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PREFACE

Examplesﬂof material handlihg'systems that require
vertical transporfation~are numerous on constructioh projects,
One such example is that of vertical transportation systens
used to tfansfer materials during the construction of high
rise buildingso The optimal design of material handling
systems reQuires‘careful consideration of the associated
waiting and interference problems.

The construction manager can schedule and expedite
materials and subcontractors on a project, but hewcannbt
altegether prevent waiting since delays can usually be
attributed to a series of chancevqccurrences beydnd his
contrel. It is the responsibility.of the construction
manager who designs the vertical transportation system to
evaluate properly the demand fofﬂlifting service, to
esfablish thewappropriate level of lifting service, to
estimate the va?ioﬁs costs associated with the satisfaction
of demand, and to.détermine the optimum combination of
equipment‘for the system° It is the purpose of this research
to déVelop>mgthematical models and analytical procedures
which can be uséful as the basis for making such decisions.

Thgrwriter has attempted to give credit to all sources
from which matérial has been taken. He apolqgizes for any

®missions of this character which may, unknowingly, have

iii’



occurred.

The writer is greatly indebted to the following members
of his Graduate Committee for their criticism and suggestions
in the preparation of this work: Professor E. L. Bidwell,
Civil Engineering Faculty; Professor R; L. Janes, Civil
Engineering Faculty; and Professor J. E. Shamblin, Industrial
Engineering Paculty.

'Finally, the writer wishes to acknowledgevthe tremen@ous
moral support of his wife, Betty Ann, and his fwo sons,

Kelly and Ken. It is hoped that the effort represented on

the following pages is eQua; 1o theirs.
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CHAPTER I
INTRODUCTION

High-rise construction requires the assembling, trans-—
perting, and fastening of Various‘materials‘within selected
time»periods according to a preconceived séhedul"eo These
requirements are met by grouping the necessary materials
and men at the various stations along fhe_vértical profile.
Frequently; at any given instant, there is more than one
demaﬁd to vertically transport these materials from the
receiving point to designated stationso It is'éustomary
for the general contractor to assume the responsibility for
providing vertical tranqurtation fo his subcontractors. |
This suggests that the‘general contractor is faced with\the
seie@tion ana provision of appropriate vertical transpor-
tétion equipment to satisfy their demands as well as his own.

In some states it is unlawful to 1lift men on the same
egquipment used to‘lift materials. This study presumes’thaﬁ
separate transportation will be prdvided for no other
purpose than that of lifting men; therefore, the trans—
portation of men will not be considered as contributing to
the demand for lifting service.

The quantity and type of maﬁerials vary during.the

construction period and among the seleécted time periods.



Begause the time intervals between arrivals of materials to
be vertically transported are random, a decision must be
made as to the service capacity level of lifting equipment
necegsary to avoid excessive waiting time for materials
during periods of heavy demand. The decision.rests on
economically balancing the cost of‘Waiting time against the
@ost of providing 1ifting equipment.

‘Problems of the type posed here commonly arise in
construction systems where materials form waiting lines
for some type of servicing. Approaches to the solution of
material handling problems in high-rise construction vary
with the many types of equipment available and the structural
framing system of the building.

The types of equipment suitable for 1lifting purposes
can be grouped into "families" of equipment having similar
characteristics but Varyiﬁg in capacity, reach, and cost.
For example, a family of erection cranes would include 8=ton
‘cranes, 18-ton cranes, 60~ton crenes, tower cranes, and
climbing cranes. One family of equipment would include all
hoists, of which a canstruction‘elevator would be one class
within this group. Most high-rise building projects require
a2 combination of lifting equipment to achieve compatibility
between cost and efficiency. 'There are a considerable
number of possible combinations of lifting egquipment |
available to aily given project, but most high-rise buildings
employ an elevator as one device. Using the elevator as

the basia’lifting machine, the remainder of the vertical



tr@nsp@rt ation equipment is selected, or provisions are
‘made to supplement the elevator during periods of heavy
demando Since the eievatdr is used as a basis for the
selection of the Llftlng equlpment to be employed on a
particular progects ‘it would seem reabonable and appropzlate
to know the performance capability of one ‘elevator,

The nature of the problem to be considered here is %o
determine the expected service that could be contributed
by an elevator to the verti@al transportation equipment
~in the building process and those times iﬁ the process
; when it would be more economical to augment the elevator
capacity by supplementary equiphiént0

Decisions on the type or types of equipment to be
employed on a parilculaf high=rise project seem to have been
v predicated on intuitive judgment and experience. A decision
made on this basis may not be the "best" decision. MWanage-
ment's objective in a problem of this kind should be to
select from among alternative operating schemes the “one"
that most nearly maintains an economic balance between
waiting times and transpﬁrt capacity. Any gqueueing system,
meeting thiszobjéetivé requires a practical and effective
analyti@al method of solution which will predict delays
produced at specified arrival and service capacity levels,
Such a method is developed in this treatise to determine:

1. The relaticnship between the height of a building

and the @apacity requirements of one elevator,

2o The relationship between the area of a building



and the capé@ity reguirements of one elevator,
3o The relationship between the configuration of
' the area of a building and the capacity reqﬁirew
ments of one elevator.
4o The relative ecoany'of one, or more elevators.
The resuit of developing this treatise is a technique
that will enable construction managers %o predict the
productivity that may be expected from an elevator so that
supplementary equipment requirements, if ﬁeeded, can also

be predicted.



CHAPTER II
LITERATURE SEARCH

This chapter reviews the development of queueing or
walting-line theory and establishes the extent to which
gueueing models have been applied to construction engineéring
problems.

In 1961 Cox and Smith (1) stated that a recent bibli-
ography listed some 600 papérs on gueueing and allied
subjects. Since that date many additional studies have
been published, indicating the interest in gqueueing theory.

Any review of'queueing literature must begin with A. K.
Erlangg who developed models toc study telephone problems as
early as 1905, Otherg in addition to Erlang cantihued to
study mass communication problems with little or no attention
given to other areas of applicati@n until arouﬁd 1947. The
work with gueueing during this peri@d‘of time was based on
the assumption that each unit of demand on the system,
such ag the placing of a call, was independent cf other
units of demand and therefore not susceptible to control
or manipulation by the system., The significance of this
assumption was that it enabled a system input to be'described
by the Eoissdn process, which is characterized by a negative

exponential distribution of intervals between arrivals (such



as calls) demanding service. The variation in the lengths
of these intervals contributes to the measure of congestion
or utilization of a system which is characteristic of many
real-world problems.

The emphasis placed on sc-—called operations research
methods during World War II gave impetus to the extension
of both mathematical theories and use of the models,
ineluding those of queueihgo FPollowing World War II, an
impreassive number of publications on gqueueing appeared in
the jouwrnals. Congiderable attention has been given to
modifying the criginal assumption by Erlang in an attempt
to describe more accurately the behavior of the systems
under study. Unfortunately for the practitidnér, this
attention has been directed for the most part toward the
Athe@wetical agpects of queueing theory rather than toward
ugeful applications of the theory to praciice,

In most cases application to a practical pr@blem
involves an economic model in order %o provide a basis for
choosing am@ng alt@rnative systems. FEconomic models dealing
with_industfial type problems are discussed in Morse (2)
and Bowman and Fetter (3). The economic models presented in
these two studies deal with such problems as docing
facilities in a harbor and the number of machines assigned
to an operator (as in =z textile mill). Mangelsdorf (4)
indicated procedures that could be employed in the appli-
cation of waiting—line theory to machine assignment both

with a finite and infinite population. Of particular



interest in Wangelsdorf's work is his attention to the

problem of determining cost of an operator, attehdant, or
repairman, etc.; cost of excess or idle machine capacity;
and costs associated with a delay in performing services.

Considerable research effort has been directed to the
study of vehicular traffic by the use and development of
gusueing models. Prominent among the publications in this
area are those resulting fromlstudies of waiting=line
probilems. encouwntered by The Port of New York Authority,
which is charged with the responsibility of operating such
public facilities as airports, tunnels, bridges, land and
marine terminals. One such problem studied by the Port
Authority was the problem of waiting-lines at toll booths
at the Port Authority's bridge and tunnel facilities (5).
Other problems‘analyzed by the Port Authority were telephone
and lobby information services, motorized police patrols,
and élevat@r service (6). Shelton (7) provides what sppears
to be @ summary of the solution methods used for waiting-
line problems analyzed by the Port Authority’s Managemént
Bugineering Group. In his articleg Shelton graphically
represents the results of some prbperties of the gystems
studied.

As noted previously, the limited number of articles and
publications on the topics of practical application of
waiting=1line theory to problem solving is in marked contrasth
to the treatment afforded the theoretical approach. One's

first encounter with the mathematical scophistication and



elegance found in the technicel literature can be a
frustrating experience causing one to despair of ever
gclving a practicel problem by gueueing theory. The diffi-
culty is that the mathehatics necegsary to desgscribe pre-~
cisely the behavior of waiting-line systems is unfamiliar
to the practitioner. Too few attempts have been made to
translate the theory into any form suitable for application
to the real-world environment. One exception to this is
the work by Hillier (8) although he warns of the danger of
attempting mathematical shori-cuts and taking liberties
with the theory_(9)o In (9) it is pointed out that invalid
results may be obtained for waiting-line predictions unless
valid walting-1line equations or valid Monte Carlo simulation
are used. This article presents & broad conceptual Irame-
work of the general approach to many industrial waiting-
iine probhlems.

In (8), economiec models for industrial waiting=line
problems are developed and some basic results derived for
the case where the study is based upon fundamental cost
congiderations and the assumption of an infinite population.
Included are a number of economic models and accompanying
procedures for determining the level of service which
ninimizes the total of the expected cost of service and the
expected cost of waiting for that service. The first
model presented in Hillier's article is for the case in which
both the arrival rate and the service rate are fixed and the

number of service chamnels must be determined. The second



model developed is for the case in which both the arrivsl
rate and the number of service channels must be determined,
io2o; where both the number of service facilities to dig-
tribute among the entire population and the number of service
channels to assign each facility must be determined. The
inelusion of fTravel time costs in this model is a feature
that hasg many‘u@unterparts in practical problems and is
therefore of considerable value to the model. The third
model is for the case in which both the service rate and the
number of service chamnels must be determined. Several
apecial cases of the two latter models are alsoc analyzed.
Congiderable attention is given in (8) and (9) to the
determination of cost coefficients and to defending the
cost of obtaining information necessary for accurabe cost
figures for the various measures of effectiveness. The
great difficulty in the determination of these costs is one
serious dissdvantage in the application of any economie
model, inecluding an eConomic,model based on waiting-line
behavior. However, it is pointed out in (8) that the
solution to an economic waitingéline model is generally
not very sengitive %o the cost assigned to waiting time.

It has probably not escaped the reader's attention that
all of the references cited have been in areas other than
congtruction. Few attempts at applying waiting-line theory
to practical problems have been published, and those that
have been published deal primarily with the areas cited

above.
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Review of the literature has revealed only two signifiw
cant appiications of waiting-line thedry to construction
enginesring problemso Motion and‘time‘studies were conducted
in an efforp to test a‘mathemafical model which approximated
the pr@bability that a given number of earth movers would be

waiﬁing in line at a loader during hauling operatiocns (10).
In this earth moving application; if_there was at least one
earth mover waiting in line at all times then the loader
could ideally work to its ful1 capacity. 1f the probability
of this occurrence is known, the production rate of ﬁhe
loader can be quified and job producticon calculated.

A total cost analysis can then be developed to reflect the
optimum nunber of earth movers to be used.

The other example of the application of waiting-line
theory to construction is given in (11). A simulation
approach was used to predict the productivity of an earth
moving system involving one pusher working with a fleet of
serapers. Four models were developed for several possible
system arrangements and compared to the results of a
computer simulation model. The comparison of the predictions
of the waiting-line model with those of the gimulation
program for a wide range of syste@s resulted in an average
error of =3 per cent. In all cases, it was assumed that
non-delay cyecle times and machine efficiency were known.

The problem contemplated in the present study differs
from the problems referred to in the referénees cited in

several significant respects. The type of unit ox materisgl
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to be serviced varies considerably in physicél charac—
teristics, thereby imposing particular regquirements on the
service facility. The character of the demand gradually
changes as the bullding process stepsvthrough the various
stages of construction. None of the feferences cited
congsidered the conseguences of abnormal delays or demands.
It is this author's opinion that 'a queueing model
dev&l@ﬁéd Tor a construction material handling system should
incorporate means for up-dating the schedule and smoothing
the demend with associmted costs for alternative corrective
procedures. Iurthermore, graphical computational aids to
enable the practitioner to use the information without
possesaing an intimste knowledge of the deveioPment 18 of
great benefit to the construction industry. The absence
of gome or all of the ab@vé desired information in the
provlems attacked in the literature encouraged the author's

desire to make this study.



CHAPTER III
THE BUILDING CONSTRUCTION PROCESS
Current Practice

The construction of a building is generally viewed as
consisting of three broad stages: 1) initial stage, 2)
intermediate stage, and 3) finishing stage.

The initial stage begins with the foundation and pro-
gressively includes the frame‘and floors. The intermediate
stage, after allowing the initial stage to progress suf-
ficlently %o avoid interference, follows the initial stage
and proceeds concurrently with the initial stage. The
finishing stage begins after the intermediate stage is well
advanced and proceeds concurrently with the initial_and
intermediate stages.

This pré@ess forms a2 pattern of repetitive operations
unigue to reinforced concrete frame construction since the
pattern of operations differs for structural steel frame
construction. It is because of this difference in con-
struction procedure that only the case of a reinforced
concrete frame buillding is considered in this research
eff@rt;. It should be recognized, however, that many simi-
larities exist between the procedures for constructing a

reinforced concrete frame building and a structural frame

12



13

building; so the method presented here, with appropriate
modifications, could be applied to the determination of
vertical transportation equipment for the structural steel
frame building.

Foundations, which are included in the initial stage of
congtruchion, are typically piling or reinforced concrete
spread footings, raft footings, slabs, or combinations of
these. PFor a variety of reasons, foundation work is carried
~on below finished ground level, freguently to considerable
depth. The nature of this work precludes the use df
elevators and must, of necessity, depend upon some other
mode of vertical ftransportation. Only after the foundation
work is concluded and the surrounding area backfilled and
compacted, is the installation of an elevator practical.

It is at this point in the building process that construction
of the first floor slab and columns can begin. The materials
for the first floor slab and columns either de not reguire
vertical transportation equipment ér can be better transf
ported by other means. Therefore, only those materials
required for the second and succeeding floors are considered
as contributing to the demand for vertical transportation
service provided by an elevator,

The reinforced concrete framé and floors included in
the initial stage involve material such as forming lumber,
reinforcing steel, conerete, imbedded items, etc,

When a floor is determined to have gained the desired

strength to accommodate additional construction, it is



14

released 0 the intermediate stage. The materials necessary
to accomplish construction in this stage typically include
exterior masonry units, mortar, window sash, interior
magsonry unitg for partitions, rough electrical, rough
plunbing, ducts, etc.

As soon as interference from the intermediate stage is
seen to be negligible, construction activities of the
finishing stage can commence, Materials included in the
COmﬁtructioﬁ activities of this stage are floor coeverings,
wall coverings, electriéal and plumbing fixtures, finished
hardware, etc. |

The initial phase, bheginning first, will terminate
first; then the intermediate stage will terminate, and
finally the finishing stage terminates marking the
completion of the structure.

The Qperations or tasks to be performed on each floor

are basically the same for the same stage. The repetitive

characteristics of this type construction establish a
recurring patitern of construction procedures early so that
an entire project can be viewed as a series of time periocds
of egual length., The materials required for each period
can be determined with reasonable accuracy and confidence
in muech the same manner used to prepare a CPM network.

With the material reguirements for each time pericd
established znd the on-station date for each specified by
the s@hedulew the requirements to be imposed on the elevator

for the general case can be related to the performance
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capability of the elevator subject to the limitation of

effective loads assigned to each material.
Effective Load Capacity

Effective load capacity is defined here to be the
number of units of a material that an elevator can 1ift in
one lead. The units are expressed in commonly accepted |
terms of meagurement for that material such as cubic yards,
lineal feet; square feet, etc,

Not all materials can be itransported by elevator either
because of the weight,‘volume; or length of the material to
be transported. In order to determine those materials
susceptible to transport by elevator it is COnﬁenient to
classify materials corresponding to the capaCity of fhe
alevator bhased dn the material’s weight, volume or lengthAso
that the number of units of each material to be transported
by elevator can be determined. This will identify those
materials that can be tranqurted by elevator without ex=
ceeding its capacity. PFurther, the total required number
of elevator trips to each floor can be determined by
congidering thé number of units of each material contained
in an elevator load.

Several materials for which the effective load
capacity needs to be determined may be considered.
Reinforeing steéls which is a major material reguirement
in the initial stage, comes in agsorted diameﬁers and

varying lengths. The weight of this material is a function
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of the bar dismeter and length of bar. If the elevator
under c@nsideration‘has a clear platform size of mné"ﬁcmﬂ6",
that number o¢f reinforcing bars requiring é clear dimension
of less than 4'-6" whose total weight does not exceed the
weight capacity of the elevator can be transported.
However, many of the reinforcing bars required will exceed
the 4'=6" c¢lear dimension of the elevator platform. In
this case, 1t is not the weight capacityvof the elevatoer
that is the limifiﬁg factor, but the length capacity of

the elevator. .It would be necessary in this case to trang-
port those reinforcing bars exceeding 4'-6" by means othef
than an élevator? The effective load capacity for bars
less than 4'=6" would be determined either in number of
bars of a ceritain size or in'pounds. The effective load
@&pa@ity would then be based on the weight capacity of the
elevator (weight of the bars) or the volume capacity of the
elevator (number of bars).

Another example is lightweight accoustical material
packaged in large bags or cartons with negligible weight
but considerable volume per bag or carton. The effective
load capacity in this case would be based on.the volume
capacity of the elevator rather than the weight or length

capaclity of the elevator.
The Basic Preblem

Some observations can be made from the foregoing

degeription of the building process.
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The time of arrival at the lifting site for each
material is not exactly known. Contributing

%o this situation are delays in shipment,
weather, inadequate manpower, non-availability

of hauling or unloading equipment, oversights in
oerdering, defective material returned for
replacement, delays in approving shep drawings,
prolonged‘laboratory tests, incorrect fabrication,
strikes, disputes, work stoppages, and human
frailties in general. - |

The materials arriving at the lifting-site do

ndt all possess the same Qharacteristicso

In addition to variations in size, weight, and
physical properties,; the handling times required
for loading and unloading can vary.

The guccegsive floor destinations of each trip
Load of métérial depends on the order of material
arrivals. This fact prevenis an orderly sequence
of floor by flecor deliveries if idle time of

the elevator(s) is to be kept at a minimum,

' The elevators serving the construction of the

building are expected to 1ift all‘material
capable of being lifted as determined by the
effective load capacity.

Because different materials have different
handling times and different floor destinations,

longer or shorter times are required to transport
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each elevator load.

6o On those days when an elevator®s capacity is
devoted exclusively to the transportation of
concrete, other materials must awalt service or
elge supplementary lifting equipmentvmust be
provided.

7. Since the arrival times of material to the lifting
site are indefinite and the time to handle and
1ift a material varies, it is feasonable to
expect that a build-up of materials waiting to
be lifted will occur at times. |

8. The nature of the building process is such that
some materisls must be in place, fastened, and
finished before others. This gives rise to the
question of the cost asscciated with not having
a material in place at a given time.

The above cbservations suggest that the determination
of the productivity of one or moere elevators must take into
account that material arrivals may fluctuate considerably,
placing a varying démand on the elevator service capacity.
The elevator service capacity must be selected to insure
that the demand be advantageously satisfied thereby ayoidingv
persistent and recurring bottlenecks., If the elevator
service capacity is not seleéted s0 that its mean capacity
is at least as large as the average demand imposed on it
by materials arriving to be 1ifted, a build-up of materizls

ocours until the demand decreases or the elevator service
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capacity is increased. But even if the mean elevator
service capacity is selected to satisfy average demand,
transient build-ups of materials waiting to be lifted may
nevertheless occur due to the probabilistic nature of
material arrivals or the variabiiity of the actual elevator
service capacity available to perform the required service.

The'appraach to be ugsed in determining the contribution
of an elevator to the vertical transportation system is that
of waiting-line theory. Waiting-line theory is a technique
that relies on probability theory to analyze bottleneck
situations such as the one posed here.

A waiting=line problem arises in this study whén
materials arriving for service at the elevator find the
elevator not immediately available to provide the required
service, thus resﬁltiné in a waitinggline of materials and
its associated costs of delays. The objective of this
regsearch is to develop econcomic models capable of
detérmining the level of elevator service that will resultv
in the minimum sum of two opposing costse 1) the cost of
waiting time of material to be lifted, and 2) the cost of

providing additionel elevator service capacity.



CHAPTER IV
WAITING-LINE PROCESS
Description

A waiting-line procegs typically involves a service
system which has one or more service facilities. The service
system is subjected t0 varying demands for service hy thoSe
items requiring service. Items requiring service are
generated at different times by an input soﬁrce, generally
referred 1o as a population. The fact that items requiring
service arrive at different times accounts for the varying
demand imposed on the service system. In some waiting-line
processes, items arriving for service may not enter
the service system because of the number of items waiting
fgr service, This line of items waiting for service is
called a gqueue, or waiting-line. An item, in order fto be
serviced, must enter the service system by Jjoining the
waiting=line even though the waiting-line is of zero length.
After an item enters the service system, it is selected for
servicing by some decision rule called service discipline,
The item is considered to be free of the service system after
it has been serviced. See Figure 1 for a schematic diagram
of the waiting-line process as appliedvto'the problem under

consideration,
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Input Source

An input source is characterized by:
1o The size.
2 The arrival time distribution of arrivals seeking
service.
3. The freedom of arrivals to accept or reject
services,
The size of an input source is considered finite or
infinite«dépending on whether or nét_it-affegts the rate
at whi@ﬁ.théiéource generates arrivels for service.
It is general practice to consider the input source infinite
if the ratio of arrivals to be serviced to potential arrivals
is very small, In this study, the input source will be con-
sidered infinite since the combined requirements for lifting
service of the general contractor, subcontractor, and
miscellaneous suppliers will be quite large when compared to

the trip-loads of material in the systems at any given time.
Arrival Time Distribution

Material arriving at the elevator to be 1lifted has been
previously shown to arrive in a more or less irregular
paﬁterno The time interval between successive arrivals will
be considered as independent random variables which will be
assumed to have a statistical distribution that can be
approximated from actual observation. Arrival time distri-
butions that have been studied in practical problems are

found to be exponential in many cases. 1t can be shown that



an exponential arrival time distribution may be taken as
characterizing Poisson-type arrivals if the‘number<1farrivals
during any ith time interval is independentfof the number of
arrivals that occcurred prior to the beginning of the time
interval. Material arriving on a construction pfogect
exhibits this characteristic; therefore, the assumption of

Poisson arrivals will be made throughout this study.
Freedom of Arrivals to Accep?t or Reject Service

The nature of building construction is such that no
material is delivered to the 1lift site unless it is tQ be
used in the construction of the building. It is, therefore,
reasonable to agsume that all arrivals both join and remain

in the queue until served.
Queue

The material waiting in line to be served by the
elevator is the queue. It is assumed that sufficient space
is available at the job site in the vieinity of the elevator
so that a restriction of the gueue length is not necessary.

The queue is assumed to be in a steady state condition.
Service PFacility

The gservice faecility in this study is either one
elevator or two elevators, as the case may be. If one
elevator is being used it will be referred to as a single

channel service facility; in the case of two elevators, the
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service facility will be referred to as having two channels.
Where two elevators are being analyzed, it will be
.aasumedbxhey”operate in parallel such that one queue serves
both elevators. Arriving material may be serviced by elther
of the elevators available. If an elevator is not immedi-
ately available, the arriving material joins the queue and

is served in turn on a "first-come, first-served" basis.
Service~Time Distribution

The gervice time for each trip-load of material will be
considered as the sum of the time pequired‘to load the elevator,
travel time of the elevator up and down, and the btime to un-
load the elevator at the prescribed floor. Cleafly, the
service time for each trip-load of material may vary and the
service time for any particular trip~load does not depend in
any way on the service time of the preceding trip-lcad. ‘Itﬁ
is reasonable to assume that the service times are random and
that eaehvsegviee time has a constant probability of termi-
rating in the next small increment of time regardless of how
long service has already taken place. The expanential distri-

bution will be assumed fto best approximale these conditions.
Mathematical Procfs of Queueing Formulae

The gueueing theory applicable to single-channel and
multi-channel problems is adequately developed in a -number

of sources.* The mathematical proofs of the gqueueing

*Coon Churchman, R. L. Ackoff, and E. L. Arnoff,
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formulae wused in developing the economic models which follow
are well known. The inclusion of these proofs here would be

repetitious and serve no useful purpose.

Introduction to Operaticns Research (New York: John Wiley &
Sons, Inca, 1957J. :

To L. Saaty, Mathematical Methods of Operations Research
(New York: McGraw-Hill BOOCK Gompany, ince, 1959).

Wo R. Van Voorhis (edited by R. L. Ackoff), "Waiting-
Iine Theory as a Management Tool,” The Journal of Operations
Research Society of America, Vol. 4 (19567, p. 221.

P. J. Burke, "The Output of a Queueing System,"™ The
Journal of Ogeratlens Research Society of America, Vol. 4
(1956), P. 699,

G. Luchak, "The Solution of the Single-Channel Queueing
Equations Characterized by a Time-Dependent Polsson-
Distribution Arrival Rate and a General Class of Holding
Times,” The Journal of Operations Research Scciety of
America, Volo 4 (19%6), Po 111e




CHAPTER V
DEVELOPMENT OF ECONOMIC MODELS
Method of Analysis

As previously noted, it is convenient to consider the
time required to construct a building as a series of time
periods of equal length. This length shall be arbitrarily
taken as one week. For each time period the quantity of
each material required for each floor as well as the tools
and equipment necessary in the construction of the building
is reasonably known. The number of trip-loads to be lifted
in ﬁhat time period is detefmined by the effective load
capécity of the elevator. The service time reguired for
gach trip-lcoad is determined by the locading and unloading
time plus travel time of elevators for that particular
item transported. The mean arrival rate and mean service
rate can be derived from these data.

The cogt of providing an elevator and its assogiated
full-time operating cdst is known. As the measure of |
effectiveness, the.average waiting time per trip-load Will
be determined. The cost-associated-with waiting (see
pages 68 and 73) is assumed to be obtainablec :

To effect an economic balange between having material

walt for service and having sufficient elevator capacity %o
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handle all demand for service, a model is developed to
represent these opposing policies.

The total cost of waiting will be assumed to be pro-
portional to the total time that all trip-~loads spend in the
system, both waiting and in service. The cost of service
provided by one elevator is considered to be a linear

function of the number of elevators employed.

Economic Model No. 1

Symbols
p = elevator(s) occupancy ratio =percentage of
o time in use = I
A = average number of elevator trips per week
g = average service rate per elevator per week
k = number of elevators
W = mean waiting time per trip in system
Wq = mean waiting time per trip in queue
Cx = cost of providing an elevator per week
CW = cost of waiting per week
Co = cost of operation per elevator per week
Po = probability that nce trips are in the system in a

small time interval
8 = pk
The fixed cost of providing elevator capacity per week
is
kG

while the operating cost per week for. the elevator capacity

provided is
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A
T (C) -
The cost associated with a trip-load waiting is
' C
W
A(W) (T) o
The total cost associated with a variation in the number of

elevators provided is the sum of these three costs and is

) c""i
TC; = kCp + p kCy + AW )|—x=
1 1

where
TC, = total cost for 1" time period.

The operating cost is independent of the number of elevators

provided since

pkC, = {ﬁ%)(k)(co) = (ﬁ) Cy -

Also,
. . C w
() (W =] = w(C,) -
It can be shown (see Appendix B} that
W= W <+ 1
q Mo

since 1f p = service rate then‘% = time to service cne trip-

locad. Also, for k > 1

W= p%} F% (5=1)

T (x=1)1 (kp=2)2
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Therefore, TCi can be written for the case k > 1 as

\ k
RN v
+ : H’l 1 \+____l:l s
N =.=. 2 k“"1 n " \JW
\(k*— ]}ﬂ (kp A ) z 1 }‘l . 1 i kul ) 1 1
=T i TS
n=0 o ul < Hi 5 E }‘57’]
| (5-2)
which, for the case k = 1, reduces to
N
, ' 1 .
TOy = kG 4 mi) Sl Fromenswell INCHRE (5-3)
> ST U IR A 1S R Y B
th

To determine the i " time period at which the relative
economy of providing one or two elevators is the same, the
computer program (see Appendix A, Program 1, which has been
written for k = 1=-8) may be used to calculate the cumulative

aﬁd Cwio

TG, 's for k = 1,2, given cost coefficients Cie 5 Cos
i .
Thege cumulative TCi°s may be plotted against the time
periods to determine that time period at which the hreak—
even point occurs for successive values of k. The time
periods can be related to Tthe floor on which the concrete
frame is being constructed by referring to the CPM network.
It is this floor that determines the maximum economic héight
that one elevator can serve for the parameiers iﬁserted in
Computer Program No. 1.
Figure 2 is a representative cumulative plot of
Equations (5=-2) and (5=3) using fictitious data and assumed

cost coefficlents,

Computer Program No. 1 includes a plot subroutine;
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therefore, a plot similar to that of Figure 2 will be in-

cluded as part of the output from the Program.

Manipulation of Model 1

Calculation of Optimum k¥, From the Total Cost

Equation, & Total Varisble Cost (TIVC) -equation can

be written for the ith time period:

1
Ve = KCy + AW, (C ) (5-4)
i i
where
o gwi
Wy - Li
or C&_
l ] ' ==
TVCi = Ck"j, k + kiwi '5‘1-{—' (5-=5)
1

In order to minimize Equation (5-5), values of the average
walting time per trip, W., are required. For ease of

computation by graphical aids, Wi can be stated in terms of
A ‘

“ ﬁ% by expressing W; as a multiple, f;, of the average service
i

time, ﬁ%, in the following manner: :
i
W. f.
i i
fi zj—jt- and Wi = II]:: <
Hi
Equation (5=5) can be written as
: 0
A g-mcwi (5-6)
™WC: = C,, |k + [==] [f. = 4 -
RSt TR

*Tnis development generally follows that of Manglesdorf (4.
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A
As presently defined, Pi = T < 1.0, It is convenient to
, : i ‘
relax this upper bound restriction on p so that the ratio
A '
( H  can be expressed in terms of the number of elevators, k.

i
Therefore, let

As g

i i
Q: = || = k = K o
i My E“i Pi¥

Making the appropriate substitution in’Equation‘(5-6), the

expression to be minimized now bgcomes
‘ 4
. _ Cwi :
Ve, = cki k o+ (e;)(£y) e 1R (5=7)
: A i/
Taking the first difference with,respect to k and setting it

equal to zero since we seek the k for "which A%%g is as near

zero as possible, the fdllowing;equéfion is obtained:

ol CERMENCRICIR

(5-8)
Since the number of elevators, k;Agan‘only be a p8§itive
integer, generally for any given valﬁes of o and'ﬁﬁ% Equation
(5-8) cannot bé perfectly satisfied. The optimum sglution

then is the value of k which most nearly satisfies Equation

(5=8)0 . o | G"L'
"If, however, Equation (5-8) is solved for'ﬁfi, then
d
C. | |
i 1 . (5=9)
Cx .. el(f' -1 ) o
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Since
K 1
fk = pWy and W, = qu + o
then
1
f = e = W 1 °
k=¥ (qu+“) Hql«:+
Hence,
Ci
Wi 1
Cr O-LCpuW.  + 1) = (uW o+ 1) ]
i K4
Therefore,
9
vy = L (5-10)
Ue 7 0 (pW_ = ) ° -
kl 1 Ak qk+1 o
Wy

Results from Equation (5=10) give particular values of 6;m
for which exact solutions can be calculated. If fof each™
value of k, various values of ¢ are inserted in Equation
(5-10), the resulting values of 5§i can be plotted in a
usefﬂl form. The results of sever%l such calculations are
shown in Figure 4.

The calculation of gwq for various values of ¢ and k is
very tedious. A Computer Program (Appendix B, Program No. 2,
which has bteen written for kz;ja6) calculates values of qu
as a function of p and theresults are graphically summarizéd
in Figure 3. The use of Figure 3permits calculations required

in the solution of the Mcdel to be made easily and rapidly by hand.

The lines 18 Figure 4 are the loci of combinations of

W.,

values of 8 and 6“3 for which quatlon (5-8) is exactly
k. W

satisfied. TFor vaiues of 9 and =—= i whose intersection in

Gy
k.
Figure 4 fdlls between the lines, %he optimum solution to
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Equation (5-8) is obtained by using the value of k in the
zone between the lines. Because the optimum solution of
Equation (5-8) regults in the minimum TVC For any given
values of 8 and_ckl, Flgure 4 is useful for rapldly noting

i
whether the economie service of one elevator has been

exceeded for the ith

time period. It can be similarly noted
from Figure 4 the time period in which the economic service
capacity of the second elevator will be exceeded, since
increasing demand will be correspondingly reflected in the

value of 6.

Economy ©of Supplementary Equipment

It is guite likely fhat 0 will assume a wide range of
values over the time periocds. See Figures 5(a) and (b).
Typically, the value of & tends to increase with each
successive time periocd until the decreased demand for
elevator service offsets the-travel time cof the elevator.
At this point, the value of ¢ levels off and decreases over
time. The plot of the variation of ¢ confirms what is
intuitively obvious. That is, the demand for elevator
service varies with the degree of construcfion activityo As
some lower floors are being completed, other flodrs are in
the intermediate stage while still others may be in the
initial stage. |

The variability of ¢ is even more noticeable in Figure
5(b). This plot shows the'value of ¢ by days in a time

period of one week during which a concrete pour is scheduled.
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The increase in the value of 6 is apparent for the day on
which}the elevator is to transport concrete and the day that
forms are stripped and relocated.

By previous definition, the value of ¢ must lie in the
closed interval, O < o < 1 for k = 1. It becomes apparent,
then, if ¢ > ioO, one of two alternatives can be selected.
The system may work out the demand by the deferring of some
activities or, alternatively, the elevator capacity may be
augmented for the day or days on which e > 1.0. There is a
cost associated with each alternative. The cost can be
calculated in the following manner. Since Ay = number of
trips the elevator makes inyith time period of five days and
th

A5 = number of trips the elevator makes on thuday in i

time period, then

d=5
= Z Ma -
d=1
The wvalue of 65 for ith time periocd is determined by

G, =™ o= =

1 My

Q

6; can be reduced to a revised value, ei , which assures

that the sgystem Will,not be overioaded0 Thls reduction

takes the following form 4=5

3 %

where Aid is defined as the number of deferred trips on the
th

5. =
lI'“

d day during the i?h time periodn Equation (5m10) can be
restated in a form such that the cost of additional

supplementary equipment to service certain A{d“s is egual
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K3 © o o) .‘a
to the cost of deferring the servicing of these Aid“sg

Bguation (5-10) restated is

0y, = [(ei)(pqu)(c;i)] - [(eir)(quk+1)(cki)]a

Consider this example. Suppose from the output of Computer

Program No. 1 that for some time period i, 85 :'169” k=1,
9 ’ Ws

GW = 1000 and Cy = 500. Entering Figure 4 with = = 2,0
i k.

and 8; = 1.0, it is noted that 6y must be 0.5 for k= 1 to

. 1 o
Ve economical. Assume that xhid“s = % zkio nince

additional equipment beyond the one elevator should be con-
sidered, enter Pigure 3 with k = 2 and note the average delay
,as a multiple of the average service time (qu), for g; =1.C
and Oyp = 0.5: The cost of additional equipment to service

the A%ﬂ"s of interest is

4

[Coy) (g )(C,, )] = [loy,) (wi

i - qk+1>(gw :

13

1

f

F(1.0)(0:.33)(1000)] = [(0:5)(0.066)(1000) ]

= $297.
The $297 figure slso represents the walting cost incurred

g
if the Aid“s are deferred,

Updating Schedule

For a variety of reasons, the work may fall behind
schedule., Weather, equipment breakdown, under-estimating
the demand for elevator service; etec., has the effect of

increasing the demand in fellowing time periods or days
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within a time period. Increasing Aj Oor Ay 4 may increase 64
to a value such that the economic capacity of the elevator
provided is temporarily, or even permanently, exceeded.
Examination of the revised schedule will give a preview of
the expected daily demand from which revisions in §; can be
calculated. The breakfeven cost of bringing in supplementary
equipment to augment the service capacity alreédy available
can be calculated using the same procedure outlined in the
preceding section.

It ﬁay well be that the system is_already,operating at
or near its maximum economie capacity. Should this be the
N case, delays in the early time periods could necessitate the
installation of the second elevator at an earlier date.
Perhaps a second elevator was never intended on a project
but delays greatly increased demand in subsequent time
periodso‘ The procedure outlined could be used 1o evaluate
the relative economy of providing a second elevator or using
supplementary equipment. Furthermore, this procedure could
2150 be used to evaluate the advisability of twé shifts,
overtime work, oxr édditional manpower, by comparing this cost

with the cost of a second elevator or supplementary equipment,

Sschedule Smoething

Referring again to Figure 5(b), it can be noted that
the value of 05 varies from day to day. The value of 8; on
some daysindicates that the service capacity will be exceeded

Examination of the activities to be performed on these days
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may reveal tﬁat some of the actiﬁities could be deferred to
subsequent days having smaller 63 values. The result of
re-gscheduling activities in this fashion is to level the
demand imposed on the elevator.

The determination of Cw will be discussed in more
detail; however, it can be pointed out here that some
- activities, as scheduled, do not contribute to the costs
included in CW because of slack in the schedule. - Therefore,
some activities may be deferred, or handled earlier, without
penalty.

The work may be ahead of schedule. This condition
implies that the productivity of either men or machines, or
‘bhoth, was underestimated. Under-estimating the productivity
of manpower has the effect of increasing demand on the
service facility by requiring material at a faster rate.
Under-estimating productivity,of the service facilify has
the effect of reducing the value of 8;o In either case it
may prove to be advantageous to reschedule.activities
affected in an attéﬁpt to maintain values of 8: within
tolerable limité for the service capacity level presently

in use on the Job.

Economic Model No. 2

Purpose of Model No. 2

Model No. 1 establishes a criterion for determining the
maximum number of flcors that one, or two, elevators can )

economically service without regard to the configuration of
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the building. The dimensions of a building are of concern
since the cost of laterally transporting materials from the
threshold of the eleﬁator to the various work stations may
exceed the cost of an additional elevator.

Consider buildings having identical floor areas per
floor but different configurations. For a building with
6400 square feet per floor se#eral different configurations
follows

1o Squares 80 ft.long x80 ft.wide.= 6400 square feet

2. Rectangular: 128 ft. long x50 ft. wide = 6400 square
' feet

3. Rectangulars 256 ft.long x25 ft. wide = 6400 square
' ' feet

4, Circular: 90 ft. in diameter = 6400 square feet

Ha Trapezoidal: 128 ft. long wifh one end 60 ft. wide
and the other end 40 ft. wide
= 6400 square feet.

It is clear from the above that the configuration of a
building may have the effect of varying the distances that
materials have to be laterally transported from the elevator.
Therefore, a model is needed to serve ag a restriction on

Model 1 to reflect the effect of lateral dimensions on the

decision hetween one or two elevators.

Basis of Econocmic Model 2

In Chapter III it was pointed out that the rate of
concrete placing controlled the construction schedule of a
reinforced concrete frame building. Of these concreting

cperations, placement of concrete for floors is the most
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critical.’ For this reason, Model 2 is based on the premise
that placement of floor concrefe controls the maximum
distance that“can be economically served from one ele#ator°
This distance is the limiting length, width, or diameter of
a buiiding‘that can be served by one elevator which is
equivalent to taking into accoﬁnt the configuration of a

- building. |

The approach te determiqe the limiting distance for one
elevator will be to write a total cost equation using one
elevator to supply the concrete and a total cost”equation
using two elevators to supply the concrete. Solving these
two equations simultaneously will result in determining the
distance for which the cost of using one or two elevators
is the same.

The rate at which the concrete can be placed on a floor
cannot exoeed,thé service capacity of the ele#atorol This
service capacity is known for each floor as determined from
Model 1. |

The mechanics of placing concrete on a floor follows a
sequence of events (see Figure 6):

1o The elevator discharges concrete into a hopper

located at floor being poured.

2o Transport units (usually referred to as concrete
buggies) carry the concrete from the hopper to
the placement point over a system of runways and
return. Runways may be radial or orthogonal.

3. The concreting begins at the outer edge of the
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formwork the greatest distance from the elevator
and is placed unifofmly along its edge for the
full width. The prdcess is repeated row by row
until the entiré form area has been covered.

As the distance from the point of placement to
the hopper recedes, the number of transport units
required to meet the pouring rate decreases from
a maximum number to theoretically zero. The
tranéport units and their operators not»required

are dismissed and removed from the pouring area.

Development of Economic Model 2

Sme91$°

CY - cubic yards

r - service capacity of elevator in CY/hour
(This is the pouringwrate that must be maintained.)

g~ travel distance of a transport unit, in feed

v - velocity of a transport unit, in feet/minute

y —.volume of a transport unit, in CY :

n - number of ftransport unit operators, one operator
for each transport unit |

Cp = cost of an operatof, in $/hr.

Cx = cost of an elevator, in $/hr.

k = number of elevators

Cp, = cost of a transport unit, in $/hr.

w = width of pouring front, in feet

g%~ maximum economic distance from hopper discharge
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to point of deposit measured along runway
U”— labor utilizationvfactor, percentege expressed as
a decimal |
d - depth of slab, in feet
H - time te load and dump one transport unit, in hours.
Time needed to pour a A (see Figure 6) section while

malntdlnlng the pouring rate, r,

_ volume of Ag row gwggézzgdl
~  pouring rate 27 r °

Number of tramsport unit trips to pour.a Ag section

_ volume of A row S {w)ag)(d)
= Yolume of a tramsport unit 27 v

Number of trips per hour required to meet pouring rate

wSAggd

@

ES
y

Cycle time needed to meet pouring rate

_ travel time of load and dump time
= transport unit T of transport unit

@

Maximum distance traveled by transport unit = 2z-§ﬂ with one

elevator.
Maximum distance traveled by transport unit = %%-f% with k=1,2
' ) ' -elevators.
, . | . , __'1’&‘*2
Travel time of transport unit in hours = <o °

22
Cycle. time in hours = H +=~B-~

Number of operators needed for max1mum travel distance

o R
== W y o
2@ L
+7

Cest‘of bperators = Cy

%
<R
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24 W

X T7 | x|
Cost of transport units = Cp |H + —Bov | |7| °
Cost of elevators = (k)(Cy)-

Therefore, the total cost to maintain r

= (Cost of elevators) + (Cost of operators) + (Cost of transport

24w 2 . units)
= kC, + C_ |H 4+ & "2 + Gy |H 4+ £ sl |X (5-10)
= k m B0V b 60V vyl ° ’
Therefore, |
1) = Hr 4r wr_ ] {Eg Lr - wr
TC(k=1) = Cy + Cp l:y + 5555 * T50%5 | * Cb 7 * Sovy ¢ 120vy]
' | (5=-11)
_o) - Hr 4r wr Hr ir wr
TC(k=2) “‘ch_"' Cm__ [y d&'60Vy+ 120vy | + Oy |y +60vy+ 120vy | °
(5-12)
Setting TC(k=1) = TC(k=2) and solving for g*:
o o sovy | % (5-13)
1=2 T Cy * Cyp

This value of g*¥ does not reflect the féct that the
number of operators used in the pouring operétions varies
linearly from a maximum of n to zero with an average require-
ment of n/2. This means that the value of ¢* as shown is
based on the assumption that the operators are used at
100 per cent prddugtivity during the entire pouring(xperationg
This is not consistent with field practice. It is customary
fieldxpractide when operators are nolonger needed on the pour
to‘either-Send_themxtoother work or' detail them'mpcleaningb
and conditioning‘ihe transport;units'fbr‘thelnext bouro The

~cost of operators engagediin.cleaning and ¢onditioning the



~transport units is a legitimate charge against the pouring
:operationa The cost of operators detailed to other work
shouldvbe deducted. This modification can be accomplished
by multiplying Cm by.a factor. This factor would be the
percentage of time an Qperator is engaged in the‘pouring.
operations which is equivalent to applying this factor to
the hourly cost, Cpe If all operators are engaged in the
pouring operation 100 per-cent of the time, the factor would
be 1,0 since the entire cost showld be asseséed agéinst the
"work. On the other hand, if the operators are assigned
other work as they becomé‘upnecessary to the pouring oper-
ation, on the average only n/2 or 50 per cent. of the total
operator"s cost sﬁould be charged to the pouring operation.
This would fesqlt in a factor of 0.5 being applied to Cﬁm
It follows then that this factor, U, reflects the operator
utlllzatlon and can take on values from 0.5 to 1 0; 1ae°,

0.5 < U < 1.0. Therefore, Equd.‘tlon (5-13) should be stated

1

as
. c
» _8ovy | ___ Tk -
-2 = 1 |T(CT + G| (5-14)

m

This value of L1 2 is the traVelvdisxance from one elevator
at whlch the cost of providing two:élevators is the same as
the cost of providinqune elevator;

The interpretation of £1 o in Equation (5~14) can be
explained by referring to Flgures 7(a)(b)(c)(d)

Given. the conflguratlon of the building and the layout

of proposed system of runways to accommodate the transport
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F==

(a) CIRCULAR " (b) SQUARE

1*4

r—- - e e

v

(c) RECTANGULAR (d) TRAPEZOIDAL

Figure 7. | Interpretatior;' of f£* for Various Floor
: ' Configurations .
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units, f##*is the distance to the extreme point of the
pouring arca measured along the runways. If thé.dimensions
of the building are_suchbthat the value of g% will

be exceeded, then it will be moré economical to provide two
elevators for the construction.

Al though beyond the scope of this study, if the di-
mensions of a building are such that Model 2 indicates more
than two elevators are required, then it is this writer's
opinion that an entirely different problem arises and a new
approach should be taken. The approach presently envisioned
is to test the cost of three elevators against the cost of

combinations of equipment.

Graphical Relationships for Model 2

Equation (5-14) can be written in the following form:

%k
1=2 T Cm ¢
Ulm=| + 1 ‘
" |Cy

Observed data indicates that velocity, v, of a transport
unit variés from 10 feet per minute to 40 feet per minute,
including the time for passing on runways, rest 'bime,:etc°

A figure of 10 ft/min is used in these calculations. The
volume,'y, of a transport unit is taken to be nine cubic
feet, or 0.33 CY. These values of v and y will be con-
éidefed constant since they are representative values
characteristic of a specific‘firmq As previously nqﬁé&, the

values of U range from 0.5 to 1.0.
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For wvarious values of?Ck, Cys Cm and Cps» @ range of

. C C
values for EE and EE can be calculated. Using the values of
b b. )

these ratios, values of

%
Co

ol

can be determined for values of U = 0.5, 0.6, 0.7, 0.8, 0.9,
and 1.0. Computer Prdgram No. 3, Appendix C, was written to
perform\thesé calculations. Thevresults aré graphically
summarized by Pigures 8(a) through 8(f).

With the values of

F (SE)
Cy
C
U2 + 1

obtained from Computer Program No. 3, Valu?ﬁg§fuj B
45_, were calculated for various values of r. Computer.
Program No. 4, Appendix C, was written to perform these

calculations. These results are graphically summarized by

Pigures 9(a) through 9(d).

C C_ .
The upper and lower limits ofuagrand EE were established
as follows: minimum and maximum realistic values of Cxs Cy
C ]

and Cm were assumed. The upper limit of EE was calculated
o b

by using the maximum assumed value of Ck and the'minimum
a X
assumed value of Cype The lower limit of EE was calculated
, L b
by using the minimum assumed value of C, and the maximum
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assumed value of C.b° Similar calculations were made for

Cn

e
° The upper and lower limits of the pouring rate, r, are
based on the maximum and minimum quantity of‘concrete likely

to be placed in one day. Records from several sources for
many Jjobs revealed that the minimum quantity of concrete per
day was 40 CY (2160 square feet .of floor area 6" thick) and
the maximum 160 CY per day (8640 square feet of floof area
6" thick). The average was approximately 92 CY perjday
(5000. square feet of floor aiea 6" thick) or 11.4 CY/hour.

Therefore, the values of r used in the calculations were 5,

10, 15 and 20.
Economic Model No. 3

Purpose of Model No. 3

Model 2 was developed to determine the maximum economic
distance that could be served from an elevator given ceértain
cost info:mation and the configuration of the building. The
basis of Model 2 is thebassumption that the time between
adjacent concrete deﬁbsits during concreting operations fér
the floor slabs controls the economic seledticdn of
elevators, The‘develppment of Model 2 ignored the behavior
of cg§c;§te,ﬁnamely,,the "initial set" time.

The "initial set" time of concrete is the-time required
for the chemical reaction of the ingredients to cause the
concrete 1o harden. "~ This hardening process contributes to

the strength~gaining property of concrete and continues
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indefinitely at a diminishiong rate with the highest rate
beginning immediately after the concrete is placed in the
form. The degree to which concreﬁe is allowed to harden
before fresh concrete is placed against it is critical.
Concrete that has set too long will not bond to fresh
concrete, causing unsightly and unsafé‘"cqld—jointso"

The time of hardening varies depending on a number of
factors. Some of the more important factors are ambient
temperature, wind velocity at expoéed surfaces, humidity,
end tightness of forms. But, in general, concrete in a
floor slab that hardens beyond one hour will not bond.

Times of fifteen, thirty, and forty-five minutes are
frequenily used as the maximum allowable time between "old"
end "new" concrete, i.e., before fresh concrete is pleaced
next to concrete previously poured.

It is not uncommon for contract specifications to state
the maximum allowable time infervel between concrete loads.
‘This specified time interval does not relieve the contractor
from responsibility of noting conditionsg that affect the
"initial set" time of the concrete and, if required in his
judgment, reducing the time interval té one that is
appropriate, |

. The cost of not meeting the contract requirement in this
respect cannot be ignored since ﬁgoldejoints" resulting ffom
concrete not bonding is cause for rejection of the slab. To
A replace a floor slab that has been condemned is a prohibi-

Tively expensive operation, due not only to the expense of
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tearing out and replacing but also for the loss of con-
struction time that may éxtend the project into the penalty
period. '

The purpose of Model 3 is to recognize that the "initial
set" time of concrete in floor slabs is the factor governing
the number of elevators with respect to the lateral dimension
of a building. Model 3 élso serves as a restriction on

Model 1.

Basis of Model 3

_The method generally used to place concrete for a floor
slab waé outlined in the development of Model 2.  The suc—-
cessive dumping of fresh concrete along the width of the
- formed area creates‘a line of hardening concrete called a
pouring front. The maximum length that the pouring front
‘can gttain is the maximum dimension of the formed area
measured parallel to the pouring front;

The maintenance of the pouring front within the allow-
able time interval between loads while also maintaining a
rate of pour equal to the delivery rate of the elevator is

the basgis of Model 3.

Development of Economic Model 3

Symbols.

L = a dimension inthe formed area to be poured, in feet
w = width of‘pourfront‘expressed.assome fraction of L

'y = zg;ume of a transport unit, in CY
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d = thickness of concrete floor to be poured, in feet
Tpf = maximum allowable time interval between placing
fresh concrete against previously poured concrete,
in minutes
v = velocity of a transport unit, in feet per minute
n = number of transport units.
For the general case, consider the area to be poured to have
a trapezoidal configuration. Figure 10 shows the area and .
its dimensions. The analysis that follows is valid for any
square, reqtangular, or trapezoidal area where the transport
units follow orthogonal travel patterns. A similar anelysis
could be made for circular areas. Models using other travel
pattarns‘could be developed, but it is felt that models with
orthogonal travel patterns best simulate actual field

conditions.

2
2

w-Z (

R | YR
SRR | .
1o Py |

z EIEBP-f--f--J_~—-——-x.'w z<w

.AL____\\J s

L=

x )+

Pigure 10. Dimensioned Floor Area with
Orthogonal Travel Pattern
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Maximum distance traveled by a transport unit =

(2)(average distance) from elevator and return.

4 (x + y) dy dx
area

H
N

% (w + 2)

W =2 7
L 2L **t73

Wv-‘;lgm’;y f f (x + y) dy dx
0 0

]

i

. 2 2
8wl + 4wl + 2w° + 2wz + 22
(W + z) ° (5“15)

For the case of a square area, z = w = L, Bquation (5-16) .

becomes 3L; for a rectangle whose width is 3L, Equation

(5@16) becomes %Lo
Assume for the sake of simplicity that the area.toc be

poured is a sguare such that 2 = w = L. The maximum distance

traversed by a ftransport unit is 3L.

3L

Maximun travel time, in minutes, per unit = =2

Number of trips/hr one unit can make, assuming noc down

. _ .60 _ 20v
time, = g = =T
v
and, Number of trips/hr n units can make = n.g%z o (5=17)

‘Each transport unit can place y CY per trip. The length of
the pouring front is L feet. The square feet of floor area
covered per load is g%g; and, assuming a square area of

coverage for each lcad, the pouring front is reduced by
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an amount of, é%l for each transport.unit load.
Number of trips required to complete the pouring
-‘front}is.then
o el
';gil
d

and the number of trips required per hour to maintain the
pouring front and not exceed the maximum allowable time

intgrval Tpf’ is

- (T%QE) (:/-?—_%f) Q (5-18)

Equating (5-17) and (5-18) and solving for L gives

L = En)(v‘mpf)]% Eég]% . (5-19)

Manipulation of Model 3

The terms v and y may be considered as constants. If,
for various values of Tpf the value of T is calculated for
various combinations qf n and 4, the results can be
sumnarized graphically in useful form. This permits the
determination of the effecﬁ of three of these variables on
the fourth variable or the selection of values for some combi-
nation of *these variables that meets a specific reguirement.
As an example, the ?alue of L may be'fixed and it is desired
to know the number of transport units, n, neqessary to mept
some time'intervalg Tpfa

Computer Program Number 5, Appendix C, was written to
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W

perform the calculations for a range of values of variables
n, 4, and I for various values of Tpfo These calculations
assumed fixed values for v and y. The graphical repre-

sentation of these relationships are shown by Figures 11{a)

through 11(d).

Discussion of Cost Coefficients and

Variables Used in Models

The extent to which the three models developed simulate
actﬁal field conditions depends upon the accuracy cf the
values selected for the cost coefficients and variables used
in the model. The behavior of the models ismore sensitive to
changes in the values of some cost coefficients and variables
than others. Reasonable results are, therefore, obtainable
even though the values selected for some cost coefficients

and variables are in error.

Cost Coefficients Ceo Cm’ Cys GO

The determination of appropriate values'fdr Ckp Cm» Ob
and QO is relatively easy. Gk is simply the average,weékly
rental cost or ownership cost of one elevator including.an
allowance for maintenance plus the employer's weekly cost of
wages for the hoisting engineer. Rental rates are quoted
as the sum of the costs of the basic unit plus the cost per
linear foot of tower, cable, ahd accessories”as spécifiedo
Accessories would include concrete bucket, attachment,

hoppérv tripping devices, etco Co is the weekly operating
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cost assuming full time operation for forty hours per week.
The modei éccounts for the percentage of time the elevator
is not operating. It is obviously necessary to know the
pricerdf‘fuel required-—whether natural gas, gasoline, or
diesel—or, if electric, power rates. Good estimates -of

fuel consumption are available so that the value of Cb should

\,
.

be without appreciable error.
The wvalue of both Ckvandncbumay_Vary among time periods.
Provision is made in Computer Program No. 1, as part of the

is merely the

input, to permit this varigbility. Cm

employer's cost of hourly wages for transport unit operators.
Cy is“thé rental, or owng;ship, cost per hour of a transport
unite. irtshould'also ineclude the cost of runways end the

‘men necessary to relocate them.

. . 7
Cogt Coefficients Cwi, Cw

Determiining a'value for C, is admittedly difficult.

_ i '
Fortunately the behavior of the model is not too sensitive

to changes in Gw thereby permitting a margin of error in
i ) " ,
the choice of CW without invalidating the results. Note
i T
from Figure 4 that for a value of & = 0.5, an error fifteen

times the true value of Céi, C;iéiﬂﬁﬁﬁki,uéa@be_incug;ed
-fhefgééfthezgptimum'ggmbsr;oimelevaﬁors~chénges from one to two.
Cwi is ﬁhe cdmposite ﬁéekly cost incurred by not having
material on-station as required to maintain confiinuocus and -
uninterrupted work. Not all materials scheduled %o be

lifted during a weekly time period will contribute to the



value of Cwi since a delay in their on-station arrival date
will not interrupt the work.

It is, therefore, necessary to determine which activi-
ties are critical in the time period. The materiel, tools,
equipment, etc., required by these activities must then be
evaluated in terms of the cost incurred by their delay.

A portion of this delay cost would obviously be the cost of
wages for the men waiting for the materiale This cost is
easily determined. However, there are other costs involved
that are not so readily evaluated. Costs associated with
general overhead, job.overhead, investment, idled e@uipment,
penalties, reduced pefformance bond capacity, to mention a
few, should be considered. Although not precise, a "quick
and dirty" approach to evaluating the latter costs is to

sum the.average weekly general overhead assigned to the
project, Weekly project overhead, interest on average weekly
investment, appropriate charges for any equipment on the
project idled as a result of the delay in material, and
weekly penalty for exceeding the contract time. Actually,
this approach is not as bad as it may at first seem. Since
only those activities that are critical are being considered
as candidates to contribute to Cwi, it is reasonable to
expect the project to be delayed by an amount corresponding
to the delay in these critical activities,

A value of CW' must be specified for each ith time

1

period for Computer Program No. 1 since the wvalue of Cw,
i

may not be the same for each time period.
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Variables

The volume, y, of a transport unit depends on the size
of unit selected. Popular sizes that are not motorized have
volumes of six cubic feet and nine cubic feet. It may not
always be good practice to consider a unit fully loaded
although the assumption in these calculations is that the
value of y is nine cubic feet and fully loaded.

The value of v has been observed to vary from ten feet
per minute to forty feet per minute. This variance can be
attributed to the transport unit operators and the condition
of the runwayso Wide, stable runways designed to be easily
relocated can noticeably increase the value of v. The
value for v of ten feet per minute assumed in these
calculations gives a very conservative result.

Selection of appropriate values for n, Tpf’ and d have

either already been explained or are self-explanatory.



CHAPTER VI
APPLICATION OF THE ECONCMIC MODELS

From the construction schedule, the number of weeks
required for construction and the type and quantity of
material by flodfsifor each week 1s obtained. Each material
is translated into the effective load capacity of the
elevator so that the number of trips per week required to
1ift that material can be determined. The total number of
trips per week reguired to 1ift all materials scheduled for

that week is the value of Ag for fhe ith

time period where
a time period is one week's duration.

The average time required per trip is the value & for
the assumption of exponential service time. This time is

the sum of the loading time, travel time, and unlocading

time for each elevator load. The travel time is given by

distance

Yolocity where distance is the sum of the distances from the

point»of departure to the point of delivery and from the
point of delivery to the point of return. The load time is
the time to place the material on the elevator platform
assuming the material to.be at or near the elevator thres-
hold. The unloading time is the time required to remove the
material from the elevator platform onto the landing.

The value of W, the service rate, may be regarded as

76
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the output of the elevator over the time period divided by
the portion of the time period that the elevator is
actqally in operation. Expressed another way, u is the
number of trips per week an elevator could make each week
if continuously operated. The calculation of pu for a time

period of one week is:

_ L trips made in time period i
Mi = T Time for each trip expressed as & °
fraction of a week

In testing the model, it was found convenient to
prepare the data in tabular form by recording for each time
period the material to be lifted and the floor to which
delivery was to be madea‘ The form used for this purpose was
designed as shown in Figure 12. The information shown on
this form was summarized on a form designed as shpwn in
Figure 13. Also included on this second form were the
number of trips and time per trip, in minutes, fof each
material for each time period. Data cards can then be
readily keypunched using the code sheet shown in Appendix A.
One data card is required for each material to‘be liftea
during a time period. This is fhé extent cf the dafa
required for Computer Program No. 1.

vComputer Progrém’No° 1 (Appendix A) calculdtes, by time
period, the following: total time in minutes fhat elevator
is used in time period, Ay Wy W, p, Wq and Poo' The calcu~

lations are repeated for the number of elevators specified.



DATA RECORDING FORM SHOWING
PERIOD ACTIVITY BY FLOORS

DATE:
PROJECT NO.____ TIME PERIOD _ | WEEK
TRANSPORTABLE ITEMS
PERIOD fcon] con| bR [BLD [mMas[our|[mas [ ac [PNT[CEI [FLR[PMB][PMB
COL| SLB|FMBE| TIL |UNT |WAL |[MOR |UNT SYS [COV |RGH|FIN
| 2
2 3 2 2
- 4 3 2 2 2 2 3
&) 5 4 2 2 4
5 6 5 2 2 5
6 7 6 3 3 3 3 2 6
7 8 7 3 3 2 7
8 9 | 8 3 3 2 8
9 10 | 9 4 4 4 4 st 20918
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| | 4 4 3
|2 5 5 5.8 4 | 3 3
|3 5 5 4
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25 9 9 8
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28 10 10
29 10 10 9
30 FLOOR DESTINATION—/" o | 9 9
31 10
32 10
33 10 10
34
35
REVISED: __YES __NO UPDATENO.: . SHEET — —_ OF —

Figure 12. Data Recording Form Showing Period
Activity By Floors



DATA SUMMARY FORM OF PERIOD
ACTIVITY BY FLOORS

i

DATE
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Figure 13. Data Summary Form of Period Activity By

Floors
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Computer Program No. 1 calculates and accumulates the
TCi“so The output will include a plot of the Cumulative
TCi°s, one curve for each elevator specified. This plot
will show the time period during which two elevators- are as
economical as one. The zTCi“s for the prbject duration time
is the estimated cost of elevator service level indicated,
provided the restrictions imposed on Model 1 by Models 2 and
3 have not been viclated.

The restriction plééed on the system by Model 2 should
now be checkedo From the -data used todetermine Af one may find
the Aid where d ié the day scheduled er the concrete pour.
If‘all trips not connected with the concrete pour are sub-

tracted from Aidp the resulting value is the value Of.rio

- C C
With a value of U, an’ the values of (ﬁ%) and EE) s read
: ol

| the value of

u&gg) +, 1
Cb ’
from the appropriate chart, Figures 8{(a) through 8(d).  With -

the value of r;, and

Cul

- 2
H(SE + 1‘
Cy




read the value of g+ from the chart, Figure 9. If this
value of g% exceeds the distance to the extreme point of
the pouring area as measured along the runways, then this
restriction has been violated, A violation indicates the
need of an additional elevator or supplementary equipment
for that time period. |

Not all time periods have concrete pours scheduled
since the majority of concrete work is scheduled in the
early time periods. Therefore, a comparison should be made
of the cost of providing supplementary»equipment for only
those time periods-with scheduled concrete pours and the
cost of prdviding two elevators for the entire project
duration time.* The analysis for this proéedure was
explaiﬁéd on pages 36, 38 and 39, Chapter V.

The second restriction on Mcdel 1 is that represented
by Model 3. Again, v and y are considered constants.
Knowing d and Tpf” enter the appropriate chart, Figures 1i1{a)
through 11(d), and select that value of L given by the number
of transport units, n, to be used. If the value o£ L
obtained exceeds the L value for the building under con-

sideration, the "“cold-Jjoints" restriction has been viclated.

*The presumption is that no other material would affect
the behavior of Model 2 .as does that of concrete. Model 2
can easily be used for any material other than concrete. In
the case of masonry, for instance, r would be the number of
masonry units per hour, y would be the number of masonry
units per load, C, would be the cost per hour for the
conveyance used Lo transpert the masonry units. The other
terms would remain the same.



82

The analysis for judging whether to provide a second
elevator or bring in supplementary equipment as needed is
the same as that explained for Model 2.

If the cdnfiguration of fhe building is such that the
restrictions of Model 2 and Model 3 are satisfied by one
elevator but Model 1 indicates two elevators are required,
it is rossible by examining the Py values (more specifically,
the ei,valueé) for each time period to eliminate the second
elevator by the use of.supplementary equipment on certain
days.at‘reduced cost. This analysis can be accomplished
by‘follbwing the procedure outlined on pages 36, 38 and 39,
Chapter V. |

If a resource leveling technique is used in conjunction
with the CPM network, the advantage of "Smoothing of Demand"
discusgsed in Chaptér‘V will be realized° However, in the
event that delays are éxperieﬁced in the course of the job;
the demand should be reviewed.

A weekly review of the progress of the job is recom-
mended. This may permitrrescheduling lifting,requirements
in a manner that will not exceed the service capacity level
of available equipment, If‘not, supplementary equipment

can be scheduled.



CHAPTER VII
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

The vertical transportation of materials as discrete
entities by a sequence of scheduled activities has been
idealized as mathematical models to represent a system, and
the flow of the material has been described as a function of
several parameters which determine the flow rate or pro-
ductivity of the system in terms of the productivity of the
individual components. Calculations have been made %o
enalyze the behavior of the system in response to changes in
the parameters. The values of the parameters used for each
of the calculations were representative of the range in
values most likely to be encountered in practice for con-
struction of high-rise buildings.

sonflicts among desirable attributes of a vertical
material handling system for highzrise construction were
presented to show why construction managers exhibit in-
decision in the gselection of a system for a specific project,
Various equipment suitable for 1lifting has been delineated
by type into "families"™ according to the particular 1lifting
service provided. From the "family" of hbists, elevators
were seiected 1o be studied and evaluated since they are

assumed to be the basic lifting machines for vertical .- -

83
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transportation systems in high-rise construction.

The problem of determining the type and quantity of
materials susceptible to transport by an elevator resulted
in defining a term "effective load capacity." The effective
load capacity of an elevator identifies those materials, and
the quantity of each, that can be transportedvby one
trip-load. |

Eight observations were made of current practice in
high-rise construction establishing the basic problem of this
study. A discussion of these observations demonstrated the
'value_of waiting-line theory as an approach to the solution
of the problem. ’

The waiting-line process as it applies to building
construction procedures was outlined. The input sources
were described and the queue discipline defined in accordance
with construction practice. On the basis of a description
of the arrival of material for service and the serviecing
procedure, an explanation was given for the assumption of
probability distributions used in the study, that éf Poisson
arrivals and exponential service.

Waiting-line theory is a useful method for analyzing
the effect of fluctuations in demand on material handling
systems that operate at varying per cent utilizations 6f
‘capacity. Although waiting-line models are not necessarily
precise predictors, they can be regarded as a framework in
which to identify the basic functional relationship between

variables of a problem.
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Using measures of cost associated with states of the

system and the concept of state‘probability varying with

load and other system parameters, it has been demonstrated

for concrete congstruction that

1o

2.

3o

The optimal range of service capacity for one

or two elevators can be determinedo

The effect, on this opfimal range, of changes in
the system parameters cén be evaluated.

The total cost for a vertical transportation
system, including supplementary equipment, can

be egtimated for bidding purposes.

.The vertical transportation requirements can be

updated and the need for and the cost of supple~
mentary equipmént, if indicated, can be predicted
in advance.

The smoothing of demand for service may reduce
the cost of the Vértical transyortationﬂsystemo
The maximum economic height that can be served by
elevators is limited by the flcor area and con-
figuration of the building.

The solution given by Model 1 is not sensitive to
the cost coefficients; therefore, the estimate of
Cw need not be a precise one,

Much of the information required to use the
methods presented in this'study is repetitive

from job to jJob.

The results obtained through this study can be used to
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evaluate the contribution to a vertical transportation
system of one or two elevators. However, when the demand

on such a system exceeds the capacity of two élevators, it
is this writer's opinion that systems articulated in'qther
ways should be considered. The contributibn of othef
"families" of equipment, or cbmbinations,'to g vertical
transportation system should be studied to obtain eventually
the "best" line-up of eguipment at the least cost.

Future studies of cost coefficients would elso be
frultful since the reluétance to evaluate a cost=of=-waiting
has beeﬁ 8 deterrent in the use of many economic walting=
line models. The similerities of high~rise construction
projects and of their associated costs should serve as &
challenge to arrive at g fairly narrow range of standard
values of cost coefficients that could be used, with slight
modification, in any geographical location.

Both the designers of vertical transportation systems
handling materials as discrete entities and the manu-
Tacturers of the building materials these systems handle
must face the problem of packaging. Frequently, identical
material, but from different manufacturers, will be
packaged in different sizes and shapes. Future studies
could profitably be conducted with the purpose of standéram
izing the packaging of many materials used in building

construction.
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APPENDIX A
COMPUTER PROGRAM NO. 1
Instructions for Computer Program No. 1

Arrangement

Following is an ordered listing of the necessary control
cards, source deck, %“Tape® subroutine decks, binary sub-.
routine deck, and data deck,; for the Oklahoma State Uni-

versity IBM 7040 System.

$ID'

$J0B

$IBJOB

$IBFIC  MAIN

“"MAIN" PROGRAM FORTRAN DECK

$IBFTC  TAPE

/
"TAPE" SUBROUTINE FORTRAN DECK

$I§FTC - PRTOUT

89
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/ ‘
YPRTOUT" SUBROUTINE FORTRAN DECK

('BINARY SUBROUTINE DECK

$ENTRY

First Data Card "Control Card"

( DATA CARD DECK

$END
$IBSYS

First Data Card "Control Card"

By. punching the word CARD in columns 15=18, the deck of
input data cards will be read aﬁd then writteh on Tape
Unit # 4o This tape can be saved and used for future runs.
‘When using tape input from a previous run, punching the word
TAPE will read data card images from TAPE UNIT # 4.

Other control ihformation that appears on the Pirst
Data Card is as followss |

Columns 1=3‘ Maximum number of weeks per ﬁeriod

specifies various lengths of time

periods
Columng. 4-6 Meximum number of -elevators to be tested
Coluiins 7=9 Starting number of week per period

(used only for discontinuous runs)
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Columns 10-12 Starting number of elevators
Columns 15-~18 The word CARD or TAPE. If a rerun,
instruct computer operator to mount
tape containing éard imageé on tape
drive # 4. Mount scratch tapes on tape
drives 0, 1, and 2.

Columns 20-28 Number of floors

Special Restrictions on Date Deck

All data cards pertaining to one time period must be
pleced together and the time periods must be sorted and
arranged into ascending order. If there is only one card
for the last time period, it musf be followed by another
card with the same time period and the .belance of the columns
blenk. The cost coefficients C, , C,, and C,~ &re punched

' i i
into columns 31=60 of the first card of the set of cards for
each time period. Any velues punched into these columns on
the other cards of a set will‘bg ignored.

The card formet for entering C, , C,, and C on the

ht i Ky oo
first card of the set of cards for each time period is as
follows:

Column 31-40  C, punch anywhere in field with decimal

point

Column 41-=50 Cw punch anywhere in field with decimal
i

point

%

point

Column 51-60 punch anywhere in field with decimal
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For multiple~time period analysis (two or more time
pefiods taken as one) the cost coefficient4is averaged over
the periods. In thg précess of reading in the data cards
‘and writing them on'tapé the cards are checked to be sure
that the period is in ascending sequence. If a cara is
found to be out of sequehce the following message is
printeds |

"PERIOD OUT OF SEQUENCE" (card image of outwofwsequ§nce
‘ card).

This card image may be of the card following the actual out-
of-sequence cafd if two cards are interchanged. After this
message the program continued to cheék the balance of the
data deck and after the last card is read and there was a
sequence error,,ﬁpis message is printed:
"PERIOD SEQUENCE ERROR—JOB TERMINATED"
Following this message a CALL EXIT is executed since out-of-
‘'sequence cardé would'give erronéous resultse.
The_test on UTIL (utilization factor, rho)’is for 0,98
and all operations involved aré_setito zero on output When

UPIL exceeds this value.

The FACTL(K) PFunction Subprogram

This program yields answers of K! for arguments in the
range greater than or équal to zero to K = 33. For arguments
in the range 1 to 20 the method is table lookup. O is
treated as a special case. Fdr arguments in the rangé 21 %o
33 the method is arithmetic expansion, starting with the

table value for K = 20. For arguments greater than 33,
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floating point overflow will occur because K! becomes so
; large. The argument is a fixed point quéntity} and the result

is floating point.



Figure 14.

C START D

( READ FIRST]|
DATA CARD

CALL TAPE
SUBROUTINE

IF
INPUT

CARD

READ
DATA CARDS

[

TAPE@

WRITE CARDS ON
TAPE’. #4

READ DATA FROM
TAPE# 4

SUM TIME
AND TRIPS
PER FLOOR

PER PERIOD

|

SUM TOTAL

TIME AND

TRIPS PER
PERIOD

A8 u

CALCULATE |

o

-Ps
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$ END

# |

READ \ & M
FROM TAPE

CALCULATE
UTILIZATION
FACTOR, P

CALCULATE
PROBABILITY

Fo

CALCULATE
WAITING TIME
IN SYSTEM, W.

Flowchart for Program No.
of X, wm, W,

Ty

W_ and Py

q .

FOR CONTINUATION,
SEE NEXT PAGE

Calculations
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CALCULATE
WAITING TIME
IN QUEUE, Wq
Q WRITE VALUES AL
ON TAPE ELEVATORS
#2 USED

YES
\ CALLaDATM ' ‘
| ( (DATE TIME)). CALL EXIT

READ TAPE # 2
AopoW,op,
W R

READ TAPE #¢ - ;
TIME AND :

TRIPS ' ADD , ADD
ONE WEEK ONE ELEV.

' é PERIOD =
D ONE WEEK

Figure 14. (Continued)



Project Number:

DATA CARD CODE SHEET

Date:

96

Time Periody

Update No.:

Reviseds yes no No. of Cards:
Initial | PFinal No. of Item Remarks
Column Column Columns
1 6 6 Material .Alphameric
7 8 2 Blank
| . : Right
9 11 3 Tlme”Perlod Fustified
12 13 2 Blank
| ' Right
14 15 2 Floor Fustified
16 1T 2 Blenk
N+ : Right
18 20 3 Number of Trips Justified
21 22 2 Blank
23. -8 6 Time per Trip, Decimal Point
in minutes in Column 26
THE FOLLOWING PUNCHED ON FIRST CARD ONLY
OF SET OF TIME PERIOD CARDS
31 40 10 CostCCoefficient, In field
. o ,
41 50 10 Costcg?efficient, In field
. - ) : 1 i
51 60 10 Costcg?eff101ent, T field
S

Figure 15. Data Card Code Sheet



APPENDIX B
COMPUTER PROGRAM NO. 2
Explanation of Computer Program No. 2

Equation (5-1), page 28, states the expression for

average delay time (average time waiting in queue) as

.

k

= P}
Tl - D k- 02 L
where
_ 1
Po - k"”1 - n k °
SO g B e
n! \p kD \w ku o= A

n=:0

Equation (5-10), page 33, includes the term Wq in the

following form.

a
Wi 1

SN P GV AR\ A
Ky 0 TRt Ay g

which was obtained by expressing the average time spent in

the system, W, as a multiple, f, of the average service time
1 1

- h that f, = ' 1 sin W=W -
" such tha K pqu + since q + "

97
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The ‘expression fo-rv,wq can be restated in the following

form: .
_1E >0 | ’_ P >0
Vg = L x(T= p§ or Wiy = xTT- -""}p
where
[ |
(P >O) =7‘k__1 F 1"'9" a
i k
| (ko) . (kp)®
[ it *"g"(kx "%-"‘)'fp |
i=0 '

It can be eeen that the averege delay expressed as e multiple
of the average service time is a fﬁnction of pheﬁly for
verious values of k.

Computer Progrem No. 2 computes values for W, as &
funetion of p in the manner indicated by the flowchert which

follows.,



(- START )

LOOP FOR k=
NO.OF ELEVATORS
FROM k=I TO k=6
\PO 150 k=1,6

TOTAL=0.0

NOTE:AFTER
R=095, THE
VALUEOFR IS
INCREMENTED
BY 001, NOT

8y 005

COMPUTE(k !)-(1-P)

TWO = (FLOAT

(FACTL (k)) %
FOUR)

COMPUTE
(pk)k
(k1) « (1-P)
THREE =
ONE/TWO

COMPARE [ R2093

SET UP LOOP FOR
SUMMATION OF
(At
[n (&) ] FROM
120 TO (k-1),

DO 100 II=ik

Rroy

R<093

R=R~-0.04

R=R+0.05

COMPUTE | - p
FOUR = 1.0 -R

COMPUTE (pk)¥
ONE = (R*
FLOAT(K)) % % k

O

11 GOES
FROM | TO k,

I GOES FROM
¢ TO k-
1=11-

l

COMPUTE Pk
SUM= R*
FLOAT (k)

|

COMPUTE (pk)!
SUM % POWER
(1,5UM)

®
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NOTE: THE
FUNCTION
FACTL (k)
COMPUTES
k!

NOTE: THE

FUNCTION

POWER (1,5UM)

COMPUT ES(SUMY

ALLOWING FOR
I=¢

Figure 16, Flowchart for Program No. .2-, qu/ as a Function

“of p
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SUM = SUM/
FLOAT { IFACT

(1))

@Rné HEADIN@

ADD THIS TERM

SUMIVCI)L{\:TFOT\JE TO -/ SET UP LOOP TO
THE TOTAL. ' @ STEP R THROUGH
TOTAL = TOTAL SAME VALUES AS
+SUM : . BEFORE
COMPUTE 1 @RITE R, (MUWG MATRI@
KIG-p) -~ | ' '
(pk)X - '

po= (pk)t )
( '?‘ T) )+(k;.(l'-P)) ( CALLEXIT )
Ry= THREE/ TOTAL o -

.+ THREE

COMPUTE NEXT
VALUE OF MUWG=

R .
KA STORING
THE VALUES IN
MATRIX MUWG
(k,i)

MUWG (k,j) =
PO/ (FLOAT (k)
% FOUR

Figure 16. (Continued)




DATA STATEMENT
LOADS 1! TO 20!
INTO F(1)TO

F(20).

500 | FACTL =

YES

YES

600

AzF(2¢)

605
AzA %
FLOAT (1)

DO 605 \
=21,k —

FACTL=
A

(f ﬁETURNA;> |

1.0

Figure 17. Flowchart for FACTL(XK)
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APPENDIX C
COMPUTER PROGRAMS NOS. 3, 4 AND 5
Explanation ¢f Computer Programs Nos. 3, 4 and 5

Computer Program No. 3

For various values of Ck’ Cb, Cm and Cb, a range of

C C _
values forz‘-éwls and 52 were calculated. Using the values of
b b ' Lo

these ratiosg, values of
0!

C
U(—E) ‘1
\Cp

can be caleulated for values of U= 0.5, 0.6, 0.7, 0.8, 0.9
arid-hon Computer Program No. 3 performs these calqu;ations

in the manner indicated by the flowchart, page 104,

Computer Program No. 4

With the wvalues of

102
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obtained from Computer Program 3, values of L?_Q and L;_B
‘were calculated for various values of r. Computer Program
No. 4 was written to perform these calculations according~to

1

the flowchart, page 105.

Computer Program No. 5

Equation (5-19), page 67, is stated as follows:

L= L e [

Computer Program No. 5 was written to perform calculations
for a range of values of the variables n, 4 and L for various
‘velues of Tpfo These calculations assumedﬁf;xed;yalues for
v and y. The procedure the program follows is indicated by

the flowchert, page 106.
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RKB/7Ux RMB(k)
+1

( START ) | TERM(K)=

SET ¥=0.33
V=10.0

{

GENERATE VALLJES
OF RMB FROM
05T0 10
STEPS OF 0.5
STORE IN RMB(1) TERM (k)

U=
FLOAT(U/O.

\WRITE HEADINGS
ON
NEXT PAGE

CALL
EXIT

RKB =
FLOAT (URKB) /10.

, | Cy

C
, b
Figure 18. Flowchart forProgram No. 3, Calculations ofw

for Various Values of (U) _mib

ey

e
Cp
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| C START'—)‘ "

~{SET v=033 . _ _ _ —1
V=10,0 . TERM =
FLOAT(J TERM)/I0.

COMPUTE
F-2, ¥2-3

R= JR |
WRITE TERM,
Fi-2, ¥2-3 -
WRITE
HEADINGS

caLL
EXIT

Flowchart for Program No. 4, Calculation
of £ for Various Values of r

Pigure 19.
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( smrT )

DECLARE N
AND L(9)TO

BE REAL
VARIABLES

|SET v=033 |
V=10.0 D= JD

L{JD)=SQRT(.3
* N¥VxTPF-

¥SQRT (3. %Y/
{Dr12.)))

JTPF=15, 60,15

TPF =
JTPF

WRITE - | WRITE VALUES
HEADINGS ' OF N, L

CALL
EXIT

‘Figure 20. Flowchart for Program No. 5,
Calculations of IL.and n for
Various Values of Tpf
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