' -3 AREA PrQ= 242

ACTIVITY LARTS SECTION 28
SPACE m C41 SCORE = 12.o.66
SPACE C23 SCORE = 97.11
_SPACE a C20 SCORE 3 95. E17

C64 SCORE = R4.30

ACTIVITY = LARTS
CONFm CLU DF=2

7 DESK 7

1 DB
ACTIVITY LARTS SECTION

5rCTION
AREA

CHAIR

26

REQ.=

26
SPACE m C24 SCORE = 920.16
SPACE m C33 SCORE = 90.00
SPACE n C51 SCORE m 95.00
SPACE = C50 SCORE .72.14
SPACE a C49 SCORE = -99.29
SPACE a C61 SCORE = .130,71
SPACE * C22 SCORE a 702,86

RP:ULEENTS,
140

ACTIVITY m LARTS SECTION 29 RECO1REMENTS.
CONF= CLU DFml AREA REQ.= 120

6 DESK 6 CHAIR

ACTIVITY LARTS SECTION
SPACE n CI SCORE =

. ._

SPACE a C33 SCORE
SPACE = C24 SCORE m

29
99.17
95.00
91,67

sPAcr r C43 SCORE I 9n.93
SPACE I CSO SCORE = .1112,50
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ACTIVITY = LARTS
CONE= CI_U DF=1

3 DESK 3

1 BB

SECTION
AREA

CHAIR

31 RECuIREMENTS.
REQ.= 60

ACTIVITY LARTS SECTION 31

SPACE = C63 SCOPE = 86.67
SPACE = CSI SCORE = 1.67
SPACE = C33 SCORf_ =

SPACE = C24 sceRL = -16.67
SPACE = C60 SCORE =

SPACE = C45 SCOPE = .-168.33
SPACE m C43 SCORE = ..381.67

ACTIVITY = LARTS SECTION 3S REQtaLREmENTc.,.
. _ _ _ _ _ _

CO,,F= CLU DF=I
_

AREA REQ.= 60
3 DESK 3 CHAIR
1 BP

ACTIVITY r LAPTr, 5FCTIC0! 34 REnUR'ENTS.
CONE= CLU UFal AREA REQ= 120

6 DESK 6 CHAIR
1 RR

ACTIVITY LARTS SECTICN 34
SPACE a CSI SCOPE = 99.17
SPACE = C33 SCORE = 9_5,n0

=SPACE! (24 SCORE. = 91,67
SPACE = C43 SCORE = 90183
SPACE = CSO SCOR j ...1P215Q

ACTIVITY a LA; IJ SECTION 32 REQUIREMENTS.
CONE= RAD RE -3 APEA PVQ.a It

3 DESK 3 CHAIR
1 tAB

ACTIVITY LARTS srcTizN A2
SPACE = CC2 SCORE =
SPACE = C44 SCORE = -27.78
SPACE a C63 SCOPE n .R8P.89

= -172.22
SPACE a C45 SCORE a ...405.56

ACTIVITY = LARTS SECTIOr 30 REQUIREMENTS.
CONE= CIR DF=2 AREA REQ.a 78

3 CHAIR
I BB

ACTIVITY LARTS SECTION 30
SPACE C51 SCORE = 47,44
SPACE = C33 SCORE = 38."6
SPACE a C45 SCORE = 55.13
SPACE a C43 SCORE = '.11q*74
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ACTIVITY LARTS SECT Ic2N 3E

SPACE = C63 SCORE = 86.67
SPACE' . C5I SCORE = 1,67
SPACE . C33 SCORE = -10.00
SPACE = C24 SCORE = -16.67
SPACE = (60 SCCRE = -6J.67
SPACE = C45 SCORE = -168.33
SPACE = C43 SCORE = -381.67

usi wer AilhiLABLE.

31)4
286

rH1
TAPLE
BP

=

ACTIVITY
coNr.

1

1

ACTIVITY
SPACE

= LARTS
DF=1

3

LARTS SECT
C63 SCCRE

SECT ICN 36 RFGIJIREMENTS*
AREA REQ,x 60

CHA IR

ION 36

= P6667
SPACE c CS) SCORE t 1.67
SPACE = C33 SCORE = .10.00

__ SPACE = (24
- .._ _____SCORE_

t: -16.67
-4E;.33SPACE = C1,0 SCC'RE =

SPACE = C'15 SCORE = -141.67
SPACE = C43 SCORE = -341,67

1
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TABLE D-7

ASSIGNMENTS OF ELEVEN SECTIONS OF LANGUAGE ARTS
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T IfiFt H :20

ACTIVITY SEC. NO, STU!). AREA PEc, SPACE AREA REG:USED
LARTS 27 24 576 C401 391 1.47
LARTS 13 13 546 .50
LARTS 7(1 11 2't2 C41 204 1.19
LAPIS 26 1 1'10 C24 130 1.06
LAPIS 29 6 120 C33 126 OS
L A r; T S 34 6 _120 r. ,,, p r, 0 /09
LAP TS 32 3 18 C.4`i 41 .44
LAPIS 31 3 60 C45 61 .98

_____LARTS 30 3 7R C43 109 t...7

LARTS 36 3 60 rolrcfp 0 .00
LAPIS 35 3 60 iti:.)k,:i4a 0 .00
lt.PTS IS 7 ...... __ .25'4 C2F, ?64 1111___ _ _____ _

LARTS 20 7 168 C30 203 .83
LARTS 23 7 140 C65 142 .99
LAPIS 2S :447 _1.034 C29 1254 .82

AREA REQUIRED 3656 SQ. FT. AREA USED 4020 S0.FT.
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