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" T\ABSTRACT '

The purpose of thifs pro.ject wag-to demonstrate the usefulness of-'
optiﬁization in the environmentel systeme field; particularly to improve
enalytical decigion - msking techniques for WANAGErE. |

The result was an aid’ to fofmulating budgefs, in vhich the social, .
technical, political andlrelatively unknown aspects of environmental |
c;ntrol syséeha éould be lsgically compared. | |

Additional.benef;tﬁ, in the area of environmental project evaluations

. were developed using optimization.‘

Ai ' -
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I. INTRODUCTION

L]
4 i

he field of environmental contrnt systems has prosmn rnpiﬁly

in size and importance, particularly in relation to industrisl

| : .

operations. During the past decrde, North American lepislators
. _ N

have rnacted laws at the federal, state, and pfqvincial level that

affect alr «nd water cuality, solis! waste disposal, and more recnntly,

noise levels and the general vorlkling «(nviromaent,

-

The resultant: proliferation of complex, often expensive, yet

. . Co : : )
necessary equipment to control infernal and external industrial

aniyoﬁmcnﬁ“hns bepun to e a’'small but signifiéant efferct on capital -

.

. . _ ¢
expenditures, Public swareness of ecolonical imbalance between industry -

]

and environment, along with current discussion of a potential enerpy

crisis have added other reasons for giving careful sclection to
A &
environmental .control systems. )

A new problem faces m;ny supervisors in the cngineering field,
. S ‘
The development of environmental proprams is not aistrictly technical
! . 4 - . - )

problem. Soclal preééure‘of the community and constantly changing
. . ' ' ? :
legislation affect fﬁe programs. A public relations project is often

reavired to sell a corporations'.approach to the public. The technology

‘for mecting lenislation occasionally exists only in an unrefined state.
. . ~

Developing -2 budget and sétting priorities for programs in this field .

' -

ts becoming en increasingly difficult task for cngineering departments. -

During the suthors' training period at General Motors from 1967 to

-

1973, several programs in plant ‘engineering departments pointed out

the need for a fresh approach to decision’making, particularly with

-regard to budget allocations,
‘ b
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: ‘2
It ig in thin area of study that the thosis wan doveloped. At thia
point the author will review qunlificﬁtinﬁs for work}nglln the Jonvirvon=
mental field and selecting a particular p?ojoct; an explanntion of fhc
dov?lopmnnt of the project will tﬁcn be given.; |
The author had studied enpineering for four y;nrs nt GLnornl Motorn‘
lnatitute 1967 to 1971, Kmphasis wan placed on plant engineering topicn.
The {doa of using optimization in enginecring pudgch was concelved in
1971 nt McMaster University. Further tobiga related to pl;nt nnginoeriné
and optimizntiqn were studied in 1971 and 1932,'nn background material
for ﬁhls thcsin.r The development of this project was encouraged by the
Director of the Environmental Activitieq Section of Grneral Motors
Corporation, General Motors Technical Cbntre,”nnd by the present éhnirﬁnn
;f‘thc Mechanical Fngincering Dcpértment at both General Motors Institute

-and McMaster University,

The project wds~<nténdéd to hpply c#rrcnt optimizntion tcchniquos,‘
' nVailqblc at McMaster University, to thc environmental programu at
General ‘Motors of Cnnnda, st, Lathnrines, Ontnrio. hmphnsis was placod
1 on optimizing the- relntive merits of social, politicnl and rclat}velj
unknown aspects of various programs along with well known techuical
progrﬁms, to produce a capltnl.budgeﬁx The budgét is hypothetical yet
realistic, based on actual programs that are in prosress or recently
,completed. The aim of the author was to develop a tool for decision-
makers that would cnable n more effective nmalysie of environmgntnl
p:.'og;'nmsa.‘j v | |

" The development of this project followed the same basic steps as

most optimization problems,

RN




fhc firet’ atep involved sclection and dﬁtailcd analysis of six
d%fferdﬁt p?oﬁ?%ms, rcpresenting technical and non-technical variables
_ that could bé included in a capital budpet. The second step Qns
. dcv010pmenf.of utilicy cPrvcn to express the value oﬁ,oach propram, /
related constraints, npd a suitable optimization cxpresaion. |
It m&y be valuable tb_fbview Ref, (3) concerning these terms.
The third step consisted__df writing a computer ‘program to dcm’gx_'lstrnt:e
the bptimizhtion process), Socinl, political, téchnicpl apd relatively
unlcown éspects of the véfiables were handled logically and quickly to
result iﬁ alﬁractical and wo;kaple budget analysis. The last step was
. to cénsider'the value of the broject and its effect on tradftibnal
methods of budget devclgpment in the plant‘éngiqegring department ;1?).
It is necessary to clearl& understand the role optimization cﬁn . .

" play in a budget. By reviewing the latest Statement of Consolidated

Income and Consolidated Balance Sheet of Gengral'Hotors_Corporation (7,

one can appreciate the complexity of a budget required to handle cash
flows rcsulting from an apnual salea.of'over'thirty.billion dollars.
Théiauthor intends to appi& optimization*to a small portion of non-

productive expenses,

As noted in the General Motors 1972 Annual Report (8), npproxiﬁnrely'

only 3 per cent of revenues are retained for use in the business for

working capital, expnnsion,;nﬂd modernization of facilities.

" Within this 3 per cent of revenue, falls expenditures requireg -
. - ‘ “ L ' [ .
for environmeatal control systems, that is; pollution control facilities,

~ and working environment. :The need to optimize expenditures in this




o .- i v
» .
¢ /

non-productive area has always bLeen present,.as common.sense

would indicaté., - T ' T '

The escalation of expenditures- in the last five yéaré to

.
. LN
.

control industrial pollu%ipnv(Q) and to satisfy union demandg and -
legislation affecting the working environment (10), (8), has St

. N ¥ . v i {L" . . 4
.created an . even greater need for optimizing environmental control

.systems expenditures. . ;o . t

L Al

3

A fo;ﬁdl obﬁimizﬂtion of the:socigl; political, tegchnical and

e . .
cxperimental aspects of environmental systems cxpenditures at two
. _ ot : (SRR "

plants within General Motors Corporatfon was carried out. The .

rcsu@thnt capital 'budget reflectd the large non-productive expense '

that must be handled by a typlegl blant engineering department. The

2

. ' . - ] \
: budpet does not finclude the ngrmal operating expense. of the depart-
ment, not fs™1it intended to replaco'hny.gkfsting accounting methods jjf”'

used in the productive arfea of plant ngrqtggns.
Within this framework, 9§t1mization will be used to improve the

development of a port%on of'capltal budget expenditures at General
M)tgfs:of Canada Limited, St. Crtharines.

. Al %
€ . . . . -

L . . )




II GENERAL METHOD
Tﬁe theaia ig an ettempt‘to get up a procedure for nssihting
_ Generel Motors engineering management in making an optimel allocation
ef capitnl funda for environmental control purposes, It iBJEEt always
poaaible to show a monetary return fof such expenditurea, 8o the
:.conCept of utility functions iz used as a baeiu for the ellocation(3)
Utility theory 1s ueed ‘to measure the aubjective value J
of varioub plunt design variebles or, environmental characteristics,
uch as good will,neighbourhdod noise levelu, or safety.  The elent '
design variables are considered to be environmentel cherecteristlce
which contribute to the enhancement of the compeny 8 poaition or :
future in some non-monetery vay. The sub jeative velue of such o o~
f vefiablea igpcx?reeaed greph;callf, aa,indieeted in %igure_ltkhhe:
~ternm Fcorporate ﬁtility" i3 usged to emphesize the'ind;atrial_‘
backround of the utility curves. - . o | -
\ " It is then poaaible to uge engineering and cost deta to
| ’jrelete the plant design varieble to ctpita} cost, shown typieelly in *
Figure. 2. . .
| | The utility curvea nhould be sketched by experienced
: members of engineering mlnagement llong with membere or Industrial
relations and line management . Elcn pereon could develop &lcurve,

and the curyes ahoufd then be aggregnted in some manner, such as the . ?;597

DELPHT methed (39).




.

. TTEVIEVA NOISIA INVId
¥0 DILSTHALOVHVHY TVINAKNOWIANI

3

-

: Figure-l.

: ALITILA AIVEOJN0D



‘SLISTNZJOVEVHD ‘TVINZHNORIANZ
"¥0 ZTEVINVA NDISEQ INVIA

CAPITAL COST




L

8

Combining the two curvee'gives a relationahip between capital cost
. and corporate utility, In some cases, only one curve will be required.
These exceptions will be dincuoaed as they oppear.
It is desirable to combine‘the utility contributions of each
kind of capital o#penditure,:and adjuaf expenditures to maximire
total corporate utility.The senior management staff mst weight the
utility scales to reflect their relative impoftlnce to Geoerel Motors,
The DELPHT method (39) i3 one means of eggroglting staff welghting
factora. Btanderd optimization procedures (4) can be used to meximize
corporate utility, and to ellocete capital funds.
Alloeefions will be subject to conatrainto, such as maximum

capital expenditure avalilable overall, and logical maximum expend-

1tures for each environmental - characteristic' Other types of budgetafy

constraig;a may -be applicable: manngement may wish to limit annual
operating expenses arising from a particular capital expenditure,. or

from all capital expenditures; if there is annual savings resulting

from a capital expenditure, the equivalent'nnnual cost may be
requieed to be lees than the aonual enving; or menagement may reqoire
. some minimum annuai‘monetaryxreturn from a capital expenditure, even
though the primary purpose is for corporate utility nriaing_from
environmental control. -
| | This approach can be used for other non-monetary eorporate
utilities related to items such as oafety, employee satisfaction, and
housekeeping ~

From a mnthematical point of view the independent variables are

the various capital expenditure allocations, all under the direct

LR



'cnnyrnl of manapement, The dependent variables are the environmental

charngturint{cs or plaqt desipn varfables from capital expenditures.

: . _ ‘
Withln the rather large arca of environmental programs at

Gonctnl Mntorn, two oncifir areas were selected for qtudy _Five

variables were chonon from various aspects of the air poliution

abatement prngrny at Plant Three, General Mators of Canada, St.

Catharines, which is the only General Motors foundry facility in Canadn.

Ove variable was selected from a porsihle internal environment prosram

at Plant Four, General Motors of'Cﬁnnda, 5+, Catharines, involving
the dvnamtr uge of light and colour, Thesge six-variables will comprise

n hypothonicnl hudget

It is 1mportant to ungerstand the .current state of the art,-aﬁd
: ‘ X

applicable legislation for both air pollutior abatement and liphting

and colout syséems. A plance tH;ough Ref. (1) (2) end (22) is
sungcntvd‘fo; those readers unfamiliar with this field&

- As can #endi&y be seen from Ref, (1) and (22) the control of air
cuality leaving a.foundry is fast becoming a sclence, and the selection
of a control system fairly simple from a purely technical standpoint.

The difficult areas in sélecting a syngom from a management
view-point often reach be?ond the  immediate technical selcction and

can bost be illustrated by the cfuestions:

Wil new techninues or eouipment he compatible with existing
plant facilities?

Can public relations affect the nature of a pollution ‘abatement
propram:

In view of a potential energy crisis, will the system economic-
ally use available resources?
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Will the system adapt to more effective air cleaning, if so
reeuired by future legislation?

-

Will the system create water, thermal, or noise pollution as
by-products of cleaner air? '

Such ouestions must be studied, before a capital budget can

£

be constructed,

As poiﬁted out iﬁ Ref. (2), 1light and colour can be used
to improve: production, shféty, visibility, housekceping! 1a$§ur
relations, cmployee morale, public relationé, and efficiency of
lighting.  An experimental procram will b; devcloped for- inclusfon in
the'budget involving thesé'characteristics of light and colour.

Note that the plant design v;riables do not coﬁpriée a complete

';capitél Eudget‘for General Motors of Canada, but are:typical and
iilustrate adenuately the technicues developed by the author. A.

complete capital budget could not he revealed in order to protect

the interests of General Motors Corporation.

- A final point vorth mentioning is that the subjective nature
of the nlue-ﬁudgemenﬁé discussed aboyé makes thelr q'.mnt.:l.ﬂcation
rather difficult. Values vary from individual to individual, and
in time; however, with tha development of reliable techmiques for
evaluating "corporate utility®, these concepts can be & valuable
asset in decision-making, .




ITI. VARIABLES USED IN OPTIMIZATION
Six varinbles.were.aelected for optimization., Each represents. )
a capital expenditure for gn envirqnmental gystem that c;uld be inclué;d'
in a fdrthcoming budget. The variablea will be mathematically

coded,. for later use in the optimization comphter program:

X{1) Good Will - the value received from a significant
public relations effort concerning air pollution.

X(2) Operating Cost Savings - selection of dust collectors
with emphasis placed on minimiring service and main-
tenance expenditures,

X(3) Adaptability - selrction of cupola emission control
ecuipment - justification of additional expenditures
to provide capacity for more efficient operation, as
foreseen by the legal advisors.

X(4) Noise Reduction - growing importance and cost of
controlling noise that effects public and private
property around an industrial plant.

X(5) Roof - exponditures oun roof mounted eruipment that
’ affect internal and external plant air distribution,

X(6) ® Productivity - a project eﬁperimenting with the use of
i ~ light and colour to significantly improve productivity,
‘ safety, housekeepinr, and labour relations,
The variables were chosen apecifically to bring in to focus
the more difficult aspecte of budget devélopment for a modern eﬁgin-
eering department“at General Motors: -analytical evaluation of non- _ !
technical and semi-technical variables- significance of an experimental
- variable; iogical comparison of all varisbles; limited budget; and

constant changes to a budget during its development., Each variable

will be developed in reasonable detail. - J

~

n
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Exact costs and some sources of figures used in this thesis '
can not be revealed in order to comply with the wishes of General

Motors o? Canada.

Varioble X(1) Expenditure for Public Good Will

Of concern here 1s the corporate utility generated by public
good will based on what General Motors believes to be the companyis

-

ecological merit.
As was noted in the previous apter, a~public relatidns
program may have soﬁé influence on pﬁ lic_séntimént aﬁd legislation:
N ;
concerniTg a foundry‘air‘pollution abatemcnfubrogram,;boph as to
-'content, timetables and effectiveness.

L
Public good will towards the company is .8 measurable

environmental characteristic but expensive to measure; therefore,

dollar expenditures were used directly with utility,
. . . . -

Assume that the'followiﬁg costs represent fesults of a
study undertaken by the gublic relaéions department. A Sg0,000;OO
expenditure would bé required tg develop and mail out gjreasonably
comprehensive ﬁrdgress report g Fesidents in the ciéy of St. Catharines,
every six months; The purposé of the report would be to convince
the é;mmunity that General Motors is cleaning up its foundry in a
reasonably paced“progrém.

No other significant effect would occur as the expen&iture
fncreased until it reached $500,000,00. At this point the public
Félations effort could embrace progress reports, aid in'geveIOpment
of pggvfnbiai laws, and aid,in'pub¥iﬁ research aimed at pféventing‘ ' g

action towards a zero-discharge of pollutants.

-




At onc end of the scale public relations can inform.the

community and at the other end,omodify legislation that would demand
very expensive and perhaps unnecessary pollution abatement facilities.

Varlable X({1) represents a non-technical item that has value

in an engineering budget,

-

Variable X{2) - Operating Cost Savings from n Dust Collector

The p}nnt design variable in this cﬁse is the operating cost
saving from nperfkion of a dust collector. Although this tcchnleal
va;inb]n can be "handled bv a conventional cost benefit analysis,‘it
has been included’in the capital budget to demonstrate the flexibility

of opfimizntion to hardle a Erhdiéional item, along with  non- technical

—-"‘—'/‘

and experimental typ&s of budget|n]10caéions.
Assume that an engincéring study has dptermined that an exhaust
system for a Qhakeout line recuires a SQ,OOO C.F.M;icapncity dust
collector, ﬁet t;ﬁe dust collectors of this type and capacity &re
common in the founéry, particularly a 46,000 C.F.M, model made by the
_ L
Schnéiblc company. ' X -
.Three different'coileétors are avallable for use on Fhis
particular application. A dry fabric type dust collector costs
$ S0,000;Op. A comparaﬁfe efficiency wet centrifugal collector (outlet )
loading 0.07 grains per standard cubic foot) costs § 55,000.00;.and"
an older style similar to exiséing equipment costs $A60.000.00 if
construpted for comparable efficiency.” The latter style collector®
is désirable from a maintenance_stnndpoinf sinée‘sbatg paf;s are

already in stock and maintengﬁce'procedures are thoroughly understood.
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Both wet collectors would have reddécd operating costs since
their effluent could flow into existing troughs leading to existing
water treatment facilities. The wet collectors consume similar amounts
of energy.

The handling of dry dust from the fabric collector would

require a seperate treatment system and additional labour costs for
a .

'
o

disposal.
Either type of coilé}tor would save at least $ 100.00-per
year in maintenance costs, currently spent to.clgan the roof of
ﬁarticulate matter emitted by the overworked dust collection system
currentiy iﬁ use. A table relating initial costs to operating cost

savings is included. Operating cost savings reflect energy use,

maintenance and cfflucont disposal. - T
zpbfo 1
Collector Initial Cnst ‘ Oanting Cost
' ' Savings
Fabric ' $ 50, 000.00 $ 100.00 per year '
Wet-New Type ' $ '55,000.00 $ 600.00 per year
Wet-Existing Type $ 60,000.00 $ 800.00 per year

One would expect that‘the selection of a dust collector
would be bgsed on the lowest combined initial and operating cbstﬁ
for the 1lifetime of thé equipment, get .at ten ye@ra in this case.
Several other influences can affe;t the selection: low initial
. L ] .
project cost to win a c&rporate job tender, long term plan to standard-‘

ize equipment throughout the foundry, or ‘a drive to reduce maintenance

“ budgets . The last factor dominates in the case of variable X(2).
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Variable X(3) - Adaptability to Future Lepislation

The environmental characteristfc here is particulate

collection efficiency.

3

A current excerpt from Ontario Regulation 288/69 states that

"all ferrous foundry operations shall be designed and operated 80 as

. to have a minimm particulate collection efficiency of 97 per cent °
.(by wt,) of the plus 25 micron fraction:"

This apparently stringent lepislation does not remove from

<
T

- sight all of a foundry's plumes, nor does it keep all of a foundry's

| / | |
particulates from settling onm neighbourhood cars and homes. The ©

environmental movement is active at both community and government
levels, It i$‘§pssib1e then, that the efficiency requirements will

increase in the future; discussed at the fedéral‘level in the U.S.A.

are various "Zero discharge bills" requiring 100 per cent removal

of cont;miéents in all plant effluents 112)_ T

Manggement ‘may coﬁsider an extra expenditdre_bn air pollution
équipment to ensufe.that it can be uéeful vhen efficiency requifemenis'
go up.- Examples would be: enlarging uét centrifugal duét collector
casings to allow for futum impingement stapes, designing cupola
enission systems with space for extra electrosfatlc p?ecipigating plateg,
a Iarga-conditioner, o; deeper layer of filtering media, It may be |
'uneconomical, in the long run, to instal} ecuipment that can not be
efficiently modified in the future.

Of particular c;pcern is a §$ 1,000,000:00 cupola emission

control system recently installed in the foundry, designeﬁ'to meet

the current reqﬁ&rements of 97 per cent particuléfe removal, or

o,

\ -
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25 1b., maximum emisaion per ﬁour of pnrticulnteﬁ per cupola.
Eventual residentinl development around the foundry may cause the
provincial govornpent:to anorcf an nxiatiﬁg regulation dealing with
ambicnt air quality th&t may roqdire a higher efficiency (i}),

By internally m;difying the syslem and increasing Fhe-pfossurc
drop through the venturi gerubber from a éurrént 50 inches of water
to 70 inches of water the cfficiency can be rained to 97.5 per cnnt:
The cost involved for new fans, motors, sound insulation, services,
and other related items estimated at § 20.000.100. An addition of
$ 175,000.00 to the éhﬁitnl expenditure would allow for later instal-
lation of a conditioner and vlectfoatat1:.érecipitﬂ;or to replace the
venturi scrubbexr and allow an efficiency level of 98.5 to.99.0 per-
cent. The breakdown of cost; involvéar $ 50,000.00 fof reafrnnging

equipment: § 5Q,000,00 for structural modifications of building to

‘handle the futufe weight and size of the equipment, which will be
mounted well aboye floor level; $ 50,000.00 to increase the, size and,

"
acoustic effectiveness of the enclosure {or the emission project;

| and § 25,000.00 to increase the capacity of related water cooling
_towers, sludgé removal and wast; treatment facllities.

Note that such re-working of a syatcm after }nltial iﬁstnl-
lation would be'difficult, very co??ly, and necissipate éignificént
downtime of the cupola. On this-ﬁasis the p&tentiél efficicency of

' b4

an emissipn control system can be considered fixed at the time of

installation,




o~ | . Cay
In order to realistically approach 100 per cent particulate

. removal, at this fouspry, one can only surmise that an entirely;new
approach willlbe required that ma;ﬂbe gddcd or'thut may replace the
current system;' Based on research that indicated an exponential rise
in cost as efficiency approached 100 per ceﬁt, provision for 100 per
cent cfficiency was estimated to cost § qOO,OOO.OO. As utiliey
curves and constraints are presented it will bcédme clear that a
more accurate estimate is unnééessa;y.n.Véfiable X(3) introduces
the idea of uncertain legal réquirements‘into the budget.‘ The costs

are summarized in a table. - ' N
“Table 2

Potential Efficiency Cost involved to provide
. potential efficiency

, bﬁ\?? per cent 0

~

97.5 per cent . ©'$20,000.00 |
9.5 per cent 5 175,000.00,
190.0 per cent ; ) - $ 900, 000. 00

Variable X(4) - Noise Reduction .. oY

‘Although noise levels héve been clearly sbecified‘fof the’ -
ingide of 5 plant, the .moise levels on the outside, pa;ficularly'
roof'mountedfair péllution aﬁ?tement equipment, have not_b::;.asiﬁ .
clearly abecified. Noisy dﬁgk'colleptors and 5hpola emissioﬁ-contrél ‘ .

'equ;pment; f;qg high duct veI;Zities'and large pbwer drivg‘sourcep
can annoy neighbours for miles around, depending on the topographical‘-
and atmOSpheri; conditions, . For éood';ublic re;ations, and because

some present regulations require and probebly all future regulations.

will require, these noise éources should be.controlled. This leads

/
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: o 9
t2 noise reduction.as an environmental: characteristic or plant design

variakle, ° ' o
> , .

It may ke difficult to determine the sound carrving problems

'
" i

unfrue to the plant area: the amount of money ro'hp spent on nofse
contrnl will depend on the si-e of risk manapement is willine to take

. . k4 N *
in ferms of present and future noinse violations, and on the sound

. - [t

. - A
levels that management feel thev can eet away with and not recelve
neichbourhood complainte. In any case it is less cxpéhsivp to desipn

ruirtneéss into a system that to tack it on'as an afterthoupht,

“. T,
. :

+. The type of eruipment ivrvolved may be stach silencers, sound o

innulatzkn;\ssclosures, redesigning ductina,. alternate air cleaning

SO

methods, or modified power sburces,

Consider a recent insrallptlgzﬁgi’g,cupdfh;?ﬁissinn control

]

system Iﬁjthe foundrv, which used an 600 horse pover electric motor

-

to drive a fan capable of producinz a 50 inch of water pressure drop

° .

in the.venturi scction. Noise levels reached 105 to 110 décibels on-

the A scale at 5 feet from the nqiée“sources. : e . e

e

- 3 " T ) .
- Siﬁ&ﬁ&ﬁoisevproduccdqufa roof -mounted svstem dissipates to

a safe level b& the tine {t feaghep floor Ievcl inside the building,

-

concern for noise roduqtionﬂbh roof-mounted ecuipment has not been
sfenificant. 1In this case, however, the noise did generate complaints '

from as far as two miles awav. The foundry may, in the future be'_,fﬁ;’t,,,»ﬂ"

. p—

surrounded by residential areas, Whiéb_éould canse creation of -a _ v
0 ] . * :':.'.-_ L '.“-"‘.-"_\__ ;____.—-/"'f;”/’ et T =T
by-law restricting noise levels at.the properfy Tine. Such a by-law

.

affeects the General Motors transmission plant in Windsor and is being

considered for Plaﬁf Four in St.gCatharines.“,Noiqe

- €

- -
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leveln proposet in thg:lntter cane are in the ranpge of 11 dha In
HnyH,nw and 4% dhn nt‘:l'“i'll.;;lult. (1)
1t 48 of value to consider additisnnl inltial vapttal vxpvnditd}e

Lo guinten an eminnlon control myatem at Luatallation and to atudy
L] ‘ . s o

- fature development plems of the community, .

A roanouable noive leovel raduation at this time 1w 0-dba to 19 dba,

Related conte and nacensary action are ineludgd in  Table 3o °




Cost.

€ 91qEL

Npise Level’ . Item Number Method
Reduction : .
~ . - /h . - i -
2dba . 1 \ larger duet, slower fan $ 20,000.00
4dba | 2 . ' \\\\‘§~\£tom 1 plus exhaust. duct | $ 45,000.00
_ Aatack'silpncers\
6dba 3 Item 2 plus improved $ 85,000. 00
acoustical siding in '
rnclosure 7
.15dba 4 Item 3 plur major design [ $ 335,000,00
' refinements
&,
.4
-

-
A
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Note that the costs tend to rise exponentlallf. A nolse
‘ - &

reduction of 3 dba requires halving of noilse energy output; therefore,

\ .
.a 15 dba reduction represents elimination of more than 96 per cent of

noisg energy. Thia information helps explain the -exponential cosf
function. | ‘\ .F ,
Along with technical inforﬁation,"gngineéring management must
congider future residential planning of the city of ét..Catharines,
and consider the noise limits tolerable tthitizens‘within hearing

[

distance of the almogt continuous foundry operation.

Variable X(4) will bring community plaoning and involvement
into the engineering budget, in _an analytical fashion,
Note that the casts of inclﬁding noise reduction consideration

at time of installation are far leas_tﬁan the cogt-of modifying a

Zsystem after installation. The costs.are such that an analysis of

>

present verses futufe expenditures, considering the time value of

money, 1s unnecessary. - ; : -

CWepe




 Variable X(5) - Roof Condition
&

The foundry of General Motors, St. Catharines, has undergone

extensive rcﬁovation‘nn& expansion during the past ten years. Several
- roof elevations fco~ckist to house Vnrioﬁs foundry opefatiops. The
conatantly changing roof line, complete with roof mounted air exhaust
stacks and fresh alr i#takes has generated several prqgiems..

Occasionally plumes from the many exhaust stacks behive contrary
to expectation, in terTg of inversidps[ From time to time exhaust
stack height 10cat1;hg_gu§t be changed. As plant expansion has taken
place there have been instances where, under certain weather and wind
coﬁditions, some exhaust ai; has'been’dfawn into fresh air Iinlets

. -t '

in sufficient quantities to allow disperﬁion into the plant interior.
) Dispersion of exhaust cmissiéns iﬁto the atmosphere does not alwaye
occur, Occasionally, when a southwest wind prevails, tﬁ:}c is an
uncomfortable environment in tﬁe parking lot are; in front of the' ° ) N

K - ' Iy
building, .

The .surcst way to determine oﬁtimum stack heights involves a

professional meteorological and topographical study (5), (6). The old

rule of thumb for estimating stack heights as a certain fraction of

building height is insufficient, for .all but the most ideal situation, (15) .

L
-

Let us asaumé-that two items need to be analyzed for inclu#ion
in the budget; one involves rgiochting exhaust-intake relationships to
satisfy the Industrial Safety Act of Ontario, 1971 (lé)cohéerning
intake of exhaust alrj the aﬁher invblﬁea iabour union complaints of

the parking lot environment.
4
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Tt is not possible to identify a measursble environmental

'Y . .
characteristic rgr‘th? roof conditlion, as it is nercessary to relate

capnltal «cost directly to corporate utilite arising from {mprermenfa

in the roof condition. T ' -
Table 4
Ttem Priority | Cost

InleftExhaust Relocation Must satitsfy legislatiom S'd0,000.00

Srack heicht chanpes to | To satisfy union demands |35 10,000, 00 prof-
improve dispersion and . essional study and
outslde alr quality up toe .$ 200,000.00

for istack chanpes |-

Variable X(5) encompasses, as shown in the table] both a reruir-
] cd expenditurc and a unton demand; expenditures that recuirc analysis In

an engineering budpet.

. Variahle X(6) = Llight and Colour
The impact of lipght and colour on man in his working environment
appears to be significant and has received some in-depth studv, as

demonstrated in Ref, (2). Although the effects of licht land colour

v

csn be discussed cualitatively; it has bren difficult to difcuss nuant-

itative effects,for a siven application. Several supervisors in the

plant engineering department at Plant qur, St. Catharines, have

coxpressed interest in a p?;ctical application of light and célour. For
this rcason an in-depth study was urder-taken .to relate produgtivtty,

housekecping, safety, and lahour relations to a light and colour pfogram.

Since lesislation such as OSHA in rhe Unitcd States renuires expend-

]
itures in thege fields, it is advantarcons ro oprimirze any ecdhom{c
return that is possible, The arca chosen for study was a 22,800 .-

sruare foot portion of the rotor machining department 44602-01 im,

e
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bulldineg one of Plant Four, Central Motora, St, Cntharinen, The aren
]nclud%s oprrations 10,20 and %0, Twentv-two men are reeulred on o
tvro shift.bnnin to oprrate the hiphly automated machinen, M{nor
?ninrnnnnco prohlema and fremuent machine adjnatments recuire the
presence of skilled tradeeman and rooinvrtnrs, wﬁl]r funterrupt fno
machine production ascveral times per shift., The lirhting level nvv;nnvs
from 70 to A0 footcandles: thn mncﬁiucrv la a uniform srrey: the gf{]ing
aren £R a ltght ﬂfﬂhn colour, Gri%vaécoa grubmitted by these rhpln§009
averane less than one per year; thelr safety record is exeellent ;) and

housckeepine {8 pencrally auite good, Due to the nature of the mach-

inerv the operators can usually load parts ontd the erulpment farter

than the eruipment can use it, Tlir operator is not the bottlencck

of production,

The rotor machining area Lt certainly nof one in which bright

1tnhts_and cheerful colours can sfimulntc employveer towards a 25 -per

cent, 15 per cent or even 10 per cent increase {n productivity, but {5‘

it is represcentative of a typlcal automated machining line, that

roqdirng-few people, and is caprble gf pg;ductng severnl thousand

units per day, to a tolerance measured in pen-thous&nd's of an inch.
"Productivity can be lucrcased through elimination of downtime;

- céontributions can he made to this end if operators notify approprinte

—

persorncl nuicklv about problema; if roélsottnrs‘ﬁorfofm their tasks

more efficiently rnd i{f a%{1led tradesman can sre hﬁg enact repalrs

- wfth a minimum of hea{tation. Realistic {mprovements in production due
B to light and colour, and hased on analysis of a tvpical working dny

fire cstimated to be one to three per cent. (20) .




Safgty‘and lebour relations improvements are expected to be
"minimal, but housekeeping mey lmprove noticeably. (2)

These conclusions ere conservative., They will form a practical
starting point for an experimental prégram to be copaidered in the
bﬁgaet. _The results of such a pilot program will hopefully give credence
t6 the iﬁitiul assumptions, and thus, will provide ppnnt engineering
supervisors witp an accurate means of predicting a plant wide iight and

colour program,

The light and colour program is listed as five steps, in order
2} ‘

- -of decreasing contribution to productivity,(2) and as assumed by the

-author, Anmal opergting costs have aleo been included,
: Toble § ‘ ) -
Step Description ' Capital Cost Operating Cost
' . - - includes main- |
! ) , ) tenance '
'1 Raise average light level | § 31,500.00 $ 9,506.00 .
- | to T0 footcandles - :
z | Paint ceiling white $ 3,000.00 _| $1,000.00
3 | Paint machinery cheer- $ 6,000.00 $ 600.00
ful colours :
% | Adopt A.N.S.I. colour ‘$ 2,000.00 . "$§  200.00
code in full @
5 | Housekeeping improve- $ 2,500.00 . $ 250.00
ment (light & colour : | -
improverent to employee
eating and working .
facilities .

i The development of this table is explained in Appendix B,

Varisble X(6) includes. en experimental item to be ingluded

_géin the'piant enginéeriné budget. Thgre are then, four plant design

iables or environmental characteristics associated with the light




¢

and colour prowram, They are productivity increase, per cent house-

»
.

Yeepiny improvement, per cent nnfntf lmprovement, and per cent
tmprovement in lasourlrﬂlar{ons.l -

Each variable contributee to foral corporate utflity, The
cxpected upper liﬁirn of the variables are: % per cent incresse In
productivitv; o per cent fnerecse in plant safety; 10 per cent
Improvement in Inhoufﬂro1arionn; andd 100 per cent {mprovement in
housekeeping,  The value of productivity increases can be measured in

: . _
dollare; Fhr Gnlue of the othev three plant varisbles is mnrr_ﬂuhjvgr-

ive, hut stymificant, in a vear that saw Genernl Motors open house

to the pub¥ic; vnion nepotiations, and a vigorous safety compaipn,

g -




IV, DEVELOPMENT. OF UTILITY CURVES FOR VARIABLES

A revi;w of Reference (3) concerning value theory would
bo useful at this point, for persons unfamiliar with the topic.

There are, of course, aefcral methods of evaluating and
scaling utility. Noteble methoda include the Von Neumann - Morgenstern
Standard gamble (23), the\Ranking method (28),(29);(30), Equivalence
grouping {28) ,7(30) » Direct magnitide eatﬁmtion (34) .(355 » and the
graphicalometh?d (3). A comparison of these methods can be found in.
the Health Status Indexes (36), The selection of a particﬁlar;method

depends on the problem, the decision-maker, accuracy required, and

time alloved for evaluation, The author felt, that the graphicg¥ |
method was most appropriate for the budget problem of this thesis.
% A declsion vas then made by the author to use linear scaling(3),
a .simple method‘of getting up the acale'of utility on & utility cﬁrve.
. An alternate method would be ratio scaling (37). Different methods
are available %o akaﬁch-utility curves using linear sciling' with
the graphical method, such ms the Zero-max technigue (3) and
ﬁarrington'é method (25). The Zero-max technigue was selected as the
more appropriate method for the budget allocatjon problem,

The technique 1nvoives gselection of an arbitrary but
consistent gcale of utility; the acale of ¢ to 10 is used in this
thesie. Reasonsble minimum and maximm values ara.aasignpd the values
0 and 10, respectively. Intermediate values are then plotted and a
continuoug cu}vq representing the aubjective utility of all

intermediate points is drawn.




The utility curves developed in this chapter can be
conaldered the aggregate curves daveloped by engineering

management, line menagement, and Industiial relations people.

28




Utility Curve - Vorisble X(1) - Public Relations

The logicel end points gbr the abscisst of the utility curve
I ) ..

i~ can be thq upper and lower 1im1t§‘or the study on public rélatiohs,

| $ 0 end $ 500,000.00. In all cases the scale of utility will be -. -
initielly sét from 0 to 10. Since'thelutiliiy value 6: a public -
relstions progrum has only two basic goals, effeétivaiy informing the
public fo} $ 50,000.00 at one end, and influencing legislation for
$ 500,000.00 at the other end, the curve must resemble a step runction.
Money apent 1n excess 2"§ 50,000,00 eond leaa than, say, $ hoo,ooo.oo
contributes little utility values that i, there ig little value 1n ' -
, overinforming the community, and not enough hos been spent to affect
legislation; Thus the curve is assumed to rise slouly up to the
$ k00,000.00 point, then u£:I1£§ will increane rapidly to the $ 500,000.00

limit, the region in which legislation cen be 1n:1uenced.

= ) N
.- -
. . .
[ S . -~
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' Utility Curve - Vorieble X(Z) - Opersting Cost Savings

As mentioned esrlier, the orpinatb df:mgst utility curves will

ﬁe get initially from O to 10, corresponding to reasonable upper and

1ower limits of each variuble placed on the abciasa. Howevé?:'ln the .
cage of voriable X(2), sn expenditure of at least $ 50,000 00 appears

certoin; ‘therefore, the cost will rangQ only from § 50,000.00 to

$ 60,000.00 and corresponding uthity will be aet at 0 to 10.

The limits for Operating coat aavings heve been established
at $ 100.00 per year ond’ $800. 00 per yeer. Remember that utility
curves reflect only the desirability of Variab;e X (2) without regasrd
to capital cost restrietionsf This utility curve is a stredght line

function; the more savings' the better, witﬁ eéch‘gain of\aavinge.}

pOSsessing the seme ut{lity es thie last,

The relationship of capital coat expenditurea on a dust

collector as s function of operating cost savings is necessary it a |
“capital budget allocation i:= té“be.made. The teble releting these

items waa developed earliér but is reprodgced in this section along -

with a8 curve presenting the same datn.

) - ‘ Tdble 1 _ .
Collector v Initial Cost * Operating Cost
o - - . Savings
Febric $ 50,0000 . | § 100.0Q, per yeer
'Wet-neﬁ Type - $ 55,000.00 $ 600,00 per year
" Wet-Existing Type | $60,000.00 | $ 800.00 per year }
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Utility Curve - Variable X(3) « Adaptability +,

T

Corresponding to the‘utility range from O‘té 10, the pre;iously '
established end points for variable X(3) are 97 per cent and 100 per
cent particulate removal efficiency for the cupola emission control
unit. The possibility of legislation requiring 96.5 per cent
effibiency from the St.‘CntharineS“fouhdry is possible but the pos-
sibility of 100 per cent cffigiency roguirements seem remote during

' the lifetime of the cupoia. 'Therefore, utiiity increases fabidly'up e et
to the 98.5 per cent point and then slowiy ag 100 per cent is reached.
. ’
The utility curve reflects this varying emphasis on different levels
of efficiency. l : . v ,
As was required for variable X(2), and will be required for -

. variable X(4) and X{6), the. relationship between the variable X(3) -

and utility aﬁd Capital cost require two seperate curves, Variable&

X(l) and X(5) relate capital cost directly to utility since the.

_ plant design variables could not be measured directly. Table 2
is presented again, along with the resultant cost curve. Lt
- Table 2 - o
Potential Efficiency , Cost involved to provide
= : - potential efficiency ,
97 .per cent: - ‘ ' 0 iy
97.5 per cent , . $ 20,000.00
: A : .
98.5. per cent : B $ 175,000.00 ;-
100.0 per cent ) ‘ . - . $ 900,000.00
“,.iye '

—
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Utility Curves - Vﬁrigble X(4) - Noise Reduction

The noise reduction considered for the emission control unit
- ranged up to 15 decibels on the A scale. Lngically then, 15 dB(A)
wPll correspond to a utiiity value of'lb; 0dB(A) will correépond to u
utility value of 0. Past experience has shown that a 5dB(A) to IOdB(A)
rcduction has the effect of preventing noise éomplaints f;om the |
community. |
| Thélfirq; 10dB(A) drop will have a rapidly increasing utijity

’

value, while additional dB(A) reductions act only as extra insurance
v

against complaints, and have a corresponding smaller contribution to

utiiity. The utility curve resembles th;} of variable X(3),

The costs necessary to effect noise reductions rise exponent-

ially as shown by the capital cost curve based on Table 3.

-
0
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refinenrnts

-r\__\ .

Hoise Level Itcm Yumber Methad Cost
Reduction

274ba 1 lareer dnet, siover fan $ ZC,000.00

%dba -2 Item 1 plus exhiaugt duct 1+ 5 45,000,070

stack silencers '
6dba - 3 Item 2 plus improved $ 85, 000, 00
’ 7 acoustical =idinz in
\\; rnélodsure
154ba 4 Item 3 plus major design | § 33%,0C0.00

8t
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Utility Curve = Varlabl/c X(5) ~ Roof Program
T AE with variable X(1), variable X(5) relates capital cost to

/

utility, the.vnriablu was difficult to measure Qiroctly.\‘-'

Noté that the prevention of exhaust gases from entering the

- fresh air system is required by legislation. This meansa that any
expenditure less than the éequired $ 40.060.00 is unacceptable und is
represented by zefo or negative utiligy. ‘ﬁabour union complaints in

a contract negotiation yecar about the outside plant enviromnments such

a8 1973 could force a study of the roof equipment and perhaﬁs some

L d

modifications to imprové'dispersion of exhaust emissions, but it {s
unlikely that a costly program would be immediately ungertaken for
this relatively small nuisance. Table & is shown along with the

[

utility curve based on this discussion.

Table 4
Item : ~ Priority h © Cost

Inlet-Exhaunt . |Must satisfy legislation | § 40,000.00 .
Reloeation .

C : .
Stack height changes  |To satisfy union demands } $ 10,000.00 profes~

to improve dispersion _ sional study and up
and outside air quality - ‘ to $ 200,000, 00 for
o S J/ _ ' : atackuchanges.
' .
- “." ~
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ptility Curves - Variable X{6) - Light am"ll Colour
The utllity burvexfeluting to productivity increases for
variable X{(6) in the rotor machinery department is a simple straight ‘ o
line, Hnd the expected increase of productivity been above 5 pe; cent
or 10 per cent, the utility curve would resemble that of X(4). An
increase above 5 per cent in productia; would cause material.handling
‘difficulpies; an Increase of above 10 per cent would not be desirable
“since production schedules would be significantly overrun.. The utility
curve %ould of course reflect this reducing amount of utility. The
expected maximum increase using light and colour is 3 per cent. This
amount 1is desirable, to .eliminate occaaionpl overti@c production Q;rk,.:
and is well within the material hnnd1£;3 capacity in the rotor
machiring zveaj thus the straight line curve. Table 5 1s displayed
here again along,;ith'the utility curve. |
Since variqble X(6) repfesents a new approach the mainténance

and operating costs of the light and colour program have been included @

for study and are shown on the operating and maintenance cost curve, ' L
: a c

e ———}.

Also shown is a qufﬁé—;glatihg productivity to capital cost; necessary

-

.

for the budget analysis. ‘ o -




fo™

y T=hln 5,
Step Deseription " Capital Cost Operating Cost,.
: ' “incluvdes main-
tenance
l‘ Raise averace lioht level| ¢ 31, 500.00 $ 9;500.00
to 70 footcandles
2 Paint ceriline white ¢ 2,000.00 $ 1,000,00
3 | Paint machinery cheer- | § 6,000.00° ¢ § 600.00
ful colours : ‘ :
4 Adapt AN.S.I, colour § 2,000.70 § 200.00
code in full R
5 Housckeeping improve- $ 2,500, 00 & 250.00
ment {light & colour :
idprovement to employce
_ eating o»nd working -
facilities




preasp

' recommendations of the Illuminating Engineering Society (17)

lThe-steps in the light and colour program are listed in

order of expected importance, and yll be cnrricd out sequentinlly for \

a piven budget allocntion._ of A¢ importance is raiafng the local

Y

_light level from an avcrnge of 20 to 40 footcandles to 70 footcandlcs, -

reﬁresentcd by step one.,, The higher light level is more in line with

The impact of the light and coiour program was ingeatigated for ‘

eﬂfec&;on housekeeping,-safety'and 1abou:.relétipna,.tﬁree‘other dépen-.
dent vatiables affectca by the cnpital‘cost allocatione;for'indepcndent
variable X{G6). . f o : ’ o |

1t ali steps are,cartied out, the rotor aree would_have a
clean, cheerful atmosphere{ desirabie for General Mctcrs open house,
to the public, or tours by visiting corpcrnticn officials. ‘A'curve was -
developed to relate capital cost expenditures to cuntribution to house-
keeping. Housekeeping level was measured from Q- to“100 per cent oE |
nossibic improvement. -Note that the painting not lighting facets of
the program are more important for'display of hcunekeeping.

Due to the good aafety-fecord'and smail numher of emcloyees in

the rotor erea, ‘the effect of bettey lighting to reduce injuries would

be minimal, estimnted at 5 per cent.' The return on investment in terms

of lost man*hours of work is negligibie.- However, General Motors is

proud of its safety record and expenditures for variable X(6) would

" reduce some possibilities of injury due’ to 1ight -and colour. Refer |

to the safety curve.

e ek

s




There have not been cumpiaihts'from the lxt::r union hbout.

general lighting levels; the only significant step improve relations

would be step 5, relating to housteeping.

' The improvement in labour relations is estimated in reduced .
numbér'of complaints gprmﬁi.of inforﬁal; to be expe;ted by the
foreman in tﬁe area, concerning working é?ndltions, and ls'estiméted
not t; excgedxlO ﬁerrceqt.l

' This information is reflected on the labour relations utility

éurve. The-usefﬁlness‘of the maﬁy graphs based on the variszbles are -

-

discussed under conclusions. A1l utility curves related to variable X(6)

: L N
will be straiéhtl lines.
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Figure 13
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_. Figure 14
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Figure 15
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Figure 16
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Figure 18
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V. WEIGHTING OF UTILITY CURVES
Eurthur considerations of utility value must be studied, -
in ordcr'to‘pr0perly‘combinu the contribution of utility made by
cach varieble. Various technigues aro avallsble for a gating
utilitien of several variables, including Keeney's approach (24),
Woodson's method°(25)§ Hnrrington‘llDeairlbility Function (26), the
Ranking Array Technique (27), and the Zero-max Technique (3). To be
lconsi'atent with the method usad; in sketching utility curves, the
Zero-max tochnique was chosen to mggremte utilities. T "
Of importance with any technique is the means uaed to
wciéht the utility contribution of each variable. The method used
in the Zero-max Technique involves selection of scaling factorf to
reprecent the relative desirability obteined from each varisble, - | f;
The selection is accomplished ae follows t |
1. Conslder each plant design varisble or environmental .
characteriatic at its maximum ;llue; that is, the value repregented
by 10 oﬁ the appropriate utiliﬁy curve, | '
2. Rank these vnlueq.in order of desirsbility or importance.
3. Oive the highest remked value & rating of 10.
k. Give the values of éhe other variables a rating which
reflects their relative desirability compared to this most desirable
variable, . ,l'
For example, if maxi:uu noise reduction is ranked 10, and

maximum good will is considered 30 per cent as dgaiflblo as

waximum noise reduction, theq good will is given a rating of 3.
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The selection of accurate scaling factors is,along with

sketching utility curves, the most difficuit pa;t of the'procedure

used for the budget allocation problem. As *¥yiously discussed

in Chapter II of the thesis R aeveral m;mbers of the senior staff
respongible for budget development,, shou],d develop scaling factors.
These factors can then be aggregated to form one set of scnl.ing
factors, representing combined desirability of ;the variables, as
geen by engineering, production 3 and industrial relations mecbers

L4 -

of the staff. The DELPHI method (39) can be used to aggregate
[ 4
the scaling factors.

Once the scaling is complete, and the ordinates of the

ar

utilit.y curves are adjusted to their new values, another check

can be made., One can salect the value of ‘each vu;able corresponding
to an arbitrary point on the utility curves that corresponds to, say
5 units of utility. If the’weig-hting iz accurate, the desirability '
of these values will be equal:— .
| , Harrington (26) proposed that scaling factors would be ;

unneceésm if his method for developing utility functions was
used. His approach may be difficult to use : hmjever, i.f one is
is not familiar with value theory and utility func;tions.
Additional appro&cheé to 'weighi".ing are presented by kiee .(37,) , and
Turban and Metersky (39).

Reasonable acaling factorn, chosen by the author, ax’e S

included in Table 6, based on the method described =arlier for use .ot

with the Zero-max Technique (3).
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)
Table 6
Independent Dependent . Rating Ordinates of
Variable -~ Variable points on ap-

plicable uwtility
curves to he
multiplied by

X1 Good Will 3 0.3

X(2) Operating Cost Savings- 5 0.5

-Dust Collector
X(3) Adaptability to future 7 0.7
legislation
X Noisa Reduction 10 1.0
X(5) General Roof Exhaust 8 0.8
-emission

X{0) Productivity 10 1.0

X(6) Housekeeping 2 0.2 _

X(6) Labour Relations 2 0.2

X(6) .~ Safety 1 0.1

5 : y




VI, CONSTRAINTS USED a 'Tuf: VAI{iABLEs
) The’opfimization proquh}e that will maximize the
combined utility of the variabies and will determine capital
expenditures, ia capable of analyzing'mnre factors than are . -
aséociated with the préviously discusged ﬁtility curves.
Althourh the prime consideration is analysis‘of gubjective
yaridbles, one may also consider such items as, return on investment,_
1operating coéts, time yalue o? money invested, and probability.
That is, meny of the realistic inputs required for a logidal
developﬁgnt of a ;apital budgbﬁ can be incorﬁorated into the
' optimization procedure. . : |

. These inputs are entered into the oepimizatian conputor

program as constraints

{

o

o ) 59
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Constraints Common-to all Varicbles C o | e

. ’
x’

A review of opti;nizﬁt\ion (3) and of tﬁi{e op{imimtioq

o

subroutines uced (h) may be appropriate.

The first tuvelve i'nbrualitv—cnnstr:’ainrs;_ used, simply restdict
. . r .o r'

thet nix independent variables to a-feasible ré.n,n_r of vxpép-litunc_s,_'

18 defined by utility functions.. T e.canstraints are cntered in

. - - 1.|“’ ‘
Sabrout ire CONST, part of the main computer prorram.. All ine~uality
v, - . . .

i

coanstraints are coded as THT in .t'llu‘ prorram., The constraints arc listed:
PHT (1) = X(11 &0 ' e L
PHT (2) = 5000N0,0 —.X.(HE"’J

PAT (3) = X(2) - 50000.030

it

I . . "Q ‘ -
PHI (4) =.60000.0 - X(2)2(

CPHI (5) = X(3)}Z 0

: PHI (6) _qooooo.o‘%xcgm;n A f

%
- L] l o . ] ‘
PHI (7) = X(4)Z0 .- i e . .
" PHT (B) = 335000. - X(8)ZTO .

TPHI (9) = X(5)%0

p []

PHI (10) = 300000 - X(5)%0
CPHI (1) = X(6)Z0
)".

. PHI (12) =-45000.0 - X(6}20 .

/.




n

‘.ﬂdﬂj[jggpldjpgﬂﬂnlity‘CongﬁrninL-Ior'Vrrinhln X(?;L\ : '

Constraint PUT (13} was nddéd to ensure that ony operating’
cont savines resulgant from variable X(Z)\ﬁrc_grentur than any capitnl
Lod

cependiture heyond 3 50,000,00 on the dhst collector.
Drvﬁlopmnnh of" rothratnt PHT WIS) conﬁ}dore the time value nf

' (.
noney, Pof(r(n{b ‘is made to thistopie in Appcndix F "The capital

cost, if in excess of 3 50,000.00, is converted to an annual expenditure
for comparisod with annual operating cost savings. TFxpected life of
the dugt'colléctnr‘is 10 years, The conversion included possible

eornings of excess capltal cost if i* had been invested at 9 per cent

per ananum, .
’ - : D
R ?Ilﬂu*v"Icnt ‘anmual cost of capitnl exceedlns § 50, 000. 90 or
per1od1c pnyment -

°

~

P = Capital expenditures in excess of § ﬁO‘OO0.00
i = Intrrest rate, if excess capltal was invested.

n = Life of dust collector years
a0+ D"

R= PR DM - -

In—rhC;cbmputer'prqgram'R i8 represented as.COST. The operating

1

cost snyings,‘vapiable X(2) are codad as SAVE. As long as SAVE, during

the 10 year lifetime of the dust collector, is greater than COST,. the
celection of the dust collector is acceptable.
SAVE = COCS x 10 = total sﬁvings fn 10 vears <7
KEN = SAVE - COST: - -
and the constraint reads

PHT  (13) ‘= BEN 0 Ny c el

e
-




t&»

S Mitioual donstraint for Vaclable X(%)
If there are no Foarenceable pany for moye atrinpent leginlation
concerning cnpulh om;aninn cnnr;ol nyﬁtrmn, there ia no need for variable
OOy, N constratning ntnrrmﬁnt.unn ipéludvd to reauire a ﬁlnlmum
probability 9[ m&ré atrinpent legislatfon before variable ¥(3) cnﬁ be
included fn the hqﬁpn&.‘ 1f the prohability of future leplalation

drops below a loyer limlt, set at 0.%, the only output from the proprem

. " . "
vill he a statement asuppesting the progtom e re-run without -variable ¥ (%),

- -

’ T ’ = in
Note that the author did not choose to develop any mophisticated means

L]

of predicting probability. The intent of the author was rtd introdyce

’ ' R . ).\fl_l . '
optimization as a simple tool for muanagement, As ‘the tool pecomes -
more familiar ro people in industry, the morc poverful aspects of

opt tmizatian including probability prediction can be emploved,

A1t innal lncrqgltéy Constraint for Variable X(€)

Because of the nature of the light and colour program, it ia
Tonical to conatrain the optimum capital expenditure to the regions

where the return on investment is acceptable,

CPROD -~ per cent expected increase in productivity
Th? current value of incréiged-production was eatimated at ¢ 15;000.00_
pcf ycar for every 1 per cent gain.. The initial nnnunllrcturn in -

dollars is XRET,

~

where XRET = CPROD X 15,000.

P

The 1ife of thé lipht and colour program was estimated at 10
e .

veiars.  The total dollar return a[fgrulo years bagsed on o p per cent ,

annual increase due to inflation is XTQT. ’ \

-
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-l ‘ .
XTOT = 5 XRET (1.0+1)’
yo

XHET

I

vhere R
Sn o= X707

n 10 yeurs

1

i =5 per cent '
The initisl cenpital cost of the light end colour progrum
iz the value of vurisble X(6) . The init_ioi annuol operating cost is
70P.  The total cost over a 10 yehr_ period is X(6)‘ plus 70P for 10
. years, ‘bnsed on 2 b iner c.en:t anhuol increase in operating and mainten-
anee costé, znd is coded XCOST, Note,Z0P increase was not cbmpoﬁnded,an

unrealistic event. 5
XCO3T = X(6) + 70P x (1.0 ; 2-051_.:L

This cqusation is based on the equation

(1 + i)
SN = R i "+ a constant -
: b ‘\':

where Sn = XCOST constant = x(6)rl

Ru;;ZOP. | |

n = 10 years

i =5 per coentg,05
. The constroint PHI (14) ensures that the lifetime return on the light
-

und colour program'will be"greéter than exncnditure

PHI (14) = XTOT = XCOST



bl
A well oo requlring o wonelary reburn.on investoent hoerore

s opbloan solullon can be found, o congbraining stotewent v odglga

Lo vald the fucluelon ol vorluble X{6) in the bwdpet, L Lhe return

oninvesluent, Inoyeors, exeaden vy years, busced un

YEARS » X(0)

XRET

The volue of constraint PHI (14) beeomes evident when one
congidere Lhe current cnorny-uhorbnuc. Nutu.LhuL the moin opernting
corl ool Lhe Tlnht md colowr progrum iz the cort of wleclrlenl encriy.
I Lhe enerpy conby lnercease at o Loaster robe thinn Lhe increnee in
retien, by ae Ytlle oo 5 per cent per yewr, PHT (W) becomes
ceonomiently nnuttrnctivc,'n devolopment not obviouws when huninn'“

-

rebuin on investment golely on' a culeulation such an YRARS.

ﬂﬁ}UJlgpnl Incquulity Conzlraints Affcctling oll Varlsble:

| The totol cupltol expenditure for nll ftnmu is coded
Cairor.  Conctrainbs PHI (15) ond PII (16) 1imit the totel arount
of muney availuble for the portién of the nngingnriqg Budgut

develoned in thls thesis,

PHI (15) = COSTOT - proposed budget omount = O

PHI {16) - (provosed budget = less $100) - COSTOT & O




VI, orTIMTZATTON EXPRESS TN

The nix varfablen ta be optimived have been weld document ed pnd
analvzed,  The fiaal requivesient of the optimbation procédure in an
optiml=ation exprossion that will waximire or minlmize utitity,

fndependent Varjable Coded avmbol for MLty Value

: . Haced on Kelnbod Popendent,
Verdiable .

X(1) ' _ 7PR

X(2) : 208
X(%) ZADALT
X(4) AN
X (%) | ZROOF
X(0)  enon
' ZLAR
ZUOUS:
. ZSAYE

There are two lapproaclw’ﬁ used Ln an optimizatlon expression.

Both wero chosen for their simplicity.

i

Tho firet is to moximire tha totel available utility U, where

U= ZIR + Z0CS 4+ ZADAPT + ZDD + ZRQOF + ZPROD + “LAR + ZHOUSE + ZSATE
!

;mmmeu(ﬂ
]

or, U= $U; » maximun, where U;m utility of a variable.

-

65
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A pecond approach used involved the concept of inverted
utility. "It 1s quite posaidle that man's intuitive intellect minimizes
conbined undesirability rather than maximizing combined desirability

vhile optimizing." (3, p.199). Rather /than maximizing the utilities of

the gix vari:?len, the reciprocal of the utilities sre upcd and- the

undesirability of the variables is min 'zeé; undesirebility is 18;
e N G
total uwndesirability 18.8 TaS\Ulor,

11 L 1 1 1 1 1 1

N = ZPR + ZOCS + ZADAPT + ZDB + ZROOF + ZPROD + ZLAB + ZSAFE + ZHOUSE

v
1

1 1 1 1 1 1 1 1 1
ZPR + ZOCS + ZADAPT + ZDB + ZROOF + ZPROD + ZLAB + ZSAFE + ZHCUSE

or N =

Bothf;pﬁioacheﬁ are discuased under Conclusiong. The pptimum
points on the utility curve of each variable will determine the budget
allocation for that variable. Other approaches that can be used to
formuiate the optimization expresgion include: combining utilities in
ﬁ geometric.mean,lhaving rankéd all utility curves from zero to on;
(26) 3 and.optimiz;ng each vﬁriahle in order df importance, edding in

ach step a constraint reatricting the value of previously optimized
‘varidblea {(21). The laat method does not neceaaarily require utility
values. One may algo conaider uaing the additive 1nverae of utility
values-to minimize disutility whepp,
| T = total disutility . |
U; = utility value of eacl?fvarnble
. Ujpax - U = disutility for each variable

e
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‘The optimization expression would minimine disutility,
T w3 (U;mex- U;) w minimun _
Thé cquation can be limpiified to produce an interesting reiult,
T - ZU;uilx - 5!13 - ninioum
T = constant - IUJ = minimun
-T we.constant + SUJ ‘= paximum
constant - T -}: U; = oaximum
By definition, the conatint,'. sum 6{ all maxisum utility values,
less T, the disutility, iz equal to U, the maximum expected utility.
The exbresuion for disutility has now been reduced to the expresasion
for utility, developed previouesly.
| L H -2~U; = DAxXimum-
- The first two expr?llionl were ulﬁdlin the computer

program developed for the.budget allocation problem.




<
VIED, COMPUTER PROGRAM DEVELOPEDY (2o OPTIMEZATION OF PLANT DESTGN VARATRLES

At Uhi e podnt we ansume that mannrement han Wf'v]y.- delned

-

fen probleme and the velatlve fmportance of var s rolutlong nnd

thetr contn, The actual optimi:ntlnh; that in, Eeelect ban of varioun

StecatTons on each cupve to max fm 7o utility value, eon be handled mort

clliciently by nmplnyiﬁu the computer, i
Fhin propram follows the banle rulen eet our in the OITISER

mannal published by McMaater Univeraity (4), The OPTISER paclnpe In

A vollectlTon of optimization subroutines that ¢ n be employed to nqﬁ

0 nptimlrntipn problems,  The necennary organfsntion of 1ﬁpht F%untrru:
Madn program < {nelurldes u{l tupat data, Calln the opt tmlzetion

nubroutine, {ncluden formal output etatementn?

and {n nomed proprom TST {n this cnre,

Subvoutine UREAL - includen dbvo]dpmwlr of the optimlzation
expreruion,

Subroutine CONST - includen dovelopment of all inequality
constralnts, ’

In ndditlion, Function FTABLE hnsE%%on added to form data
curver (rom the ~«datan puintﬁ ﬂntof;d in Program TST.

Complete listinps of the prdnfnﬁ dpvclnpud for thin therin, and
listliape of pubvoutines cnlled in the program aroe ilntod tn Appundlx n
ant He Highltuhtﬁ df oqch’a;ctiOn of the computer propram will be

dincusaed to clarify the approach used by the suthor. The languape .

uned {p Fortran IV for use with a CDC 6A0Q computer at McMaster University.

8 | | “
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Propram TST - Main Program
/ _ :
Entered in the maln progrsm is duta for oll parts of the

proyrom, end is trensferred to Subroutines UREAL, ond CONST, with
Lubel1ed COMMON CARDS.
Datu defining the various utility ond cost curves 1g entered
by listing 5 to 10 co-ordinates of pointz on eééh curve, This method
wus chosen for its simplicity, Function FTABLE interpolotes between
the glven polnts to(develop the curves for use in optimization. As the
understonding and use of optimizatiop end computers in industry grows,
more complex and ac;urate ﬁethods;ofjentefing data can be gsed. The - <:/
suthor feelsg that anj deviétions from the true curves ceoused by ipféf-“'.'
polotion do not eignificently affect the results, Function FTABEE is . !
alzo used %o functionally relate utility directly to cost
| As well ss adding descriptive output statementg to clearly
explain the budget qllocationb und optimum\selection of velueg of the
vurisbles, the output wes' designed to include sll utility and .cost
curves with a clear indication of the optimum point on ench curve. The
purpoze, of course, is to allow plant”engineering supervisors to have o
clesr under:tanding of the optiﬁum budget, numerically,dcscriptively,
and graphiéally. In thie way,(the impact‘or a8 proposed budgetéry limit,
relative weightings of verlables, end constraints Egcomes 6§vious.
Subroutine PLOTPT (11), was uged to geng¥nte the curves in
the output, and suitable- lOOpB were deaigned into the program to allow
identification of the optimum polnt and axes on cach curve, PLOTPT is

stored in the central memory of the CDC 6400 computer at McMester University.

B\
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Tu order. to keep the propram an slmple an poasible, existing
rubhront fnen were used rather thnﬁ new onew dva}nnod for thias propram,

A typienl optimlrzation subrouttue, choren f{rom thé orrIare
packape, e alro enlled In THT, |
dubi oot fne TTREAT,

To uatiafy the acquence of operation of the prnurnm,'Lt wnn
nuvrnnur§ to tint apaln all termn invnl;inn the variablen X(1) throuph
Ny, plua the COMMOR cards,  The optimiration expression was alwo
cuteved fo this subroutine., In the example preacnted in Conclusfons,
e optimi=ation subroutine SEFK 1 wnﬁ uned, which minimizes the
opt fmizatfon exprension; therefore the exprfnnion wna chanped from

| U e{7PR & 20C5+ ZADANT 4 7B + FROOF 4 7PROD + FOAFT

+ ZHOUSE 4 ALAR) = mox luum

Lo .

e - (2PR + 2008 + YADAPT + ZDBJ; "ROOF 4 ZPROD 4+ VHARE
: + Z2HOUSE + ZLAB) = minimum

The expresalon are mathematically equivalent,
Vancr Lan, FTABLE |

Function FTABLE wan called by TST, UREAL and CONST and 1n
| entered at thi§ point. A complete listing of FTABLE i¥ found in
Appendix N cxplnin&ng>ifn ability to i{nterpolate hetween given data
polnte, | ;
:‘i“':tf:\!.t!.l&ﬁ@i"[ | ) . L

The inequality constraints discusned in an earlier chapter are

- T
developed and entered fn subroutine CONST, Constralanlng statements for

variables %(3) and X(6) arc entered in the main program TST.



1

The compuler wag run wilh- different onbimization cxprescionc,
volindralion subroutiney, und budget limits, Rerulbs will be discunzsed
araic e Concluoiong, - ,.,‘.\

It oy be of inbLerect, Lo understand the Lechnioues used in
the coupnber Lo [ind thgkoptlmum values of coch varisble. Referencze (3)
contoine introductory informotion oboul optimizetion, nnd Reference {4}
oreronby the mulhenuticoel interpretation of the optimluablon nrocuﬁurc.

W o

Much of the program ¥uld be incorporated ss pardi of the
OVTinEP packiges; the result would be o simpier prozran for indusiritl
use,  The vaiue of_this ldco was reéognized by the author, bui wos

boeyond the rcove of this thesic,
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IX, RESULTS AND ANALYSIS OF RESULTS

This chapter will be aeparated‘intb'two digtinct sectlonaj
results, and analysis of results , concerned with Optimizntion'or
cepital budget allocatlons for a plant enginearing deparﬁmeﬁt of General
Motors of Cenada Limited, Ly
A, Re;ults ' | |

The initiel output of the‘computer optigizatlop- program ia
a simple list of optimum values of the six veriables, the related vélués
of the construinta,_end the value of the optimization expression.

U giﬁes the maximum total cofporafe utility that can be achieved subject
to the constreints,in the exesmple used. |

Una - (maximﬁm units of utility) = minimum

The aefies of X(1) to X(6) gives the optimal budget allocations
in dollars for each independent variable.

" the serles of mumbers ‘Labelled PHI (1) to PHI (15) gives the
value of the contraints, given the optimm values of .the variables. ‘ﬁ_

This portion of output is included for the benefit of those
readers moét interested inhihe operation of the OPTISEP package, and
is the standard form of output froﬁ the optimization subroutines, Aﬁ

example follows. o
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Thaecvolubfsoi the varfable X610 throueh X(¢) vere coded into a wmore

e Iptive formy related capital costs, anil effocty of the l{;-lﬂ'
ol colour program were also Included, {n the next stape of the
coapuier aatpnt, Lesults of a pProyram uning a - 1, 000, 00N, DO }m.lypt

are o vhiown,

BUIGLY ALLOSATIONS DETERMINTD BY THIS PROGRAM

191AL COST IN DOLLARS 100600040 ' ‘,

FAPITAL COST OF LIGHT AND COLDUR PROGRAH "?550315

ANNUAL MAINTENANCT COST,IN DOLLARS 8145, a

23 CENI OF MAXIMUM POSSTSLE IMPROVeMENF

IN HOJSLKEEPING 1649

PEX CUNT REQUCTION. IN LAJOUR COMPLAINIS — o4

PEY GENT REDUCTION EN MINOR ACCIDENTS,IE,PER CENT

INSREASLD SAFETY 245 ' '

ALLOGATION FOR PUBLEC RELATIONS 23u000.0

ANNJAL OPCRATING ;6%?—§AVINGS,DOLLA{3  629.5

G357 GF DUST COLLECTONS,¥AXIHUM  55650.0

P2 CENT EFFICIENCY ATTAINABLE 3Y E4ISSIONGONTROL

[JJIPMLM’ . '*an 7. . !
» COST OF PROVISION FOR FUTURL EFFICISNGY LEVEL 2540408.0

BRIPIN NOISE LEVEL 11.3 ~

CIST OF NJISE REDUCTION,O0JLLARS 216750.0

ALLUCATTOV FOR ROJF IﬁPROUEHENT,DOL'&QS 215000. U

_OPTIPUM P{OJUCTIVITY OF LIuHT AND CDLDUQ PRDb?AH
CKDPFSSrl'IW PER CENT 9

TOTAL 10 YEAR RETURN,LIGHT AND COLOJR PROGRAM 171009.3
RETURN ON INVESi’ENT IN'IfARJ_“_“#m. i

FROM LIGHT AND COLOUR PROGRAHM 2.7
‘U3 CURVES PROVIJED TO ROUND OFF 3UJSET ALLOCATIONS

IF REJUIRZD

»
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' The lantpoptdon bf the ontput praphically dieplaya the opt {mun -

pointn on utility nud cont' curves. A twpleal output will contain a

serfea of wuch prapha,  Although computor grnphlca ara avallable to

-

produce more elepant 1“16 praphs; the author chose to use point grapho,
pinve they: do not roquirc any additional cquipment besiden the lnphth
~oontput terwinal,’
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The ccononic advantage of point praphs is nttrncthvc when
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Figure 11 Varisble X(6): Per Cent Increase in Productivity and Utility

X1INz 2. T XMAX=. <270030E+01.  YHIN= 0. Y4axs 1000008402, PLOTTED,
XenasXovseXonwsosXuonaXaovoXavaseXosoaXoansXoaaoNosoaXoasaXsnsaNaosiXesooXoaeosXooasXsosaXavosXooosXooswe
- 10.0 "T e b -oT- Lﬂ.ﬂ
e - e A - R e e o
9.00 =Y Ya 3.00
- [y -
. e . .
SR T3 S 4 T fr—80¢0
. : ..lcu :
- , - .o .
7.08  a¥ , Y= 7.00
. LR ] .
[ s .
R - XX )
6.00 =¥ - .- car . Y= 6.0
. ver .
- ads L]
. : Y Y .
5.00 =Y i aw B Y= 5.08
, . _ o .
b . . cew - .
- B s hd
8. 00 =Y ‘esew Ts 4,00
. e -
. e .
e e - s - [ EX) -
K o S B -
3.00 "; ase ) Y= 3.00
- L N ‘e
- vae -
. “an .
N . * a8 »
2.00 =Y L = 2.00
.e XX ha
T e - BT .
. Y .
- L L ] [ )
1D°u =Y ' LN 2 s 1.”.
- cee - .-
. Y .
. T see .
.« ses . 4
A T T T S X X x XeoosX XeesaXessaXeoosXaognoX XoseoXeaosk X e
. N 5 666. .....éia. .-.I‘I.-. .....iiz. ..'i.aaa. ...{-iéa- ..'i'ais. .-.{-aai. .'.‘.i;i. ...é.;ié. ...é.r‘. 'I"a .1E'°1
XAXIS=PER CENT I‘NCRElSE IN PROJUCTIVITY YAXIS =YTILITY C=0PTIMUM - .

2




XMIN= "0 XMAXE +450000€+05.  YMIN= YeAX: | .273030E+31. 130 POINTS PLOTTED.
) - X...-!ocoux.u..!,.-..l..-u ssseshages .--.X....l....x...-Xo.o.!.-..I--.. ssseXesosXsoan _....!.... ases
» Z.70 =Y « Tz 2.70
—e - s o
2.83 =Y A R XL
: : L
. - 1 aae L)
-l - soe -
T T RIS bk . [ L 2718
. C. - -
- o. :
1.89 =¥ . =  1.29
_ ——— : [ ) . ~ :
. . . R
1.62 =¥ - . Y= 1.62
L ] - -
_ 1.35 =Y ] .t Y= 1.35
| T : = ;
. - e -
- . [ R ] L4 -
- 1.02 =Y . Y= 1.98
. . s -
) . sassee . .
- hd es0esae -
+«810 ‘; . .I..l:-.... ;8 «B818
: ....:.....' :
- XXX .
. - ssne .
«5h0 =Y sesw Y= «560
. » L BN N J L ]
J L by X g )
- T 1 .
270 =¥ vee . ¥= .27
™ ene .
- LX B} L
. - Cewe .
! —g3 _‘; a0 :"._'— =

}NTS NO
VII!S'PE! CEN IN

'.-..‘ii..‘.-..‘i‘..!..i.

T PLOTTED
CREASE  IN

!‘isnre 22

) . . 1090 3.510 L2

XAX1S =CAPITAL £osY

11 1.5
PROJUCTEIVITY

-

OsJPTINUM

Varisble X(6): Capital Cost and Per Cent Increase in Productivity

..‘ll ll.x.‘..‘OI-.t.-..‘...."...x.I.."..“...Ixﬂi.ll-ll.“. ..x....!'.‘.:

6,508
4

TINES

«1Es8%

11



e s e R e

XYIN= 2. EMax= <130000E402., YMIN= g. YeAX=: .200000E%01, 231 POINTS PLOTTED.

XeavsXeassXoasoXooseXosaaXuswaXooaa ssseXesoaXesosXoooaXonoaXuonoXoraaKoaooXosvuXonuaXasoaXauwaoXoses

" 2.00 " .f= 2.00
Tt Tt -—_.:-' i ) - T . .-.- : N
1.80 =¥ 5 A Y= 1.80
- v ) " 160
. e Y 1.58
1.28 37 . Y= 1.28
! ‘ : { '... / :
o 1.98 =Y i .s Y 1.08
: -..' ™~ ' :
.800 =y . ¥= .808
-Bﬂ'G 3? ) .--0... f‘-J «+508
- LN ] *
: ae \ :
+& 00 =Y * . N ! Y= «hil0
Rt ; : -
. 02‘0 '; .-.. i‘ -208 -
, . .0 . . N
R x X X XooeaX X X X x x x X x X X X X - o
[ ] [ ] A SIS [ FERNFY.S N EN] *ees [ N ] ”re 3 aese as e I...x..l.x.... LR K] LK N ] LE N N} [ R BN ] ae aa [ XN} asse .
- 9. 8% **ti,080 2,000 3,900 te 380 5,003 g.088° "7 300 8,000 5,000 id.c00 TIMES .1Ef01
S«PER CEN REOUCTION LABJUR ~ COMPLAINTS YAXiS =UTILITY  0=0PTIXUM
v - : A .
A e

Figure 13  Varisble X(6): Per Cent Reduction of Labour Complaints and Utility ' &R

i



o)

b

-

$30TPTdRO) I0OGET UY DOT4ONPIY WD IBI pUR 380D Te3TdE) Gvn JT@IIBA 41 o.ﬂwﬁ

—~ .
[+a) e L o
. - v
s . - o
2 k] Ve : h cr g
 WhwlldCz0 Siw NI¥dHOS an0eaYY RCIAINCIY IN3) ¥3d4=S1xvd 1503 Jq.:hnunnuncn
0851 200°1 0311074 10N S1INIOd
31° - 80s* L0C"w U T 1Y uum 2 11 -
mu‘k“ mgﬂh “...l“'lI.“I...K'I"u..I.Hl..l“‘.l.“l...u LN ) '..'"I...".'I'”....”.l.l‘.l..“.l.lu.l
g =4 = .- "'%
- - X EIFEEEEEINER R R R RN AR R SR RN N N N X NN I - -
- ln'lIOOIQIOIIQIIIIllll '} . "
“ .lll'l ..
[ F Lh 3 =A . i ’ - A= m-t
- [ Bl ' Ld
. .t .o . . . . 3 -
_ : a T :
g2 =1 bt - . wn ge*Z .
. e .
- - - - L]
- o L -
se°f =2 .- A= 99°E
: ) s
gy x4 : - . . & A= as*y
09 =4 j . A= ae’s o
09 za - o = : A= L R ]
82 = FE R | ]
. . a - !
- [ ]
. - - : ' , - i .
— 8308 =1 - i 288 -
' 1B 3 =4 * . . wn 906
g-c7 za* - A= 0*ot
”llll“l!'l”nl.l“.n.lul.llﬂ...l“ltUQ“CQUO*IIOI‘..-D"Dlll“.ll.“tllt"l‘ll“vlll"!.l.ul.lln!lll"..'l“llll“
"£31107d SINICA 0ST *2C+305020T" zX¥hA . *D =hIWk *SO+STO0O0SY" =X Y HX , g =NIkX




! . R ) Y _
R £37TF30 puv FuTdesXosnoR UY jTATAACIEN] R0 I9J 3(9)X OTqEIIEA ST eanBtd . :
- . T G
meave sours wonzaprmnbere oo, NSRS, R il ,.._.,.__.n:._ww,,mw.,s,/mﬂm T T
.N ' "Cl.l“.l.."..l."'...l.l..'l...“.* u L2 "- .u.mwmu....u ..l"‘...”....ni.ll"j..l'..'."'lﬂ.\."i”‘l"'mm.-
o ag , .\ e
- - e . N
‘.am “ -no n
"2 =A ' .o As 0s2°
- L] ae L]
.. = .o .
- E B © [ R] .l:-..lf!l . — .
. T . ) - o > : !
e 7 ..C0 As poee |
: : :
809 h_m i . — ....... ) .m..\\ o.-:..OIo.rul.i.,.
) ” . . mla c..no N & 4 ﬂﬁw .
st = . A Ar  0gse -
. - - . L@ : : )
TR =% i R TR TH
121 = ~ i 02°%
. . !
“ - .‘ bcoo ) . .n.« - I '
. . < s . . —me e
e . .
oet 7 . : ; in an ey
” - ..-Q -7 ! ’ ’ - “
¥ 7L Sy - : se . i ix_ 09y .
“ .... : - “ ‘.
bees =1 ‘ i= tecv”
L LN ] -
po*e =L" Aw -1 -
“.Il.nl..!“ltl.x.-.!“l...“....“‘..l"....“!'-.‘ ‘ll“.l.!‘lll '!Ol-IK..I."I..‘ullliuilll"lllel.lC-.O-.! .
- *o sNIWA EXYMX N - sNIkX

"C31107d SINIOQG 102

*TlezCO000C2"

=x¥khA

*£0+3CC06CT°



e

. N . >
o . PUrdosyREmoN UF jweamAoxdu] jM0) J9g PUS 380D, TURTAD 3(9)X STQSTIRA  OT SaMBYX . . ___
WB = . . . -u..\\‘ o B . ; R . ' . . IJ
: . WOKI1dG=0 QZHAWMM.wMDOr. [} h.zw:wbﬁumtu IR33 ¥3d=S]IX 1800 th*l‘ﬂl”uﬂdﬂ
- s3WIL 05*u 800° Y 005° 000° 000°2 0Ds T | e u.rp S1NT04 .
“.‘Uﬁ . ﬂcu.ﬂ“.!..“..o-ﬂo.-.’c.l&o ﬁ..oﬂcnooxooo.xoﬂpﬂnﬂco.!-.o.ﬂn!to“a.olﬂu.mcoﬂc.mvﬂl.ttxnvookniooﬂl.louottoﬂ
28 x) -coolbl Y T
- T r - [ XX N NREN N |
. . serssresn . . . y
. ! . ssaesanie - .
. - [ AR R NN NN »
‘- ﬂ!ﬂﬂ, .m. \ ‘.o.n-..icto-.. . w. '-‘Oﬂ “
. " 9-.-.....0-. * - o "a. e
. . . - ] ssssne . LI
802 = R - . PR Y T
. . - . . '
. ” ‘l- “
o0s. v L S g by ve
_‘. ,” Ol - 3 - " )
R 2 LI T .’ - : N (T
- o. -l ' ” Al
0°05° =4 Lt e 3 bees.
: Ll : o : -
2°09 x4 . As 0" 09
1 . - e s P
002 =a Lo . ORI NI
. ‘ L) .
. . .J.uu . - Y ,
.13 T Y L v a Ax pepg_ -
. . e .
. . . o N - . ' )
8°06° =2 ‘ . : A= - %06
L4 “ -- . L o "n‘ -
*801  =a? . _ LI 1)
. x-.-.xonioxilllx-UO-K-Cntu.Icl!..io“.-lixuc-lxo-'-ﬂt-..*.nt.K....“C..-xl.ltKIOOU*I'l.’..l'”l.c.*..l K . )
! —. "C031i07d SINIOd Cq1 *s0+3000C0OT " L =X¥YhA *g . aNIWA  *50+300005%° =XVYHX Wc sNIkX
N4 ’ . i o s F

e et e v d————



[ 4 ‘a
2 - £330 paw h#o«um vosbhuuH aﬂuu .Hum ${9)x oﬂa.ﬂb Ly sam@td NI
i F i} . -~ 3
. . . . geE ::““m._muo AL1314n= __-mmmn: qo»-m:n. “wmuu&.- g3 vu;-m::-
- - - ] . - - [ ] L . . . .
“.OU.N gﬂh -.KMUO-NQ srey uc.ﬂc.Oc”oloononloﬂlnoinonllHnOﬁoﬂ.llnﬂll-0*-om.ﬂo.t.ﬂl...ﬁ.l..oﬂt-lo“on *-..-I-.ll".ﬂﬂm 2
!- '” - - . ] hl.. - ———
L L] <+ L X ] -*
. ” * ..u. "
et =4 A W't i= w3
. e -
. e . —_ - —
. : - S e Pt .
...NDW Iw k l...!. o1 .r.‘,.w. ﬂﬂﬂ.
’ ” - - » ll.i ”
. - .ur . .
[T 134 Y . et A= (114
- LK ] 4 -
: o ‘ .
(TN =4 I A= 084*
- X ) [ '
T o = oue
~ . .0 .
..\ ' X -
) (YT LR L T as o en9e
| S |} > a [ ] )
. ¥ ‘ . . . .
02" *A _ " A= (TP Y
- - = Ly . B
- .u h‘.-ll ..I. = “' b“b.
” cono * ’ " N .
pos* =4 L ) 4= 00¢°
0071  ai- Az et

“Illlxlill“.'ll“l'.."l.l.“l.‘lu.lI.KI..I“I'II“..I.H.II.“I..I

*031107d SINIOd IDT

-Oooﬂonl-

*ic+3p000C0T" XYL ‘o IHA  *TO+3C000CS” =XYHX

l..'“...I"...."....!...."....‘

I
— A —————




. | . - N . i -
= ~£39788 pIACIII JUR) JOJ PUR 390D TEITAND 3(9)X OTARTIWA QT SXFFL —— — -
", - - . . . . - - - .r/ . ‘ -. .
) . .___::u.—nouno . 349S__03A0DERL INID ¥IdsSIXYA 1503 J-huuqu-nnnqn \
4 UBOU.W. MUIHh Kmmmh u.nounmmclotnnﬂm%% “ooonﬂoﬂnﬂ.ﬂoﬁn--!.n-ooﬁt!N-oocx.oﬂ-cﬂoﬂNo oﬂoﬂoboﬁ.ﬂd.oo-Nc&ﬂwuﬁl.o“-&wwloco’KOQWmltoocl
i Y S 4l * AR LY T
I . - - LX) . -
i L] K] B [ XX T .
» N ea s - B’
. » . - oee L ] .
aps* sl . ,-:.: N - As 00s° .
“ ﬂ L X xY] M ] T
” - s e * ¢ T T T 7 -
so°3 =2 4 Lo . i 00°%
. N , . .o . !
L LR N - . *
0_1 LR ) [ 3 . X
08°tT =4 . - . A WL 113 ]
L] f. ae . L T
. P [N L
L] . LY ‘ ] \
02 s ’ - e s bo*2
-~ - = * ”e . .
. ! , ' s p . .
" - X N -
] (X X] i . ce - m
0s°2 = : i N e A= | 052
* [ Rl - .
. - sy . - -
. “ -o- ) ' . . - -
ggc¢ =) - L O Aw 1] Dt 4 .
L] N - -8 . -
. / - ’ . -~ » -
S, - L] . ! e . - A
0s°t = - . ’ ; ’ A= is "t
L L - .
oo . . :
30°% x4 : s . Ax 8%
“ -o.oc..QDI-O.- ) ) o ” -
N [ ] L] ) T L ]
A . . . S . iz 0S°e
e ﬂﬂl.m )" ) . ’ A= a0 *s
“I..lx....xlll.xlltlxllll l.ll“l.lchl.l“ll.-xnII'“..0.”.'.IKI.l-".ll'*l.l.“.i..*..'."..'.g...‘g‘...*
*031107d S1KI04 101 ..ﬂo\owaon 0o SXVRA ‘0 SHIKA °“S0+300006%° =XYHX ‘e =NINX




/_

XHIN= Q. - XHAXH +450000E+05. YHINZ THAX «420000E+05, P TTED.
- ....x....“...x.lti l.l.x.l!.x.ll-t!.‘lx“lix....x'l.l‘lll.xl..IX:II.!..IIXE.I’.K.l.lX.ll'!.le%.l?fi‘Ts PLO TED
.lzcs-os-v . . - +120£405
nluB_E’us'; ’ N ) .coo.... *' +108E+05
- . [ X} » .
L L] .
. ., - 1 aw ']
e YT ONETY - s Y= veore0y
. _1;'0 ) - N ’e "
L] < L) L
o e - LY ] . i
.IQGEOO_'y'i . e ' L' ;' +BL0E+DS
,H_..__.;_ -: > 'O'. » - : . [}
BEIOTLL ~ .. evs’. ¥=  .720£408
: ' o-‘. : -
L) .e [ ]
+SF0E+QLEY oo N Y= .600EsD4
b : , ., ..oﬁc :
.uuconw’r ; e’ \ ’ T=  LMBOEeO&
LN ) - *
':‘:‘\ - : _ e ..- [
——— R, | hedld .
. » .o [
| .ua:ouiv ' ae : Y= +360E¢04
. - .
i * . ‘.. .
FY} LN B L] -
.2'00!00'0!7 . Y= C240E406
S 'o oo:.. . :
) *20.8 . [ ]
_ ‘ : 120008 P B _ Y= .120Ee08
{. : e o-.".' : , -
B . Léase L]
R i KoveaKoosoXusaoKesooRooasKooooXinneKeoesKnnneK XgraoXoosoXonmsXooeokounsXenooKasankons ks x'T v
[ ] . e ‘ L] a a LR .... [ X R ] ..l. LE ] [ ] ae .... a0 s .l.. ..‘. = N
"‘i.iii‘ ceee St et T1.5B0 " 2.hb0 3.900  3.500- 4,000 s’e'n' TIMES JLE+8S
§ nus-cnnm. cosy Y XISsRELATED AMNUAL OPERATING COSTS o-opr:nuu e
‘l —- —— -
e Figure 1.9 Va.riable x(6): Cspital Costs and Related Anma.l Opara.ting msts 2




"

: 93
The computer’ p105ram has two addltlnnnl feutule

Should
s loter dute when the Drobnbilitv of more r'Lmng(:nt

it be uzed at
- _-('
creala cmizeion Limits i remote, valinble X (3) would be ¢ useless
Tucel eenenditore,

Tn(’following oulpu} - ftetements vould ocours *
N

VARTARLE X(3) IS NOL vALID = | ’
PROTASILITY € FUTURE Lesistarion  °

T
NFS MOT WARRANT ‘A CAPITAL EXPENDITURE
RFRUN PROGRAM WITHOUT X(3)

ir the program does result in an optimum eolution, out

the return on investment for varisble X (6) i" economically un-
1}

]

o LJ‘(LlVC dub nperhaps 1o rise in energy COau, the following out-

mtl messege would. appear.

CETURM ON IMVESTMENT FOR VARTABLE X(5)

IS .GT. 5.0
CoUN PROGRAM WITHOUT X(6) '

$
.

The other varigbles are not subject to restrictive criteria,

[
and do not require similer output message
]
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The prograh developed for the theﬁiu whs run wiéh several
‘optimiuﬁtlon rubroutines in the OPTISEP g;ckage, SEEK 1, SEEK 3 \
DAYID, SIMPLX, and ADRANS, using & L0 octal eeconé'éime‘limit; reus&n-
able for this.problem. Subroutine ADRANS dns‘too tlow for practical ; o
uses sndﬁnx tended tp hang up on the budget limit coﬂstrnints; SEEK.1,° .
SEEK 3, and DAVIﬁ’found oétimum golutions, _DAVID is recommended fo¥ )
use With_éhe type of problem deVéloped ih.the thesia.- . ;{i/
A summaQy of results iz useful at this point:

. TABLE 7

: 6ptimizution - Computer Central , Value of optimiz-
-Subroutine Processor time ation expression
: (decimal seconds) U = -(utility) Min.
SEEK 1 y 24,706 ~3L.755343
SEEK 3 -7 2k.8u8 S| -31.755343 ‘
DAVID . 2k, 664 -h1.33962L
SIMPLX - | Z7.488 -30.862295
ADRANS ., Time limit - =3T7.56192
. (at time limit)

. ; _
_ Subroutines SEEK 1 allocatgh'expenditures spong the verisbles

more evenly than -subroutine DAVID, but subroutine DAQID'found a better

optimum point, therefore!_DAVID can be considered-thé ?roper aolutién
£§ the budgqt.problem. o - L .

The optimizatidﬁ expression: H a:iIﬁEIiIE§T = minimum was
used, along with U aS(utility) = maximm, without eny apprecisble change
in r;sults; thet. 15, the values of the variableg did not change _ -

' ﬁppreciubly. Varied starting valﬁé; for the 1ndepéndent V9g;dble also_'

" had little effect on therreaults.ff
I - 5 »
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. | | g
B. hnslvels of Results :

J [ 4
The output data is shown in numericel, descriptive and

grephicel form. After studying theresulté, management ﬁefaonnel.

L] - ,
can see the effects of sketching subjective utility vaelues, and

, W=

can see the effects of subjective weights. fThe graphical output. duplicates
the input deta snd pinpoints the optimum volue of the veriesbles. The
author feels that such a viéual-?resentation 1s valusble when assessing

budget allocations.

If, say, variable x(ﬁ) a;peare slightly o;eremphasized, its

- weighting con be dropped on a scale of 10, from 10 to perhapé 835 the
computer prdgram can be modified and re-run.within thirty minutés.
The new output woulq sutomatically reshuffle all budget alloéatiéns' o
to 3 new optimum, Of value, when workiné with a real budget st this

poiht, would be a censitivity. enalysis to determine exactly the effedts

-
-

of minor curve cBanges.

If the optimm points on the utility curves are rot. high
enough to satisfy ﬁhe plent enginegring.ﬂepartment, tﬁ:'p}o§93edl |
budget limifatiOn can belincreaged from.$ 1,000,000,00 to possible.

§ 1,200,000.00. Agein only thirty minutek would be reguired to modify
tpemﬁrﬁgram, re-run it end end up vith a new set~bf budget allocations

ond curves. A gensitivity anelysis would. elso be of valie uhen.uaing'

y real data, to assess effects due to budget changes.

| If .ome varisble must be added t;\;;xaaiétedkfrOm the budget

8t a leter date, a new budget allocation could be produce® within an

\

~

hour, to.refléctthe results of the changes.

-



C | %
2 ~
The flexibility of this. upproaeh to budget development could
sove many houra of calculotlons, and enwure that a consistent form of
]_oglL is us'=d st all times. ‘The prog;ram wes run as s batch input. , . )
‘Note that an interactive time-sharing version of the program would
reducc rroda.flcation time considerab].y, eepecia]‘.]y with’ an office termj.nal
This analytical approach does not replace any decision—making
duties of manogement, but it does clearly displey managgment thinking; |
it does help mana‘gement to meke valueaﬁudgthex-xts\ about social end
environmental probleos; it codifies their sub.‘jective values, gnd it ° |

does show maragement the real cost of solutions and the effect of

limit ing/ environmental budgets. , -

The computer, program was shown to be sensitive to energy
/ﬁerat'ine; costs particulerly for varisble X(6), a valusble feature
] o |

in view of General Motors goal of 15 percent energy usage reduction, -

*
-
a

begianing in 1973. (19) \
., The expefimental program involvinglligt_:t‘and' ‘t\:olbur, variabhie

X(6) , has some intereeting applications. A ‘ho‘ueekeeping ;xbenditure

could be Justified on the basis of the return on investment dué to

its effect on productivity. Similarly a safety program; iﬂvolving

1ig,hting and painting, could be ;justified by the Tesultant product-

e .
ivity gain _ . f 7
/ :}ttle more then‘a course in optimiza?tion, and.’a basic

knowledge of programming are requ.tred to use optimizati.on et‘rectively.
The budget developed in this thesis does contaj.n reali.stic varisbles,

but it is not, as previously mentioned, repreaentative of 8 complete

-
[




. .- ‘."
p1unt ungineering budget Ir this approach is used on-such a large

"hudth with many VBriablea the usefulneaa of optimization to 1ogibally
nnd quiukly pcsimilete dota and produce results would be magnified, '

I



. X CONCLUSIONS _
' optimnization coupled with ﬁtility ﬁhoor& Lag baen
deamreirated ag a useful tool,whe§~anaenslng b&dget allocations, . -
The advanbne of‘&sing ﬁhia tool is better dccivlona " The
tecihndque requires Lhat managowent make vnluc-Judgmcnta about uocinl.

and onv;*onﬂcniﬂl Problems with the end rewult being B 1ogical

N »

" asaesmment of the do)lur value of subjective aspectn of

environnental .problems,
: ' L « - ;

One mus% remember, howuvef, that subjective values are

qirticult to meapure. Fufﬁher'reauarch'1a_needed tp.dctermiﬁp the

optdnum method-of,ﬁaaesaing ukility’valuea in the particular ,,:. -
1nnustrinl‘énvironm€ut descriﬁed.in-thia thcniﬁ. The procedurea |

described in this thesis can be tim&-conauming, and the

: . N e \
relationchip between time spent on sketching and scaling verses

3 ~
[ i B

improved qunlity of budget tllocationa needs to be 1nvesﬁigated

further, In-any casa1 the "procedures as described -can iqprove the o
quu]ity of decicliong concerned with aubdective valuaes, ' '
. mhé'budgct developed in this theaia reqni;ed not only

" allocation of éunds to suﬁjeﬁtiva areas; but alzo conaiderstions

of“rcturﬁ on inveatméét, probability, the tim?'valué o; money,

intlation, and operafihg costs. All of these tsp&cts of budget ‘ - i
‘development were hnndled by one.ralltively nimple, flexfble,_ . .

| + computer prosram- computer centrll yrocossing ‘time was conaistently

less than 30 geconds,

’




In this theceis the author has presented one example of
the ure of optimirzetion and utility theory in the enviroﬁmegtnl

conbrol -eyotemg field, nhplicable to General Motors Corporatlon.
< -
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Time Value of Monow Cﬂ;

L dnorder to combine dif[crontwwfnutary values

oceur at ditfercent times, ic,iu.nocusnn;y to have technfques whilceh

I

» Which wmny

il entablish monetary equivalents .at d{fCaront times, bascd on

interest..

L .

Ve must begin by defining the foltowing quantitics,

fn = future payment 5 ' a
P « prescnt worth or initlal investment

= periodic payment:

i"= interest rate per period, in doliars_pcr-do]inr'

n = number of periods .

]
-

‘1y085 quantities can begelatcd by .inductive arguments . as °

i

stoun in Tahle 1 below,

v

Table 1 Time Relationships Detweon Monctary Cuantitics

Input. BT Multipy B)'

b P 0+t :

S Sa ® (O +1y

; R O+ 1) ' .
8 ‘gn K

o ) R i
PR ta+n"

UK )

To illustgate the use. of-the table, we assume that we wish to. find

We use relationship 5. .

Out‘pui:,

L L

102. -

the initfal investment equivalent to n periodic payments of amount R.




. | 103

P: « (l-}- l)n - ‘ ) R 1, .
ST
1+ 0N

Combining Monetary Valueg
Uning the relationships of the previous section, we may now

conbiine dif fevent monetary values, by bringing them u}l to the same

e S
{orm, : | )

R




APPENDIX B
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’ Data for Table Y
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Pevelognont of Costs for Step | fn table 5,
Typy, o Laminaive Used: ’ |
Hlurtro}lﬁr (nemisdircct industrinl type fixtuve), "50" sertes

Pathfinder 1 - 50 - 296, for two 105 w."\'tt H.O. T - 12 90" fluarvecent
linhts., T

RN

3':1;'1'_(;';%;1___1,-.-3"11_: v

Sylvania 800 m;, ﬁtgh Output Rapid Starg Lifeline Lamp, 105
watt, " recessed double contact (F96 T - 12/CN/N0OY, cool white, with
9000 hour 1ife on a pprcc hour cycle. Initial lumens 9500 (rating®
taken nftur 100 hours), Average sustained Tumens, 8200, meuﬁurod at
SO0 of” rutx"(.l life. |

_gﬁqﬂ of Tuninaire and Lamp: § 125,00

Coxt_of Trstallation above Rotor Machinery Area:
- / . ) =

p :

: |
In this 72,800 square foot area there is room to mount @
Y o .

o, luminaire to existing supports located between existing luminaires.

" The cxisting transformers could handle a doubling of the current
1ighting load., Estimated instnllacion cost ig 4 hours labour x-6.00
per hour & & 25.00 élus % 125.00 m;teridl for a total éoét of -

t 150.00. ActuAI lighting level averages from 20 to 40 footcandles

at workinyg height, f;om 216 existing iuminaires.

Maintenance: Factor: Falr or 0.60%

’ . ' .
Coefficient of utilization based on 10 per cent floor reflec-
tance, 50 peg/cent ceiling refleectance and 50 per cent wall reflectance

éhc coefficient of utilization is C.U., = 0.75% .

N | . ‘,"\

"% Sylvania brochure

.
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Vit

RN l-:.‘:l.':o:' -
T 106 .

Dimensions of rolor urLa lqo loet by 1»0 i'ect with li(hbs
14 el sbove {'l()or -
vos ral o g .

Tﬁl%%§%"%£%367 = 5,85 or M T
Caleuvlohed curront lif;lﬂ;in['. l-.;vel in l‘ootgandlcg:

foolcandle = 8 00 lumens ¥ 216 luminuires x 0.?5 % 0.(0%

22,800 8q, 1t.
a 35, {ovorobly comparing wiih sctual levele.

pber off ndditlonal luminaires that could-be added with n minimum of
_EJKJl.‘ 210 ddditionul luminairesr caﬁ be supporled nnd éowcred by
exirling supports end transformers, )
311__g';x;.i,___1.(y{r(:];_c;-_xnncﬁed with\udditional of 210 lumineirec:

Footeandles é 8200 lumcns_x“zigoéugiTa;:tv P8 O 75 % 0,60%

= TO _

Capitel Cost: 710 luminoires x $ 150.00 ‘= $ 31,500.00

Hote that e lighting lev¢1 of 70 footcandles was rcasonable
us determined by the ‘Tlluminating ﬁngineering Soi}ety recommendations,
e nddition of the 210 luminaires was the most economicni step Lo
increase lightiﬁg, and uses currept‘stock-items. Expected‘productivity .
rains vere besed on a lighting level of TOIfootcandlee for st?P L, .
und o sllghtly increased level due to step (c. U = 0-8L, level _ ’ ) : ':

78 rootcandles).

N\
A

¥ Slyvania brochure
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igugﬂngﬂgrntin3~Cnst-of Additional Luminnaires: " ' lgz

“~

1. Power costs are: 250 watts per Eixture or 250 x 210 = 54 kilo

watts, for '210 fixtures, Power coats based on 24 hour .operation
Le HARW. x 24 hr. x 365 days » 13¢ per KK = $ 7,000.00 per yodr;

7. Annual cost of cleaning liphts and 1uminaire: % 7 % 210 = 1 1,500,

EA

_J..‘Cnst of replacing 13$ps annually if done when luminaires are
being cleaned = $ 3 x 210 = § GSd.OO.viNote that one ycar br
8750 hours 'of operation approaches 80% of oxpeqtcd.lifc of é1c
Lamp s (9500 hours)

. 4. Spot rcplacement, annual cost: § 350.00
Total anuual opérnfing casts are I, +2. +3. + 4. or $;§,500.00

L3 .
The current lighting level was calculated using the more detailed

a

procedure outlined in the Illuminating Engincering Socict§ Lighting

Nandbook, Fifth Ldition, Chapter 9 . The purpose was to check the

-

~cccuracy of the short method available in the Sylvania brochure. Pages

referred to are in the I.E.S. Handbook, (lT)
Cnvity Ratios

"= 5h (Room iengéh and room width)
(Room Length) x (Room Width)

hre = averagé of 6 feet.
' 5 x 6 (190_+ 120)
Ceiling Cavity Ratio, CCR - ca 190 x 120 = 4
F
hre = 11 feet Coe g | - . : . §\_
’ . 5 x 11190 + 120) . :
Room Cavity hatio, RCR = 190 x 120 = .75

hfc = 3 feet




floor Cavity Patda s S x 3 (190 4 §70)
190 % 150

- "
e .2

e ot B Cective Celling Cuéity RuflchvncvyPEc , 18 based on

Ceiling reftectonee of 59 per cept, will reflections of %0 per cunt;
amd GOR 04 .
IR ¥ )

For cent Eifeelive Floor Cavity Reflectance, , Ls baved on floor

retlectance ?[ 10 ;;r cent, wall rﬁf%octancu of 90 pcr'ccnt, and
el s .

- L, 10 .
CoctVicient of Utlli#ation, baged onf= .47,1ﬁ% = .10 undlluﬁinéiro
Coy ovield from Fig 9=12, LU= 750 The CLUL I8 ndjuuthd‘hy Fig 9=13
lr;(hllf m L 7h % .95%0 = .75, The result is close to the .75 estimated
from data in ghﬂ Sylvnnin:cntnlogun. |

Lisht 1onn—fnctors. sec-pages 9-1 to 9-8 in the L.L.S. Liphting

undbook and Fig. 10, Chapter 1, AF.S. Eavironmental Manual. (Z)

"

Light Loss Factor B | Value
1. Luminnir; abcent temperature W95 g éi
2. Voltage to Luminaire, ',j .98 : N ' %;
3, DBallast fnctor‘ T 1.00 éi
. | RN g
4. Luniinaire Surface Depreciation .98 ﬁ
5. Room Surface Depreciation .92 . . E
6. Lamp Lumen Dépreciation : : .80 ' %
| 7. Lamp burnout factor’ ' _ 1.00 L R E
) 8. Tumen Depreciation .90 é
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Data source [lor fFactors

. AFS Monual

. . PR, 9—4

N

4, estimate
" : :

pg. 9-4, 12 month, mediuﬁ i

i

0. Sylvania catalopue
7. Spot replacemept to be carried out between annual re-lamp progress

f.. Class 11, Medium, pg. 9-5, 9-6 ‘ ' -

Light Loss Factor LLF .95 X .98 x .00 x .98 x .92 x .§0 x 1.00 x .90

.

.U

OFOSE '6
Expected current lighting level of 216 existing luminairies

216 % 9500/% .75 X .60
22,800

{ pg. 9-7)

’,

tootcandles

= 39

This level compares favorably with the calculation based on the
. : . .

Syl¥ania catalogue, of 35 footcandles, The simpler Sylvania mecthod

will be used in further calculations.-

D

Dcvelépment of Costs for Step 2, Table 5
- _ - N
Paint costj $ 10.00 per gallon

Coverage: 500 sq. ft. per gallom
Labour: 500 sq. ft. of ceiling «area above flodr space per dar
Area: 22,800 sq. ft, of floor area

Labour : .22,8005?5 = 46 man days at $\§.00 per hour, based on an

of $ 190D for difficult to paint areas
Material: 60 gallons x § 10.00_ = § 600.00 . ‘ .
u - N - ~

-




Total Capital Cost: 3§ 3,000.00 o L . 110
Resultant effect on lighting level:

White reflectance is greater than 80%, C.U. becomes B4 and
level in footcandle increases from 35 to 39, or 70 tor 78. Annﬁal ’
maintenance cost,_$ I,OO0.00. ‘ |

bevelopment of Costs for Step 3, Table 5

Paint cost and covcrage‘as‘in Step 2.
Labour: clean And paint ma¢hinery ove; a 200 sq.ft, floor arca per
8 hour shift, | ’
Paint Required: 55 gnlldns [
Cost of Labour: 22,800-'5'-'260 = 114 man.days
114 x B hr. x $6.00 = § 5,472.00
Cost of Paint: 55 x 107.:= $ 550.00
Tatal Cost: § 6022 £ $ 6,000, o o .
2§;Limatcd.mnintenancg'cost based on 10 year life of paint is % 600.00

per year,

[

DyveiOpmént of Costs for.Step 43 Table 5
AIN.S.T. PipelCode and Safety Code are slightly different that
General Motors standard;. h

~ Labour Cogts: Estimated time is based on repainting fe—ideﬂtifying
pipe and safety markings at the rate of 600 sq.ft. of floor agc; per
8 hour shift ’ : - B .

Area: 22,800 sq.ft.

Cost of Labour: (22;800 sq.ft. = 600 'sq.ft.) x 8 hr. x $6. per hour
~= $ 1,800.00 ‘

Cost of Material: $ 200.00

ia-/_

X1



oo : : o -
e - '
ot Capital Cost: § 2,000, 00 H
. ’ : .
Operating conts to handle pipﬁnn and safety equipment relocatidns

.

are entimated at § 200,00 per year. - ' _ - -

——r

'lv).l'_‘ll-:]_u‘]_l_izlt‘llt-Ur tosts for Ltep 5, Table & 7

Costl of Labour:
’ ' x

Paldting 240.hr. x 6 = § 1,440.00
Electrical work (lighting) 80 hr, x & = $ 480.00

Material 3 H00L 00
_ _ Q |
Tetal Cost: § 2,420.00 7~ % 2,500.00 ] . ‘ '

Frtimated annual operating costs: $ 250,00 is required to handle
S :

mudificnfions‘ﬂué to machinery additions and relocations "affecting

employee eating and working arcas.

o~
r
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HSER'YS MARUAL 1FOR CAPITAL BUDMET ALLOCATION
; OPIMYZATION PROGRAY i - -

iAoy tion - .

- . ‘ N -
AT prn“Fam-uacs nti}ity Functionn to evaluate budnet erpenditueer
v ’ - .

-I 3
o . . . ]
TSR L B Il'.\'l'."-\L(ll C.hl'll ilc teristies t]lﬂt ('nh;]n{:(\- a comprny ' f, pos ftiou or

cotvre il non-mnonetary way,  The progrnﬁ allows o Yordeal. comparison
Wosne fal, potitital, and other non-technfeal {tems, while foncine )
4
Conooentat U mrke conglistent values Judeemontrrin these wuhjective avean, 4
U dlue of cach varlable is expreesed in terms of anitlces ueility.
' * \ L] *
M. Jpoliertiog of Ueility Functions » ) 1
The volationship hetween the indepeundeut variable (cost); the
’;.Lnuﬂxinnt variable, or cuvironmental characteristic (such noisg veduction,
chiptobitity, hnuqekoeping, or- goal will); and its utility is exvpressed vith
utility oned cost curves., Generally the relationship takes the following
. A - ' )
:l\]:l’]: ’
» {
. 1
utiliey
' L]
*
Environmental R - o . ,

Charackeristic




. . . . ’ - llL

Lol on, :-S:"‘ al
(oot eriatice

The urility curve is subjectively developed; the cost curve

o bescd one engilneering data.  Occasignally the enviroamental character-

f ‘ . . -
" irtic can not be measured dircctly and the relationship between utility
"o, cozt is expressed directly:
()
1
J
o
Urility .
N - .
L] - . ‘/ “ . . E -
. N - LJ
A — ,,
Cost Environmental
Characteristic -
1
- \ |
L 'J_' “
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Htility ‘and cost curves muat be developed for cach independent

carbate avl related depondent varlable., Note that several dvpcndén" var- ®
! He pERLE
Poates may e oaseocisted with one Independent variable. ’ .
e . ‘ : 3 ' . v
Best, the utility curves must he weipghted, in arder ko express
*'orelstive amportance af the dependent variables (eavironmental
- 1)
characterictics), : -
1} * ‘.n . ’ '
. 0 Lri:;J{ion_kjprcﬂslun _
AL QﬁqcuSSCJ in Prof. J.H. Siddallse text (3) concerning multi-:
tovtoy optimization, two approaches can be ug~d:
U= (atility value of each dependent viriable)
‘ A4 :
= maximuh
1 ’ - .
or I = {(utilify value) = minimum
. : 3 . .
ol exprersions work equally well, ¢ : : S
Ll - '

V. Tnput DLsta and Procram Format
.t

For cach variable the following input must be entercd in the

» L4

wein proyrnm; with all d;ta coming from the utility and cost curves.

M.TA COST/ M points on dggg curve/ (5 or more)

DATA ﬁARIABLE! ;orr05pond1ng'va1ue; of the dependent Qinablc/ *;-\\

DAT S UTILITY/‘Férrc5p§nding units of utility/ " |

Functioﬁ FTABLE will intecrpolate between these points to fﬁrm a continuous
\c“nvo’ appréximntihg the értginnl utility -or Equ curve, For any givén

Pﬂint XX, on a cost curve - ' : : . . i
% = VALUL O DEPCDENT VARTABLE = FTABLE ( COST, VARIABLE, XX, M) and*

22 CORRESPONDING UTILITY = FTABLE ( VARIABLE UTILITY, z, M

The remainder of the main program follows the outline provided in Reference (4)
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Utdlity and cost curves must be developed for eacl tndependent !

varlaile an related dependent varfable, Note thut noVUful duprﬁdunt var-

Jh

Potes aaay be ageociated with one fndependont vuriahlc.

Lest, rhﬁbutfllty curves muct be weiphted, fn arder ko exXpross [

A

‘leorelative gmportance of the dependent variables {envirommental

characterivticad, . ' - a

i, O timi- tion Fxpression ) : ,
- - . 7 - ) . L‘/

As discussed in Prof. J.N, 3iddalls text +3) concerniny maiti-
T ; . ot F .

tector eptimiyation, two approaches can be used: . S

U= (utility value of cach dupendeht variable)

- | . r ' .
= maximum ) : .
* | . f
. 1 :
or U ="{utility value) = minimun - Cee
Both expressions worll cgually well, a
1Y, Tnput Dsto snd Propram Format ’ ‘ﬂ.

For'cnch‘variablc the followigg:input msst be entered in the

e in provran, with allihnta coming from-theuutflity and cost curves.
h-TA COST/ W ﬁoints'on cost curve/ (5 or more)
DATA VARI;BLF/ééorreSponding‘ﬁnlucs of the dependent varinble/
HAT UT;LITYI correspéAding units of utiliiy/
. Yunction FTABLE wi}l 1ntcrpolate bctween these points to form a continuous-
curvé, approximating the original utility or cost curve. For any given .
point XX; on a cost curvé | . .

= VALUL OF DEPENDENT VARIABLE = FTABLE ( COST,Q'A'RIABLE, XE, M) gnd -

77 = CORRES PONDING U'I‘ILITY = FTABLE ( VARIAB].,E UTILITY, Z, M) 7 e C

The remninder of “the main pmgrm follows the outline provided 1n Reference (1&)

w
-4
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nar; can be tronsferred to subroutindv UREAL and CONST b; the use of

i o cnrdsf Qubroutineq DREAL "nd CONST must alsa be user written as

shoun i the OPTTISEP manunl,Refere;ce (h)ﬁote that the oPtimizotinn

cepression will contain the sd;_ofﬂthc utility valocs for the variable:s,
Function FTALLE must also be included in the program as shown

in the program listing. ' :

V. Output Information

» ,'7
By following these input requirements , output showing the

qptimnm budget cxpenoitures will resultg as shown on Page73 on the thesis,

If desired, simple format statements can be written into the main
progran for an output similar to Page?h of the thesis.

In addition, output curves can be, developed by utilizing
subroutina PLOTET in the main or callirg program. Refer to Referenco (1)
for details.

The ontimum points on each curve can be singularly identified in
the output graphs by adding a simple DO locp, when writing subroutine
PLOTPT into the calling program. This feature is not a part of subroutinc

PLOTPT; therefore an example is included:

N
-

The following statements were used to plot-per cent increase in

product1v1ty (ranoe 0.to 2.7) on the X axis and utility (rnnge 0 to 10)

a

on the Y axis.

7

0.0 (stafting value of pér cent increase productivity on X axis)

-1
i
1§

AG = CPROD + 0.4 (optimum utility value plus a gmall 1nc;ement)

A1 %PKOD = FTABLE ( YPROD, UPROD, AX, B), where ZFROD is the utility

v'lue using function FTABLE. ° ' - .

IF (AX. GE. CPROD AND, AX. LE. A6) GO to 507 ) . '
oAl PLoEe (2X,ZPR0D,9) (ie,orint a dot for this point)
508 AX=AXFO .01 (1e, incremnnt ‘the value of AX) .

v




IF(AX.GT.2,7)G0 TO 511 ! 117

{iv, il the value of per cent productivity has exceeded maximém range
- 3

co Lo 311 and stop the iteration)

> G007 d 1cul e

GO ta L and calculate the appropriate utility valne for the incremental
value of AX) :

"7 C2LL YLOTPT (AX, ZPROD, 35)

(ic, print an O for ihe optimun point) : . .
GO to 03

11 CALL SCALE (0.0, 2.7, 0.0, 10.0)

(a0 optional feature of PLOTPT to set limits on scales of X axis and

Y oaxie) . . . |
- ' 3 *

CALL OETPLT (ie, print the graph.just,fo?med)

CALL CAPTN (9, IPROD) - ‘ _ .
ALl OUTLIN

(zn optional fcature of PLOTPT to label the axes)

-

This procedure was used for each of the 17 graphs of output in

the thesis.

VI. )aﬁule Problem

® The thesis proper coatains a detailed-dcveIOpment of the program

that was written to utilize Optimization in budget allocatxons.

V1I. Prnnram Listing.

A listing of the computer program written for the thesis forms

the second part of Appendi¥ Ci A glossary of terms is aleo included.
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ya GLOSSARY FOR THESIS PROGRAM .
E . . .
’ - . 4 . 3
port One - Arrays used to descriptively lsbel axes of grephs in thesis

—

conputer output, according to requirements of subroutine

PLOTPT (11)
ARRAY  IOCATION IN THESIS o RELATED VARIABLE
IFR - Flg. 3 x(1).
10CS ' Fig. % x(2)
ICOCS Fig. 5 x(2)
TEFF Fig. 6 ‘ X(3)
ICEFF . Fig. 7 x(3)
mB Fig. 8 , X(k) ‘
wm - . Fig. 9 L x(b). .,
Amoof' . a0 x(5)
EPﬁOD ' Fig. n o ‘ x(6) | ™
ICAP. . pig. 12 C X '
JLAB " .Fig, 13 s X(6) ‘
ILAB . Fg. M X(6)
JHOUSE Pig 15 X(6)
THOUSE . pig. 16 S O
JSAFE ‘Fig. 17 ’ .V.X(G) |
a0 Mg 18 - x(6)
}' 0P Pig. 19 - X(6)

-t
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Part tuwo - Data cards used to enter utility va\l.uea of points on |
_ utility '}curves, minimum quentity is S poi.nlts. (11)
LABEL - RELATED INDEPENDENT " DEPENDENT VAXIABLE /
VARIABIE ) * .
“UPR . x(1) ~ Good will . )
Uocs | ' " X(2) | ‘ Operafing cost savings
UARAPT x(3) ‘ . Adeptebility " |
UDB x(h) ‘ . RNoise reductiioﬁ 1
UROOF - X(5). " Roof progren ) "
UPROD ' x(6) Productivity
UHOUSE X6 ' . Housekeeping -
USATE- " X(6) Sefety
ULAB : x(6) . Labour Relations :
Parr; three - Date cards used to enter values of dependent variables \ '

' corresponding to points 1isted in Part Two.

LABEL RELATED INDEPENDENT DEPENDENT VARIABLE
‘ VARIABLE
Yocs ‘ x(2) . - Operating cost savings
YADAPT .' x(3) _ Ad&p.'c_-abil(lttf' _
YIB ' X(4) "~ 7 HNoise reduction
YPROD - X(6) Productivity
YSAFE x(6) | Safety
YLAB . 'x(6) o Labour relations
" YHOUSE x(6) | npuaeieepins- ,
N
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part ¥our - Dato cards used to entor valuea of indcpendent voriobles

corresponding t.o related anues of depende‘ﬁ verieblas in

Part Threo.
LABEL INDEPENDENT VARIABLE : RELATED
i . ~ DEPENDENT VARIABLE
ig(;s x(2) : Operﬁtiﬁg cost savings
XADAPT : ?C( 3) . hdnptab 1lity
- XD Xy . Nolge reduction
XPROD T x(6) . | Pr_oduct'i‘vity . .
‘ anety
Lnﬁour Relations
.- o __f{;:ﬁ'sekeeping

Purt Five - Dota cards uged to relate independent variables directly to

~utility velue of Pert Two (an exceptio%z to the genersl rule).

LABEL INDEPENDENT VAREABLE I RELATED . ,
R DEPENDENT VARIABLE
PR X(1) ~ Good Will
YROOF - x(5) | 'Roo; progrem
Part Six - Miscelleneous Data cprdln.' ' ()'.
LABEL - DESCRIPTION ' RELATED INDEPENDENT )
- | DEPENDENT VARIABLES ~ VARIABLE
" XOP Relate:-a ;:p_ernting : i?roductivity . x(6) ’- — .
cost “to corres= Safety _ | |
- ponding point's.of | Lebour relations
capitéi '{cos-t i Hougekeeping

Ty

.



Ca

Purt feven - Arreys and date cards used to shtiafy requirements of .

X

\

optimization rubroutine §EEK 1, as poted in the Optisep
Hanual, (4) ' )

MRRY  DATA CARD © DESCRIPTION 3
RAAX RMAX Expected moximum velu2e of independent varisbles, .
_ RUIH FMIN Expected minioum values of independent vorisbleg
XSTARE XSTART " Feasible starting values of independent varisblen )
g Independent varisbles
M1 - Inequality constraints
P51 Equality constraints
WORKL ! - ,
WORK2 .
Working errays to satisfy SEEX 1 . ‘if_
WORI{3 , . . .
. VIORKL _ °
Part Eig,ht. ~ Functions, using FPABLE to. determine value of dependent’
varisble ang utility for a given value of the related
independent varisble. See program listing for details of
use ‘ot FIABLE " | . ,
FURCTION mwr  oureur RELATED } _
| INDEPENDENT VARIABLE
ZPR - ' Independent velue | utility /L x(1)
' (Good will) ' i - -
cocs Independent value dependent value x(2)
20CS cocs (operating © utility - %(2)
cost savings) : . ;
CADAPT Independent value dependent value x(3)
ZADAPT CADAPT (adeptability) _utility =~ = . x(3)
CDB Independent value © dependent value . X(k)
ZDlll A CDB (noise reductic_m)‘ '\‘ltili‘W o o x()
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FUNCTION NPT QUTPUT  RELATED
| INDEPENDENT VARIABLE
ZROOF Independent value - utility x(5)
oo (roof program) . L ‘
‘ .ot ,
CEROD Independent value dependent value . x(6)
s . .
" ZPROD CPROD (Productivity)  utility x(6)
CHOUSE  Independent value dependent value X(6)
ZHOUSE  CHOUSE (Housekeeping) utility. T x(8)
CSAFE . Independent value dependent value © x(6)
~ ZSAFE CSAFE (Safety) utility ) . () oo
CLAB Independent velue - dependent: value ~ x(6)
ZLAB CLAB {Labour reletions) utility X(6)
Z0P . Independent value operating costs » X(6)
Part Nine - Varliobles used Ao des'cril?,e. independent variebles.
{ : ,
INDEPENDENT - ASSOCIATED,
i VARIABIE EQUIVALENT VARIABLES -
x(1) -~ PR, SER
x(2) | 0cs, S0CS
X(3) ADAPT, SADAPT
x(4) o 1B, SIB
X(5) ~ ROOF, SROCF

- X(6) " xe, SPROD




g
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Program Listing | .




W1 g Ta 0 * i N
| | _ . DUDA

ITACH ARTTEED

rTsa

NCET L TO=APT SRR,

1Ay, \ '
. M!‘m‘_rwn at= Q_r-';'npn ' ) -
PPAroa TST (T'«‘DllT»(-:'-UTDUTg‘TADFla:]M'DUT,Tnpc.c,:n”T‘p”T‘
- dalia i ﬁMFA L -
.
. FNVIROMMERTAL CANTROL SYSTFMS nPTlMIZATIOh -.RUDGFT ALLOCAT’O\Q
r QﬂF-hF~ODTIM17nTION Tn DETERMINE BUDGET ALLOCAT}O&S FOR AN
g FNATNFERING BNO-MAINTFNANCE’DEPARIMENT AT GFNERAL MOTORS OF CANADA
¢ cT.rnTHAPIM¢§90NTA910;CANADA | h
. FHOHASLS 1S A CAMDARATIVF VALUE nF SﬁriALipﬁLfTirﬁI?ﬂND TeCuUMTEAL
T CANSTIRERATIANS TMVAL VI NG SURJFCTIVFE FVAL UATIAN .
TTHT RIuErSyonN STATENENTS NEFINF THE ARRAYS USSP [0 THF PROGR AN,
nfurmqfkm rnot71{rnr5t1y.1cnc5tny;thr{am.trFFFto1.Innt91.
11D (R s IRONF(£)
: nerNSInw'Yonootn),xonno(ea’unpnntgigxoptam
ATUENS T AN 1Dnr\n(o1,1(‘:\0{10).]00(1‘}’IHOUS"lQ‘IvILAP(Ql9T':'M'F'(71
NTMONS T AN anQ(ﬁa.Uncqtaisxnrqtq).YnnADTl7)sU‘ﬁaPT(7)-
1thADT(7\.Yﬁn(11)-UhH(11\’XDR(111 ) l
NIMENS T AN Juﬁuﬁkgol.JLAQ(R?vJSAFFf7’
NUEMS T AN antnr,unnto|,Unnnr(oyifbnﬂrlq! e
NIMEMST AN Yunugc(n)auunugFtnrvYLQP‘ﬂ¥’ﬁLﬂntnj’YSh?F(“"Uq“FF(F’
m.urer.mi thx(ﬁ"mu”\,(m,xg-rpn(.),x'm,',nyi(15.)1[’51\(1\,‘-40‘?}’-1(“'
1wnnw7t51.wnor%(s)qunzalsr_ |
r THF LARFLLFD COMMAN CARDS ARE USED TO TRANCFFR DATA TO THF
T SUBRNAITINFS FARMING -A PART OF THrs:ppnannva . | \\g\

€A AN ,xn;runus%,zunutr.csarpézsAFFw{&f“*ZL“h

CAMMAN /X2 7CNSTAT o YHOUSE s UHAUSE s YL AR sUL ARy YSAEF s LISAEF
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AL ’XW/rAB“pTthhﬁﬁT.Cnrs.?an’an ' 125
Coninn /XX/UDPR YO 3 HURANE s YRANF Y ANAPT s YARAP T oUARADT

yXnCSytine h

L laty fXY/YﬁF51“DPnDOXDQQD,Yppnn’xpn’”hn‘an
gaialy /x“/xn‘gpoﬁh'Pﬂﬁnf'709-?Pﬁﬂﬁgrnnﬁﬁprnn;7np
CAMMAN /X7/DQsSPQ‘QfSOQ”CQOAUApT-ﬂﬁnﬂpTidﬁocﬁﬂnDﬁ"F *

CAMMAN/XD/SEANE s XND 4 PPAR L SSPRAR, DPRAN

Thr MEXT TWO CAPRS STAD THE nonrnan TF VARTARLE X{2) nAFS meT
MADOANT'AN FXDENATTIHRFE | |
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