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The purpose of this project was'to demonstrate the usefulness of' 

optimization in the environmental gystems field; particularly to improve 

analytical decision - making technlquee for managers. 

The result was an sid' to formulating budge~s, in which the social~ 
J 

technical, pOlitical and relatively unknown aspects of environmental 
" 

control systenm could be logically compared. 

Additional benefits, in the area of environmental project evaluations 

, were'developed using optimization. - . 
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I. INTROnUCTION 
• • 

The fidr! of f'nvirol1ln"ntnl control sy~t(>ms hns r.ro-.,n rnpidly 

in siz<" anrl import"nef>, p"rticulnrly in relntion to inrlllstri,,1 
~ 

opcr:ttions~ DHrinr,. thf:! pnst c1ccrd(>,' t;orth Amcrfr:~1n lepisl"toT8 , 
havl' rnneted lnws at tl,e federal, stntr, nnd provincial level that 

affret nir ;;n<l water c:uali ty, soli,' wast" dis'posa1, nnd more rrcf'ntly. 

no!." levels and the gt'neral working (nvironm('nt. 

The resultnnt' l't:ollfet;'ation of complex, oftt'n .. xpt'ns!ve., y£"t 

, .. 
• n"cesnary eouipment to control in eronl anr! external industrinl 

.nvironmenihns be~un ,to but significant <'ffret on cnpi tnl ' , 
exp<,nrlftln:r.s. Public 8"ar<'ness of ecolo~ical imhnlanc .. brt"een in,lustry-

nnd environ'llent, alons "lth curren't dlscus~ion of a potential enerp,y 

'crisis have arld.,d other reasons for r,ivinl: careful "election to 

• pnvironmentnl ,control systems • . 
A npw problem'faces m~ny 1'uper;visors in the engineering field. 

, 
The development of enviro~m"ntal programs i~ not a~stric~ly technical 

problem. Social pressure, of th" community Rnd constantly changIng 

legislation aff .. ct tte programs. • A p~blic relations project Is often 

ren"irt'd to " .. 11 a corporations' .~pproach to the public. The technolosy 

'far me"tin~ ler,islation occt(sionally exists only in an unrefined ~tate. 

D('Vcloping's bud!;et and setting prioritie. for pror.r:tms in this field -

is ~eCO'lllng an IncreaSingly difficult t3.sk for ~ngine('rinr, departments. 

During the outhors' training period at Gen .. ral Motors from 1967 to 
- . 

1973, lleveral programs in plant 'engineering departments pOinted out 

the n .. ed for a fresh approllch to decision'makinr.. pl1rticularly with 

~r~s:trd to bu~get alloc3tions, 

1· 
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• 

It 19 in thin nren of ntudy thot tho ChoNiu Willi d(lveloped. At thin 

point cho nuthor will revirw qunllficntion. for working In th~)(lnvlron-

I1\Cl\t~l field nnd o~l('ctinll n I'nrtlcu~nr project: lin rxplnnntl,on of the 

d~vclopmnnt of th6 proj~ct will then be nlven. 

'fhe nuthor hnd stud~ed ~nllineering for four yenrs nt GL'ncrlll Hotorn 
': 

Inntitnte, 1967 to 1971. Iimphasin wnll plnce(1 on plllnt cnlllnC'crlng topic". 

Tho idon of using optimizntion in enn!noQrlng budnc~n wnn conceivod In 

1971 nt McMnt:tur Un IVCl;aity. ~'urther topics rduted to plnnt nnflln~orinl: 

And optimizntion were studiod in 1971 nnd 1972,'nll bnckground mnterlnl 

for this thesis. Tho development of thin proj~ct won encourngcd by the 

Director of the EnvironmentAl Activities Section of G.-nernl Motorn 
... 

Corporntion, Gt'neral Motors Technicnl Centrc, ~ and by the present Chalrmnn 

of the Mechanical Engin(!cring Deportment at both General ~!otors Institute 

'and McHa9ter University. 
, , 

The project w.ns ,1ntellt!'ed to apply current optimizntion techniques, 
",-, 

n,:,oilnble lit McMnster UnIversity. to the environmental programs at 

Genernl'Motors of Cnnada. St. CutharlneA. Ontnrio. Emphasis was placed 

on optimizing the·relntiye merits of socinl.'~olitical. and relativelj 
, , 

unknown aspects of various programs along with well known technical 

progrnms. to produce n capital .budget, The budget is, hypothetical yet 
• 

reAlistic., based on actua~ programs that are in progre'ss or recently 

~comple,ted. The aim of the outflor was to ,develop a tool' for decision-

"':I . 
makers that would enable n more effective Ilnalysia of environ"lSntal 

programs. " 

The development of this project followed tha BIIme bllsic steps as 

most optimization problems. 

'. 



The f{rst"ntep involved selection and drtalled nnulyei" of six 

, / 
differcilt pro[\rnms, rrpresrntinr, technical and non-technical vorl abIes 

that could be included in a capital budr,et. The se~ond strp loins 

developm~nt of utility curves to express the value o~rach pror,ram, ! 

related constraints, and a suitnble optiml.atlon expression. 

It mny be valuable to r'rvlc.· Ref'. (3) concerninp, ~hese terms. 

, / 
The third step consisted of writing a computrr progr.1m to demo,:,stratr 

the optimization process'. Social. political, technic,al and relatively 

unlcown aspects of the variables were handled logically and quickly to 

result in a, practical and wo~ablebudget analysis. The last step wa~ 

to consider the value of the project and ,its effect on traditionnl 

methods of budget development in J:he plant engineering department ,( It'), 
I 

It is necessary to clearly understand the role optimization clln 4 

play In a budget. By reviewinr, the latest Statement' of Consolidate'd 

'Income and Consolidated Balance Sheet of General Motors ,Corporation (7), 

one can appreciate the complexity of a budget required to handle c'ash 
. , . . ' 

, ' ' 

flows resulting from an annual sales of over, thirty ,billion do11ars. 

Tre)' author intends to apply optimization'to a small portion of non­

producti.ve expenses. 

As noted in 'the General Motors 1972 Annual Report (8), approxi~nrely' 

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

working capital, expansion',and modernization of facilities. 

Hithin thIs 3 per cent of revenue, falls expenditurell requirel/' 
i"....- <-

for environmeRtal control systems, t~at is; pollution control 'facilities, 
, 

and working environment. ·lhe need to optBni~e expenditures in this 



, " 

, , 

• 
non-product iv" liren ,has nlwnys bee' n p"r'e e lt SOlO :'; I .' a~ c om n. s("nfll-

" 

would Indicnt". 

The e8caintiCm of !,xpl'l'idlture,R' tn tl)e lAst Bvr yenrs to 

control illdustrint pol~tJ1:i,oh. (<) nnd to RottRfy unton drmnnds nnd 

I"FIRlntlon nf'fectlng the \7orking .·nvlronmrnt (10)', (Ill, hafi 
. . ~ . 

, -L....,. " 
,crent .. d nn .<,ven grra"""r herd 'for" opfrmi7.inl~ envl ronmrnt'nl control 

. BVRt('ms' expenditures., 

, -
1\ fOrlMI optlmi7.ntion of the, sOei!,I, politicnl, te""'nicryl and 

'~ .' 
e"perlmental aspects of, ('nvironmentnl syst .. msrxprnditllreB nt two 

" . , ',' ~ 

4 

: 

plants within Cen"rnl Motor's CorporatIon was ccO'ried Ollt. The • 

resultnnt c:!pital 'budget. reflects thl' larrle pon-productlve expensr 
, 

that must be', hRndled by n typ{c~l 'pl:ln~ r,nr,lnl'erinr, drpartment. The 

- ," buu'y,,,~ does not inclutle the ru~rmnl op(>r~tin<\ 'ex!'ense of the d"part-_ 

ment, not;' i"'~it intended to replace nny.exi!stinr. accounting methods 

us('d In the produCtive aiea of'\>lnnt qperations. 
, . .. '" . 

Within this framework, .optlmh:ntion "ill be used 1:0 Improve the 

development of a ~ort~on or' caphal ,budr,et expen,c;11tures nt C .. neral 
j' 

~htors ,of Cpnoda Limited, St. C'IthaTines;' 

. :~ ,. 

, , 

.. " ...... ---

. ' 

, 

,," 

• , 

, 

\ 

, . 

\ 

" 

J 

" 

" 

• 
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II GENERAL METHOD 

The thesis is an attempt,to set up a proccdure for assiating 

General Motors engineering management in making an optimal allocat~n 

,~f: capital.fun~s for environmental co~trol purposes. It !Set always 

possible to show a monetary return for sIJ..ch expenditures,so the 
, " 

, . J 

:, concept of utility functions is used as a b,asis for the allocation(3) 
• '¥ • • • .' ' 

" 
Utility theory 10 used ,to measure the subjective value 

of varioue plant design .variables or,envlronmentai characteristics, 
o 

such as good will,neigbbou.rhood noi~e ievelo,' or safety." The plant 

design variables are considered to be envir~(jnm'ental characteri'stlcs 

which contribute to the enhancement of the company's position or 
, i 

future in 'some non-monetary way. The 6upje~tive value of such 
.;; , '" . 

variables is expressed graphically, as indicated in Figure l.The' . ~ 

term "corporate utility" is used to emphllSiu the industrial. , 

bac~ound of the ,utility curves. " 

It is then possible to use engineering and cost data to 

) relate- the plant desigri variable to capital- cost, shown t~icall;y in 

Figure. 2., 

The utility curves should-be sketch~d by experienced 

meJDhers of engi'n;ering mana~ementalO~g" ~ith memers' of Industrial 
,- . . 

rel~t1ons and line' management. ~c~ ~rllon could develop a )curve , 

and t?e curJes 'shauid then be aggregated in some ~er. such as the 

IlEL1'lIX method (39). 

Q 
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Combining the two curvu gives a relationship between capital cost 

and corporate utility. In same cases, only one ,curve will be required. 

Thcse exceptions will be disculsed as th~y appear. 

It is ~e8iroble to combine the utility' contributions of each 

kind of capital expenditure, 'and adjust expenditures to maximi,.e 

totol corporate utility. The senior management starfmust weight the 

utility scales to reflect their relative importlDce to General Motors. . . 
The DELPHI method (39) 111 one melDs of aggregating starf weighting 

• • ,) '. " • • r 

ractors. S~lndard optimization procedures (4) can be used to maximize 

corporate util1ty, and to allocate capital fundS., 

Allocations will be subject to constraints, such as max~mum 

capitol expenditure. available overall, and logical maximum expend-

itures for each environmental·characteristic l• '. I Other t~el of budgetary 
--~-- .. --.......... . 

constrai~ts ~ay .be applicable: I management may wish to limit annual 

operating expenses. arising from a particular capital expenditure,. or 

~rom all capital expenditures; if there il annual lavings resulting 

from a capital expenditure,the eqUivalent annual cost may be 

required to be less than the annual laving; or management may require 

some minimum annual monetary return from a.capital expenditure, even 

though the primary purpose ia for corporate utility arising from 

environmental control. 
.. 

Thil approach can be uled for other non-monetary corporate 

utilities related to items such aa safety, employee satisfaction, and 

houaclteeping. ' 

From a mathmatical point of view the independent variables are 

the various capital expenditure allocations, all under the direct 



"nnt,-n!. of mnrlnr,em!'nt, TIlt' (Irp,:on(lent variable. nrt' the rnvlronmrnt"l 

chnrnct~rtntlcs or pla~t desiGn vnriableR from cnpltnl cxpendlturrs, , 
Within the rnthrr InrRe Arcn of rnvlronmrntal proRrnm~ nt 

Grncrnl'Motorn, two "prelfi" nrrnn w('rr Relretrd for study .. Five 

v"rial>lrs W('r" ehonrn from various (l"prctR of th" nlr pollution 

nbntc'mC'nt pror,ram nt Plnnt Threc, Gcnrrnl ~htorc of C"nadn, St. 

9 

C,1tharlnC'", which Is tIl(' onlv Grnrrnl MotorR .foundry fDell!ty in Cnnnrl .. , 

Onc vnrlnblC' was selreted from n pORsthlc tnternnl environment pror,rnm 

nt Plant Four, Genrral Motors of Cnnada, S", Cnthnrlnes, involving 

thedvnnmlc usc o( light and coloUT-. These stx vnriables will eotnpri~e 

n hypothrDicnl hudRet, 

It is importnnt to un4erstAnd the ,~urrl'nt state of the Art,' And , 

nnd eolout systems. II !llonce through Re!. (1) (2) and (22) 18 

Bur,gest",) for thosp rE'arlcrs unfamiliar wi th thin fielct\ 

lis can /re~~LIY he Seen from Re!. (1) and (22) the control of air 

Quality leaving a.foundry is fast hecOlnlng II science, and the selection 

of n control system fairly simple from a purply technical standpoint. 

The difficult ar('as in s~lcctin1'. a syntcm from A manogelnE'nt 

view-point oft!:'o reach beYond thp· i.nunpdilltE' technical selection and 

"lin bcst he 1l1ustratt'd by the ';uestions: 

Wlll npw tpchn!.~ur~ or poulpment he compatlblf' with exlsting 
plnnt f~~illtics? 

Can public relAtions affect thE' natllre of A pollution abatement 
pr.op,ram : 

In vicw of /I potential ,merRY crisi8, will th .. 
ally usc avnilnble resources? 

• 

system pconomic-

.<C 



o 

Will the system adapt to morE' effectiv~ air cleaning, if so 
re~uired by future legislation? 

Will the system create water, thermal, or no{se pollution as 
by-products of cle~ner air? 

Such nueations mURt b~ studied, befor~ a capital budget can 

be constructed. 

As pointed out in Ret. (2) .. 

. 
• 

li~ht and colour can be used 

to improvE'! production, Raf~ty, visibility, housekeepin~, labour 

10 

rE'lations, employee morale"public rE'lations, and efficiency of 

lighti~~. An expE'rimental pro~ram will be ~evcloped for· inclusion in 

the budget involving these characteristics of light and colour. 

Note that the plant desir,n variables do not comprise a complete 

, capi tal budllPt' for G<:'npral Motors· of Canada, but are :typical and 

illustrate ade"uately the technirues developed by the author. A, 

complete capital budget could not h~ revealed .in order to protec~ 

the interests o'f General Motors Corporation. 

A tinal POint worth mentioning' is that the sUbJective nature 

of the value-judgements discussed above makes their qullllt1ticatioc 

rather difficult. Values, vary tram ,1Ddi vidual to individual, and 

in time; hcnfever, with thli'.development of reliable tec1miques tor 

evaluating "corporate utility-, these concepts can be a valuable 

asset in decision-meking • 

. ' 

, , , 

, 



. . 
III. VARIABLES USED IN OPTIMIZATION 

Silo: variables were. selected for optimi..ation. Each represents. 
. " 

& capital expenditure for an environmental system that c6uld be included· 

i~ a forthcominll butlget. The variables will be mathematically 

,coded,. for 14ter use in the optimi?stion. computer program: 

X( 1) Good Will - the value received {rom a significont 
public relations effort concerning air pollution. 

X(21 Operating Cost Savinr,s - selection of dust collectors 
with emphasis pIeced on minimi~in8 service and main­
tenance .expenditures. 

X(31 

X(4) 

xc 5) 

X(6) 
I 

A~aptability - selrction of cupola emissi~n control 
eruipmcnt - justifIcation of ad~itional expenditures 
to provide capacity for more efficient operation, as 
foreseen by the legal advisors. 

Noise ,Reduction - growing importance and cost of 
controllinl':. noise that effects public. and private 
property around an industrial plant. -

Roof - exprnditures on roof,m~unted e~uipment that 
affect internal and external plant air distribution • 

• Productivity -, A project experimenting with the Ilse of 
light and colour to significantly improve productivity. 
safety, housekeeping, and lahour relationn. 

The variables were chosen specifically to brin~ 1n to focus 

the more difficult aspects of budget development for a motlern engin-

eering department' at General Motors: 'analytical evaluation of non-

technical and semi-technical variables; significance of an expertmental 

variable; logical comparison of all variablea; limited budget; and 

constant changes to a budget durlqg its development. Each variable 

will'be developed in reasonable detail. • 

11 
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Exact caRts and some sources of figures used in this tllPsis 

can not be revealed in order to comply with the wishes of General 

Motors at Canada. 

Verioble X(l) Expenditure for Public Good Will 

Of concern here is the corporate utility generated by public 

good will based on what General Motors believes to be the company's 

pcological merit. 

As was noted in the previous7apter, a public relations 

program ~ny have Some influence on pu lic sentiment a~d legislation' 

"' 
concerni\g a foundry air pollution abatemenfprogram,' both as to 

content, timetable~ and effectiveness. 
(...-

Public good will towards the company is .8 mellBUreble 

-
environmental characteri~tic but expensive to meeBUre; therefore, 

doller expenditures were used directly with utility. , 
Assume that the following costs represent results of a 

study undertaken hy the ~uhlic relations department. A $50,000.00 

expenditure would he reqUired to develop and mail out a)reasonably 

comprehensive progress report to ~esidents in the city of St. Catharines~ 

every six months. The purpose of the· report would be to convince 

the cormnunlty that General Motors is cleaning up its foun.dry in a 

reasonably paced program. 

No other Significant effect· would occur as the expenditure 

increased until it reached $500,000.00. At th~s point the public 
, 

relations effort cnuld embrace progress reports, aid in development 

of pt:.Ovtn<-ial laws, and aid.. in 

action towards a zerO-discharge 

puhU.c research 
\ 

of pollutants. 

aimed' at preventing' 

/' 
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/II' one end or the 8enle public rclntions enn inform .th" 

communIty nn'\ lit th" other end,polO',Ufy lcp,islntion thnt 'would rlrmnllc\ 

very cxpcn"ive nnrl prrhnps unnrcenRary pollution nbntcmrnt fncillt!r~. 

VnrJuble X( \) rcpr~spnts " non-teehn!cnl itrm thnt hns vnlu" 

y:lrinhle X(2) - Operntl.nr. Cost SAvin.g" (rom n Dust Col!-"ct~ 

The plllnt design vnrl"ble in thin cn"" is the oprrnting cost 

snvinr, from oprrn'tion of II dust collector. /llthough this technic"l 
I . -

vnri.,bln cnn be'hllndlcd bv II conventionnl cost benefit nnnlysis, it 

I,ss been included in the cnpitnl buetnet to rlcmonstrnte the flexibility 

of optiml~lltion to hnr·<:J Ie n traditional item, along with non.- t('ehnicnl 

nnd experimental typ~s of budget. nl locations. 

Assume that nn engineering stud)' bas determined that nn ('xhoust 

system for n shakeout linere<:ulre9 II 50,000 C.F.N. ',capncity dust 

collector. Wpt type ~ust collectors of this type and cnpncity arc 

common in the foundry, particulllrly R 46. 000 C.F .M. model made by th" 

Schneibl" company. 

Three dlfferentcotlectors are avnilnble for usc on this 

pnrtlculnr application. A dry fabric type dust collector costA 

$ 50,000. 00. A comparabie efficiency wet centrifugnl collector (outlet 

londing O. or grains per st'andard cubic foot) costs $ 55. 000. 00; .and· 

an older style simIlar to existing eQuipment conts $ 60 •. 000.00 if 

constructed for compnrable efficiency.' The latter style collector 0 

is desirable from n maintenancc-standpoint since' spare parts nrc 

alre~dy in stqck and maintenance procedures sre thoroughly understood. 



/ 14 , 
i 

Both ,~ ... t collectors would have re.;hiced operRtingcosts aince 

their effluent could flo'" into exist1nr. tr.oughs lea~inr, to eXisting 

... ·"tcr treatment facilities. The wet collectors consume similar :nnounts 

of energy. 

Th .. handling of dry dust from the fabric collector would 

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

disposal. 

Either type of would save at least S loo.GO-per 

year in maintenance costs,. currently spent to'clean the roof of 

particulate matter emitted by the overworked dust collection system 

currently in use. A table relating initial costs to operating cost 

savings is included. Operating CDst savings reflect energy use, 

.wair.tcnance and efflu~nt disposal. 

-

Taitt' .. 

Collector Initial C:'Ist Op ating CDSt 
- Savings 

Fabric $ 50,000.00 $ 100.00 per year 
: , 

Wet-New Type $ ·55,000.00 S 600.00 per yea~ 

, Wet -Existing Type $ 60,000.00 $ 800.00 per year 

One WDuid expect that the selectiDn .of a dust cDllectDr' 

wDuld'be based .on the lowest combined .initial and .operating costa 

for the.lifetime .of the equipment, set ,at ten years in this case. 

Several ·Dther influences can affect the selectiDn: low initial .. 
prDject CDst tD win a cDrpDrate jDb tender, long term plan tD standard­

he equipment thrDughout the foundry~ or 'a drive to reduce .aintennnce 

, budgets. The lnst f~ctor dominates in the case of variable X52). 

, 

• 
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V~r{nhl(' X(\l - Adaptability to Futur(' Lrrlslntion 

The environment"l ch-racter.istfc her ft i. pllrtic 1 t Q ~. uaC' 

collection efficiency. 

A current excerpt from Ontario Regulation 288/69' stotes that 

"all ferrous foundry opE'rntions sholl be designed and operated 90 as 

to have a miniml~ particulate collpction efficiency of 97 per cent 

.(by "'t.) of the'plus 25 micron fraction." 

This apparently stringent legislation does not remove from 
, 

si~ht all of a foundry's plumE'S, nor does it k~ep all of a foundry's 

( I ." . 
from settling on neighbourhood carS and homes. The particulates 

environmeRtal movement is active lit both community and ~overnment 

levels.' It U' possible then, that the efficiency requirements "'.ill 

increase i)1 the future; discussed at the fed~ral' level 'in the U.S.A. 

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

of contruninents in all plant effluents '( 12). 

Manl\gementmay consider an extra expenditure on air pollution 

equipment to ensure that it clln be useful when efficiency requiremen~s 

go up. Examples would be: enlarging wet centrifugal dust collector 

casings to 1l11ow for futu~impingement stages, designing cupola 
. ' 

e~ission systems "'ith space for extra electrostatic precipi~ating plates, 

a larger conditioner, or deeper layer'of filtering media. It may be 

uneconomical. in the long' rom, to ins,tall eouipment that can not be 

efficiently modified in the future. 

Of particular c~cern is a ~ I,OOO,~OO cupola emission 

controi system recently' installed in the foundry, designed to meet 

the current req~rements of 97 per cent particulate removal, or 



2'; lb. maximum ('miaRion per hour of pnrticulnten per cupola. 

Eventunl rCRidentinl development nround >he foundry mny cnURe the 

provlncinl govrrn~ent to enforce nn exiRting regulntion denling with 

nmbl.cnt air quality th'lt may rrq·uire n higher effld.,ncy (13). 

16 

By internnlly modifying the "ystem Rnd IncreRRing tIle pressure 

drop through tIle vcnturi I1cruhber from n current 50 inches of wnter 

to 70 inches bf water the effi~(encitcnn he rnlned to 97.5 per crnt. 

The CORt Involved for n<'w fnns, motorn, sound Insulation, services, 
. i . 

nnd nther ralnted items eotimnted at $ 20,000.00. An addition of 

$ 175,OOQ.00 to the cn~itnl expenditure would allow for later {nstol-
0> 

lation of a conditioner nnd rlectrostntic precIpitator to replace the 

venturi scrubber and allow an efficiency level of 98.5 to. 99.0 per· 

cent. The breakd01ffi of costs involv('s:' $ 50, 000. 00 for rearranr,ing 

equipment: S 5 ,000.00 for Rtructurnl modificatlonn of building to 

. hand Ie the fu tu I' ~le illh t and 9 i7.I.' DC th(' equ i pm('nt, which will be 

mounted well ab e floor level; $ 50,000.00 to increase the, she nnd, 

• acoustic effectiveness of the el)cloDure for the emisnion project; 

nnd $ 2';,000.00 to increase the cnpacity of related \,Inter cooling 

towers, sludg~ removal and waste treatment fncilitieR. 

Note that such re-working of s system ~fter fniHai instnl­

lation would be difficult, yery coatly, and necissitate significant 
, - . 

downtime of the cupola. On this _ basis the potential efficiency of 
J: 

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

installation. 

I 
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In order to realistically approach 100 p~r cent particulate 

removaL at this fOUl,dry, one cnn only BurmiA" that an entirely: ne" 

approach "ill be ;-equired thllt may be ,added or that may repla<;e, the 

current system.' Based on rescorch that indicated lin exponential rise 

in cost as efficiency approached 100 per cent, provision for 100 per 

cent efficiency l~as estimated to cost $ ClOO, 000. 00. As utility 

curves and constraints are presented it !>ill becOme clear that II 

more accurate estimate is unnecessary. ,Variable X(3) introduces 
, , 

the idea of uncertain legal requirements into the budget. ,The costs 

are swnmarized in a table. 

'Tabl., 2 

Pote'ntial Efficiency Cost involved to provide 

.. potentia~ efficiency , 

~7 per cent 0 . 
97.5 per cent , $ 20,000.00 , 

98.S per cent $ 175,000.00, 

100.0 per cent $ 900,000.00 
, 

Variable X(4) - Noise Reduction 

Although noise levels have been clearly specified for the 

inpide of a plant, the,noise levels on the outsidr, particularly 
..-It, ......... - _ 

roof ·mounted:' air pollution a~ement equipment, have not been as) 

clearly specified. Noisy dust 'collectors and cupola emission control 

'equipment, fr~ high duct vel'ocities' and large power drive 'sources 
,..' 

can annoy neighbours for miles around, depending on the topographical 

lind atmQspheric conditions •. )!'oi- good·public relations, and because 

some present regulations require and probably all future Tegulations, 
\, . 

will require, these nQise sources should be,· controlled. 

(' 
This leads , . 
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, ' 

? 

t'l nof~(' Tf'''uc~ion,. n:'; nn C'nvf.ronmr.nt"nl~ ('hnrllctpri~;tic or plant flrr.ir,n 

~. 

Lr mnv I", dLfflclllt to ,If'ff'rmi.n~ the sOllnd cnrrvlnr, prohlpms 

tini nile' to thr plnnt area; t'hr nmount of .monry 1:0 ·b~. sprnt I)., nO"{ SP. 

("ontrol ".d:l1 df'p~nc1 on tl)('" ~i.7f' of rtsk mnnl1.r,f'mC'nt is '\.1il1in~ to ta1cc 

in ~rrmc; of prr~,..nt and future no,!'I~ violnti'ons, nn,", on thr 30und 

l1r'i.fJ,hhourhoorl complRintf:. In any CRse ~t i!'f 1('"88, ('xp(>"nsivr to c1p.sip.n 

-. . ... ; 

1/\ 

. Thr- tVPI? of eruipmpnt il'vol.'J(·ct may be' stac!~ ~ilpncpr!;, sound ...... 

in'Uln6n,'~cl~~ur"s,r"rl"Si~n!nr, :,~t!n~" altPrn:t"r air clranin~ 
mrthorl,', :Or mo,!ified pow<::r sbure",,·. 

Con.!<ir.r " rrcpnt in"tllll~ti~upol1t rm;""!,,n control 
--, 

sv!;te'; fri-thr .f'.iiun-lrv,. whi.eh used ,m 'bOO horsr ",,:.'er rl .. ctrlc motor 

J 
to rldv .. a fan e"pl1h1 .. of productn~ 11 50 inch of ":Iter pres sur .. drop 

in thp .v .. "tur! s('ction. Noise l ... v .. ln reach .. d 1.05 to. l1Q decibels on' 

5 f f h i
', ..-? 

s:ale ~t ept r!"D t .. no~ ~ . 

. ' Shi;;· .. ·: .. tioill" .pro<luced ':by-.. roof -mounted ""'''~<'III rl! "s ipate" to 
r ~ . 

a safe Ipvf"i b~ the time it rt'a.chp.s floor 'IPv"l insIde th" buildin~, 

conerrn for noi!.t' rpduction' .,,;, roof-mount('d rrulpll\<'nt has not b .. e'; 

"!~nificant. In this cast',hoyever, the noi"t' rlid gcnerat .. cO!llplaints 

fr~ as faT as t,.·o mil .. " awav. Th .. foundry may, in thr futur .. be '.~ 

"urrounrl(''' by rest~entlal areas, ~'hic!t.-"c:uld canse creation Of~'::'~ 
• I /"-- . -.-~ ... \ .:'. --~- - - --- . -::';'~--:---------

bv-lll" restrlcting noise levr1s nt· tTl" prOppr?·-ttn... Such a by-law -

affrcts the Grnrral Hotor~ tranmnission plant in Windsor ~nd is b .. ing 

\' 
co';~I<l('r£<l for Plant Four in St •• .oCatharit:les. . No! '''' , " 
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I"",,)" "rnro~t>tl t,n the lnftllf CH8t! "til In tho filII"" or ~'l ""n III .. ' 
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'It 1M lit "nlll~ t'o, (lI)""II'l!l' ,u'dl.tl,onnl l.nl.tl.1I1 Illlpltni t'l1\l~IIIHturl!_ 

In '\I\lI1tIHl nil QmlNMlon ,cnnl;-ro) ,"y~t~'" lit I.nNtllt\/lI:I,un IIpt! hI MtU"V' 
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fll\"\I-1' ','''Vl'ltll'hll!lIt I'llfll~ ilr I!iu' 1l001l1l11l1lity. 

1\ r"nMllllnhll> IInl"~'tnll"l r~ti\lIlHtll' lit thl~ tim!' 1M 0, db~ ttl' \l dhll. 

\1"l~t~" ~o"t~ III1lI ilnel'nllilry nr.tl.ollilfll ll1C!luth[d til 'l'lIbh 3. ,-
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~ ... ,. 
VI 

. . 

" 

N'Q1ef' Level-- , 

Reduction 
-

2dba 

4db" 

.. 
6dba 

, 
-

.'5dba 

---

'1. r ... .. -~ 

'", .:' 

Item Number Method , Cost 

. ... 

1~ 
-

lnrg;er duct, slowl'r fan $ 20,000.00 
() 

2 trm 1 pluA exhaust· duct $ 45,000.00 

- .Rtsew sil~ncers' 

:5 Item 2 plua improved $ 85,000.00 
Acoustical siding in 

' . f"nc.losure I 

4 Itrm :5 plu~ major desi~n $ :5:55,000.00 
r .. finem"nt" 

-~ ---- ----- - ._- - ---

~o 

~ 

.... 



i ' 
Notp that the costs tend to rise exponentially. A noise 

r(:<iuction 'of} dbn requires halving of noise energy oU,tput; therefore, 
\ 

,n 15 dbn reduction represents elimination of more than 96 per cent of 

, 

• 
noise energy. This information helps explain the exponential cost 

function. , 
Along with technical inf'Ormation;' engineering management must 

consider future residential planning' of the city of St., Catharines, 

and consider the noise limits tolerable t~ citizens within hearing 

distance of the alm()s.t continuous foundry operat!on. 

Variable X(4) wiUbring community planning and involvement 

into the engineering budget, in_an analytical fashion. 

Note that the costs of including noise reduction consideration 

at time of installation are far less than the cost of modifying a 

'system aft~ installation. The costs,are such that an analysis of 

present verses,futute expenditures, considering the time value of 

money, is unnecessary. 

• 

" . 
o 

" 

I 
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VnriRble XC?) Roof ConditIon 

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

extensive rellovation nnd expansion during the past ten years. Scveral 

r,Qof e1evatj ann co-exist to house various founclry operations. The 

I - , 
constantly changing roof line, complete with roof mounted air exhaust 

stacks nnd fresh air intakes has generated several prqbtems. 

Occasionally plumes from the many exhaust stacka behhve contrary 

to expectation, in terms of inversions.- From time to time exhaust 
• _ J 

stack height locati~ust be changed. As plant expansion has taken 

plac~ there have been instances where, under certain ,wcather and wind 

conditions, some exhaust air has been drawn into fresh air inlets 
-' 

in sufficient quantities to allow dispersion into the plant interior. 

~i3pcrsion of exhaust cminsionc into the atmosphere does not a1ways 

occur. Occasionally, when a southwest wind prevails, th';}e is an 

uncomfortable environment in the parking lot area in front of the 
.. 

building. .. • 

The "surest way to determine optimum stack heights invol ves a 
r 

professional meteDrOi.,ogical 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)-

Let us ssslD1Ie-that two items need to be analyzed for inclusion 

in the budget; one involves relocating exhaust-intake relationships to 

satisfy the Industrial Safety Act of Ontario, 1971 (16) concerning 

intake of exhaust air; the other involv~s labour union complaints of 

the parking lot environment. 
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It 1R not pORsiblp to idp~tify a measnrphle environmental 

• 
Chi11·Fl('tf~ri.::;t.ic r~r "the roof ~onditton. as it if> nnC('fH,ary to rp.lat(> 

e.'I1U,,1 .cor.t d{rpc~ly to c')rpora>c utllit" .. arislnr. from lmprQ/~mpntn 

in the roof eon~ition. 

Item 

In 1 rt.-fl<'lill"t Re loent l on 

S.ac~ hpinht chanRp" to 
improv~ dl,op"r"ion nnd 
outside nir ~uality 

-r 

Tabl .. 4 

Priority Cost 

Must "artsfv le~i"lntion !. 40,000.00 

T" satisfy unioo d"mnnd. S' t~, 000. 00 prof­
pss onnl study and 
up 0 $ 200,000.00 
for stack chnnRes 

Vartahlp X( 5) pncompns~es, as "hown in the tllhl.. hoth a re~ui r 

ed E'l<ppndl.turr nnd a union ,leman,.) ; ('xppndtturp.s that reNi re analyst" I n 

an cnRinrprlnr, budr,ct. 
,\ 

~nEbl:11'_L(6) ~ _~t anel Colour --- -

• 
Th" impact of ltr.ht .. nel c'llour on mnn in his worki ~ ('nvironmcn t 

app"Ars to bp sir.nificnnt nnn has rrc('ivcrl som" i.n-rlrpth . tudv, as 

rtem'lnstrat"rl in Ref. (2). Althouqh the effect~ of light nn colour, 

c~n be ~fscusspd "uqlitativr~y; it hns bpen difficult to dl cuss nuant-
'" 

itativp .. [fects,for a r.iven ~pplicntjon. Severn} suprrvlsoT~ in the 

pl'lllt enFlnrerin" department at Plnnt Four St. Catharinr" h"ve 

-it' 
.ey.prr~"cd intrrrst in " prActical npplication of ligrt nne! cO,lour. For 

thh r(,,~on an in-depth study w"s l11'<lcr-t.akpn ,to relate productivi.ty, 
t 

hnURPkpcpinr" safety, anr! la!,our relations to a light and colour pro'lram. 

Since lesdslation !luch aR OSHA in j"he Uni.tcd Stat"8 rp"ulres expent1-
" , 

return that is po"siblr. Thr orca chosen for study "a!: a 22,800 

s~lIarp foot "portion of thp rotor machining departmpnt ~4602-01 in, 

o 

• 
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h"llo1lnr, One- of Plant ~'Olll', Crni'rnl ~htcir~, f>t. rllthnrln,.. Thr nrf'" 

1'''0 shift b,oRln to op"rnt" th" hi~hly ftlltomnt",1 mllch!n,n. Minor 

mnint'C'llilI1C(, pl'ohlrm!; nnd fTC''''uf'nt- m:lchtllC" nclJII'1tnH'\lt~ Tf',"uirr thr 

prl''''I1C<' of s1<llle-d trndrPln:1Il nn,1 I:oolr,,,l'trrn, "hll" In"rrrllptlnQ 

modlin<' pr<l,III('tlol1 Mvel'"l tlmf'" I"'" 'hlft. Thr lIr,htillf\ I,'vd nve'rnn"s 

from 7(1 to ~O fnotC'nnrll"R; th" mnchl1lery I.~ n uniform rrry; th .. 'flltnr, 

nrr" t" n 1.11',ht flrr"n colollr. GrlrVQ!:'('rn Ruhml~t"" hy thr"" rmploy<,,," 

.1v"rno.f' 1<'R" thnn on ... per. yonr; their ,nf("tl' rf'cord in '('xc,'llr'nt; nnrl 

hOllr.e-"f'f'pln" i" r.,'nrrnltl' ~lItte floo,l. 0111' to thr nntllr" of th .. mnch-

Inrtv till' oprrntors ('nn n""nlly 10nd pnrt" onto th" f'RIIlpmrnt fnRter 

thnn thr r~lllpmrnt cnn II'" it. TI,,, oprrntor In not th .. hottlrnf'ck 

of prOt~ll(·t. ion. 

Thr rotor mnchfning nrrA !r crrt •. inly not onr In .. hich brlr,ht 

ll~htr. Anr1 chrrrful colourn CRn Rtimulnte f'mployrrR towardR a 2) 'per 

('ent, 1'; pC'r crnt or rven 10 prr cf'nt lllcTr8SI' III prodllctivlty, hilt '\. 

it Is TPpreRrntntivr or' a typical ilUtomnt('rI mnchinlnp, linl', thnt 
Q ' 

lind iN cap~bl"-slf p~oduc!nJ( "pvrrnl thouAnnd 

unitR pr" riAl', to o' tolrrnnrr mrasur~~ In ten-thouRanrl's of an inch. 

Product! vi ty can b(' illcr"osrrl throu!\h r.liminat ion of rlowntimc; 

contdhutlo:1s can be mallf' to this ('n,l If oprrotors' notify npp.Topri,tr 

prrr.o"n"l "ulckl\' nhout prohlrm": if toolspttprs'p('rform their tanks 

rfficirntly 'nrl if n'dl1r<l tradpmnnn can .pc ~n3 pnact rppairs 

A minimum of hesitation. Rrolbtlc; improvement" 1n produ~tion due 

liJ(ht nnd .colour, anrl bnsr~ on IInalYlli ~ of n t'/pieal ,.0rklnJ( rlay 

CRt lmatrd to bc on(' to threc per ,,('nt. (20) 

:i 
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Sof~ty and labour relations improvemente are expected to be 

-minimal, but housekeeping moy improve noticeobly. (2) 

These conclusions are conservative. They ~ill form 0 practical 

starting point for on e~perimental progrom to be considered in the 

budget. The re~ults of such a pilot program ~ill hopefully give credence 

to the initiol as~ptions, and thus, will provide p~nt engineering 

supervisol'S ~ith an accurate meens of predicting a plant wide light and 

colour program. 

The light end colour program is listed as five steps, in order 
) 

-of decreasing contribution to productlvity,(2) and as a,seumed by the 

author. Annual operating costs have oleo been included. . , 
Table '; ~ 

step Description Capital Cost .operating Cost 
includes main-

I tenonce 
- • 

1 Raise overage light level $ 31,5.0.0.00 
- -

$ 9,500.00 
to 7.0 foot:andles 

;: Paint ceiling white $ 3,000.00 c $ 1,000.00 

3 Paint mschinery cheer- $ 6,000.00 $ 600 • .0.0 
ful colours 

4 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 , 

improvement to employee 
. eating and working 

facilities . 
The develop!l)ent of this table is explained in Appendix B. 

Variable X(6) includes, an experimental item to be intiUded 

the' piant engin~ering budget. There are then, tour plant design 

[lU"1.81>J,e'" or enviIonmental characteristics associated with the llght , 

I 

, 

• 
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:I1ul coiour pro~rl)m. Thc'y nrC' prorlu{'tiVit-y inc'rC'llsr, pt'r cr'ut hOllnf''' 

l'f'('pln\~ imprO'Jrlnf:llt, ['r1" c-rnt r.nf,..ty tmprOI]('I",f.'nt, nnd pf'r ('C'nt 

Impl'OVf'mrnt ill lAhollT r('lntton~. 

Ench vnri"hl(" contrlbll~rF to totnl corporntp 1I1-l.lity. 'I'h~ 

C'y'pC·c-tClt upprr limi to of th" vllrinhleR nrf': ~ pr'T c{'n~ fncT('/HIf' tn 

pl-o~lIctlvlty; ~ ppr r(nt lncrr.sr In plnnt nnfrty; 10 p~r crnt 

Jmprovl'mrnt- in Inhour- r('ll\tlon~; nnr) 100 prr ('rnt fmproVflllf'nt ill 

hOll ... ,·~tc'f'plnf~. 'r}u" "alH(, of prochlcti'.Ii.ty incr(·l1r.f'~ l'lln 11(' mrllsurrd i.n 

dallnr.; the value of" th'··otll~\ thr(c plnn· vnrinhle. i. more Ruhjrct­

lVf', lHlt r:f.~nir{cnl1t, in n '.'rnr tht1t~ tHlW' G('1\(>r1l1 ~hton~ open hO\l!1(' 

t'\,.l thc' puhl-lr; ui1ion Ilr~ot'intion~, niH! n. vi.~otOl1S ~:1f('''y c(1mp;tiJ~n, 
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IV. DEVELOPMENT, OF UTILm CURVES FOR VARIABLES , 
A review of Reference (3) concerning value theory would 

be useful at thia point, tor persona unfamiliar with the topic. 

There are, of course, several methods 'of evaluating and 

Dcaling utility. Notable ~thodB include the Von Neumann - Morgenstern 

Standard gamb~ (23), the anking method (28),(29),(30), E~ivalence 
, , 

groupins (28),(30), Direct magn1~ude estimation (34),(35), and the 

graphical" method (3). A comparison of these methods can be found in. , 

the Health Status Indexes (36). The selection ot a particular 'method' 

depends on the problem, the decision-maker, accuracy re~ired, and 

time allowed for evaluation. The author felt, that the graphic~ 

method was most appropriate tor the budget ~roblem of this theail. 

~ A decision wall then made by the author to uae linear aca11ng(3), 

a ,simple method of letting up the Bcale 'ot utility on a utility curve. 

An alternate method would be ratio Bcaling (37). Difterent methods 

are available to sketch'utility curves UBing linear Icaling with , . 
the graphical method, such as the Zero-max techni~e(3) and 

Harrin~on' s method (25). The Zero-max tecbni~e ~s selected as the 

more appropriate method tor the budget .lloca\~on problem. , 
The technique involves selection of an arbitrary but 

consistent Beale ot utility; the Beale ot (J to 10 is, Uled in thia 

thesis. Reasonable miniw'm and max'wJm values are alBigned the values 
, , 

. 
o and 10, reS'pectively. Intermediate valuel are then plotte~ and a 

continuous curve re~esenting the Dubjective utility ot al~ 

intermediate points is drawn. 

I 

• 
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The utility curvea developed ~ tbia chapter can be , 

conoidered the aggregate curves developed by engineering 

management, lina management, and Induwerial relations people. 

,. 

( 

• 
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utility Curve - Variable X(l) - Public Relations • 
Tbe)ogical end points ~r the absciSSIl of tbe utility curve 

I 

can be the upper ond lower lim1ts" of the study on public relotiong, 

$ 0 a~d $ 500,000.00. In all asses the scsle or utility will be 

initially set from 0 to 10. Since 'tbe utility value or a public 

relations progrum hos only two bosic goaLs, effectively informing tbe 

public fo,r $ 50,000.00 at one end, _ and influencing legislation for 

$ 500 ,000.00 ot tbe otber e~d, the curve must resemble a step functi\ln~ 

Memey spent in excea.s o~ 50,000.00 and lells tha:l, say, $ 400,000.00, 
, , 

contributes little utility value; that 1:", there 111 little Valu~'.'in ~' 

overintormlng the co~~~ity, and not enough has been apent to sffect 

legislation. Tbus the curve is aSBUm,ed to rlse slowly up to the 
, "'-- 0 

$ 400,000.00 point, then ut1lity will increase 'rapidly to the $ 500,000.00 

11m1t, the region in whicb legislation can be ~luenced. , 

.. ~. 

... 
, . 
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Figure 3 
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utility CUrVe - Variable X(2) - Operating Cost Savings 

As mentioned earlier, the ordinete o~ Nost ~tll1ty curves will . . . - ~ , 

be set initidly. from 0 to 10. correDponding to reasonable upper Bnd 

lower limits of each veriable placed o~ the_abcissa. However; in the, 

case of variable X(2). an expenditure of at least $ 50.000.00 appears 
• 

certoin;·therefore. the cost will reng~ only from ~ 50.000.00 to 
; 

$ 60.000.00 and corr~sponding' utility will be set at 0 to 10. 

The limits for operating cost savings have been established 
~ , , 

at $ 100.00 ;er year anci'$~eoo~~ per year. Remember that utility 

curves reflect only the des1rabi~ity of variable X (2) without regard 

to capital cost restrictions. This. utility curve is a straight line 

function; the more savings, the better. with each gain Of\Sa~ings 

possessing the' same utj,lity liS the last." . 

. The relationship of capitsl cost expenditures on 8 dust. 
, 

collector as s function' of opersting cost savings is. neces8ary if a .-.-
capital budget allocation is to-'be made. The table relating these 

items was developed earlier. but is reproduced in this section along 

wit~ a curve presenting the same data • 
.. ' 

'-
Table 1 

Corlector Initial Cost ,. Operating Cost '-.. · Savings · . 
pabric $ 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 

, 
· . 

• . ",,<:' • ::.-.:::: :·<~:·";'~\~'.i·"i;i·~, . 
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Utl.lity Curve - .Variable X(3) - Adaptability 

Corresponding to the utility range from 0 to 10, the previously 

,establishf'C1 cnd points for variable X(3) are 97 per cent and 100 per 

ccnt particulate rcmoval efficiency for the cupola emisaion control 

unit. The possibility of legislation requiring 96.5 per cent 
• 

effiCiency from the St. 'Cntharinesfoundry is possible but the pos-

s ibi Hty .of 100 per cent efficiency rflQuirement3 scem remote durl ng . " 

the lifetime of the cupola. Therefore, utU~ty increases rapidly 'up 
, 

to the 98.5 per cent point ~nd then slo~y as 100 per cent is ·reached. 

The utility curve reflects this varying emphasis on different levels 

of efficiency. 

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 and capital cost require two sepera~e curves. Variabl~~ 

X( 1) 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.' 

Table 2 
Potential Efficiency Cost involved to provide , 

potential efficiency J. '" . 

97, per cent- 0 
I ., 

97.5 per cent S 20,000.00 <. 
,I 

98.5. per cent S 175,000.00 '" ' , 

1 00.0 per cent , $ 900,000.00 
'. " 

, 
.. # • 

. ~': .. 

, ' 
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Utility Curves - Variable X(4) - Noise 'Reduction 

The noise reduction consi<!ered for 'the emission control unit 

rnnr,cd up to~15 c1t!dhels on the A scale. L'lgical1y then, 15 dB(A) 

wPII correspond to a utility value of 10; OdB(A) will corre~pond to a 

utility vnlue of O. Past experience has shot"" I:hat 8 5dB(A) to 10dB(A) 

reduction hilS the effect of preventing noise complaints from the 

community. 

The firs,t 10dB(A) drop will have a rapidly increasing utility 

value, whilr additional dB(A) reductions act only aB extra insurance 

against complaints, anr! have 0. corresponding smaller contribution to , 

utility. 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 Tablp. 3., 

" 
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.( 
UtiLL~\lrve - VariQble XCS) - Roof PrQa~ 

"tls with variable XCI), voriabl~, XC5l relates capital COAt to 
I 

uttlity, the variable was difficult to measure ~iroctly. '--

Notl.i that the prevention of exhaust gases from cntering the 

freah nir R)'stem is required by legislation. This means that any 

expl>nditure less than the required $ 40,000.00 is unaccl>ptable und is 

represented by zero or negative uti~i~y. Labour union complaints in 

II contract negotiation year about the outside'plant environments such 

'as 1973 could force n study of the roof equipme'lt and perhaps some 

modifications to improve, dispersion of exhaust emissions, but it is 

unlikely that a costly progrrun would be immediately un~crtaken for 

this relatively small nuisance. Tobie 4 is shown along with the 

utility curve based on this discussion. 

Tablet 4 

Item Priority Cpat 

Inlet-Exhnuat Must satisfy legislation $ 40,000.00, 
Rl'locntion 

, 
Stack height changes ,To aaHsfy union demands $ 10,000.00 profes-
to improve dispersion sional study lind up 
and outs.ide air quality' to $ 200,000.00 for 

t ., I' stock,. chatlges. 

• 

,0 . . - - ,:-: 
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Utility Curves'- Varinble X(6) - Light and Colour 

The utility curve relating to productivity increases for 

variahle X(6) in the rotor mnchinerydepartment iR n simple straight 

bcen above 5 pe; cent line. Rod the expected increMe of productivity 

I 
or 10 per ccnt, thr. utility curve would resemble that of X(4). An 

increase above 5 per cent in production ,",ould cause material handling 

difficult ies: an increase' of above 10 per cent \~ould not be desir able 

since ~oduction schedules would be significantly overrun. , The utility , 
" curve '~would of course r~f1ect this reducing amount of utility. The 

cx~ected maximum increase using light and ,colour is,3 per cent. This 
J 

runount is desirable, to ,eliminate occasional overtime production work, 

lind is well within the material handlln:: capacity in the rotor 

mach in in;; ;:::'en: thus the ~trniGht lirie curve. Table 5 is displayed 

here again along with the utility curve. 

Since variable X(6) represents a new approach the maintenance 

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

for study and 'are shown on the operating and maintenance cost curve • .. 
" 

~lso shown is a curve relating productivity to capital cost, necessary , 

for the budget an~lysis. 
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The steps in the Ught and colour program are listed in 

order· of el(p('cted importance, an.~ d 11 be carried.<:"QU~ ~eqUential1Y for 

a gi.ven budget a11ocat~on. Of. importance :I.~ raising'the local 
-,... 

light level from an avcrage of 20 to 40 footcand1es to 70 (ootcand~s, 
, 

rep'resentcdby step one., The higher'light level' is more in line with 
~-

reconunendations of the Illuminating Engineerfng Society (i7). 
<.. 

The impact of the light and colour program was in'!cstigated for 

e(fects on housekeeping, safety and labour. re1~ti9ns, three, other depen-, 
, . 

dent variables affected by the capital cost allocations 'for 'independent 
o 

vnri,ab1e X(6). 

If all steps are carried out, the rotor area would have a 

-clean, cheerful atmosphere, desirab~e for General Motors open house, 

to the public, or tours by visiting corporation officials. A' curve was . . 

developed to relate capital cost expenditures to c'ontribution to house-
. . .~. 

keeping. Housekee~ing lev,el was measured' f,r~oO ,to' 100 per cent of . 

possible improvement. ,Note that the painting not ligb,ting facets of 

the procram are more iinportant for display of housekeeping. 

Due to the good safety ,record 'and smail number of em~loyees. in 

the rotor area'; 'the effect of better lighting, t~ reci~~e injuries would ....... 

be mi.nima1, estiinated at 5 per cent.' The return on' investment in terms 

of lost man"nours of work is negli~ible •. However, General .'otors is 
...... -~. -:\' . 

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

reduce some possibilitiell of injury due':,to iir,htand colour. Refer 

to the safety curve. 
" 
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There have not been complaints from the l~bour union about 

general lighting leveis; the only significant step \:0 improve relations 

would he stee, 5, relating to housekeeping. 

The improvement in labour relations is estimated in reduced 

number 'of complaints ~ormal .or inform4l, to.be ~xpected by the 

foreman in the at;:ea, concerning working conditions, and is estimated 

not to exceed. 10 per ce'!t. 

This 'information is reflected on the labour relations utility 

curve. The \1sefulness of the many graphs based on the variables are .., 

discussed under conclusions. All utility CUrvPR relatrd to variable X(6) 

i . rJ 
viII br ntral~ht linrs. 

, 

.. 

. , 

. - . 

.. . . 
,. , 

, .' 

-"" -

( 



., 

, 

~ 

0 

" 

, , 

0 '" ,<0 
0 

I- , -b 

~ 

~,;'!" 

, 
" 

, 
-

< • . ; . . 

Figure 11 

~' 

ID 
~ 

><' 

'" 
UI'lUJl 

: 

• ,., 
" 

, " 

" 

• 

, , 

C 

~, 

I 

" 
, 

f'"; 
'~ ", 

,~"> ' 
,~' ~, .. \ -_. "Z I 

41 

I-
, . 
N Jr', 

J -
'. ~. 

\> 

• 
0 . 
N '" " ,.A, 11l 

< 
~ 
t.,) 
:z: ,- H 

~ 
H' 

" > H 

tl 

~ 
Po 

" 0 S 
" 

tJ 
~ • '" Po 

, , 

o 

o 

, ' 

I 

I· " 

, I 

I 

\ 



,/ 
/ 

- ,. 

• 

'\I, , , 

Jo'lgure 12 

~ 

10 
.............. ~ 

~ / .' 
j'~" 

. . • 
N N' N, 

. - . -
• 

. y~l J..UAIJ.?naOa~\J.Na;) ,l!3cl 
. I 

, ~ 

;. .... 

o 

§ 
• 

It'\ .... .... 

§ 

8 
0 
'" '" 

§ 
0 
N ... 

§ 
0 ... 

o 

, 

f-< 
Ul 
0 
u 

~ 
f: 
'" ~ 

" 

( ( 

..,..." '. 

\~ . .'; 



.....------~-- -------

49 
f' illll re 13 

J 

o 

CIl ~ OJ 

I d 
H 
i--

,.... 
~ 

U 

10 8 ~ '" < 
,..:l 

~ IJ"\ Z 
H 

S I H 

'" ~ 
::l ~ '" t ~. tj 

N 0:: ~ f>l 

'" t5 

~-+_--~--4_--~--~--_+--~--_1----r_~~O 

o· IJ"\ N 

.. 

• " ... :'~~5:~ . . 
, . 



50 " 

~ 

~ 
,. c l~' . 
; ~ 

VI 

§ 
~ 

0 .. , .... 

o • 

o N o 



J' V-ii'r.' 

51 

Figure 15 

~ 
" J 
,) 

1 

~ 8 
I , j 
I 

1 
0 ! 0> 

0 ~ 10 • H 
Po< .., 

~ .., 
'" 0 i:l ~ r-
~ '" t> 

\ 
9 

0 

'" Z 
H 

"Y 
~ 

0 

~ 
II' 

~ 
0 '~ "<t 

0 
~ 

'" tl 
-~ .. .., 

0 Po< 
N 

0 

c 10 N o 

" "-.', 

" 



t<:, 

\ 

8 

-) 

o 
'" 

o 
III 

~ 

ID 
~ 

~ 

.0 
ID 

Figure 16 

, 

o '<to 

". 

• 

o 
'" 

o 
.N 

• 

o - o 

( 

52 

I 

§ 
• I:, 

"'; 
V> 

§ 
0 
'<t 
VI 

• 

'. 

0 
0 
0 

0 
'" V> 

f-4 
Ul 
0 
u 

8 ~ 
'0 f:: 

N ~ .... 
U 

§ 
• 0 ... 

.. 

o 

, ",;,' , " 

, ,-:- .,::' , ... ~;" 



Fisure 17 

o · In 

o · <or 

~- :. ~ 
til 

\0 0 · -z 
'" H 

~ 
is 

_0<: 

~ 
0 

N ~ 
.t3 
~ 
I>l 
Po 

0 · , --

r---4----+----~--+_--~--_4----4_--~--_+--~~o 
.~. 

o N 

.1 



54 
Figure 18 
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V. WEIGlfl'mG OF UTILITl CURVES 

Furthor oonsiderations Of util1ty value must be studied. 

in order to properly combine the contribution of .utilit('madO by 

each variable. Various tecbniqueo aro I\vaill\ble for a~gatins 

Iltilitieo of. Ileveral vo.rlables. includ~ng Keeney's approach (24). 

Woodson'o rnothod'(25). Ho.rrington'l Desirability Funotion (26). tho , . 

Ranking Array Teohnique (27). lind t~e Zero-max Technique (3): To be 

conciotcnt with tho method used in sketcbing utility curves. the 

Zero-max tochnique was cbosen to aggregate utilities. .-:' 

Of importance with any teohnique is the mellnO used to 

wei(1,ht the utility contribution cif each variable. 'Tbe method Used 

in the Zero-max Technique involVes selection of sealing ractoro to , 
, 

rcprcccnt the relative desirability obtained from elob variable. 

The selection is accompli.hed as rollows t 

1. Consider eacb plant de~ign variable or environmental 

" characteristic at ita maximum valuel that is. tbe value ropreoented 

by 10 on the appropriate utility curve. 

2. Rank these values in order 01' desirability or importance. 

3. Give the highest rlll1ked value a rating or 10. 
, . 

4. Give' the values or the other variablel a rating which 

reflects their relative deslrability compared to till. moat desirable 

variable. 

For example. it maxl:,:.JUI no1le reduction 11 ranked 10, and 

maximum good will 11 con.ldered 30 per ,cent a. de.irable a. 

maximum nohe reduction, then good will 11 given a rating. or 3. 

, . 



'"' . 

The selection of accurate scaling factors is,along with 

sketching utility curves, the most diffiCU1:l~t of the procedure 

used for the budget allocation problem. As . ious~ discuEsed 

in Chapter II of the thesis, several mrmbers of the senior staff 

re~ponsible for budget development, shottld develop scaling factors: 

These factors can then be aggregated to form one set of scaling . ' 

factors, repre~enting combined desirability of ,the variables., as 

seen by enginecring, Production, and industrial relations mechers 

of the staff. ~e DELPHI method (39) can be used to aggregate 
t 

the scaling factors. 

Once the scaling is complete, and the ~rdinates of the 

utility curves are adjusted to their nev values, another check .. 

57 

can be made. One can salect the value of each variable corresponding 

to an arbitrary point on the utility curves that corresponds to, say 

5 ~its of utility. It' the'weighting is accurate, the desirability 

of these values will be e~r;--
• 

Harrington (26) proposed that scaling factors YOuld be 
/ 

unnecessary if his method for developing utility functions 1I8S 

used •. His approach may be difficult to use, ho~ev~. if one is 

is not familiar with value theory and utility functions. 

Additional approaches to veighiing are presented by Klee (37). and 

Turban and Metersky (38). 
. . 

Reasonable scaling factors. chosen by' the author. are 

included in Table 6, based on the method described ~arlier for use 

with the Zero-max Technique (3). 

. '". 

• 
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, 
Table 6 

IncJepen/cnt [)ependent . Rating Orclinntcs of 
V.nriablc Variable points on .1p-

plicnblc utility 
- curves to he 

multiplied by 
( 

X ( 1 ) Good Will 3 0.3 

X(2) 
. 

Operating Cost Savings- 5 0.5 
• Dust Collector 

-X(3) Adaptability to future 7 0.7 
legil'lation 

X (/~ ) Noise Reduction 10 1.0 

X (5) General Roof Exhaust 8 0.8 
• emission 

X(G) Productivity 10 1.0 

X(6) Housekeeping 2 0.2 . - --. 
X(6) Labour Relations 2 0.2 

X(6) 
" 

Safety 1 O. 1 
• I 

• 

, 



VI. CONSTRAntTS USED ON TIlE V,ARIABLES 
. " , 

The optimization procedure t~a~ will maximize the 
" 

combined utiltty of the variables and will determine capital 

e):penditures, ill capable of analyzing more factors than ure 

associated ~Iith the previousq discussed utility curves. 

Althouch the prime consideration is analysis of subjective 

variables, one may also consider such items as, return on investment, " 
o 

"operating costs, time value o~ money invested, and probability. 

That is, many of the realistic inputs required for a logical 

development of a capital budget can be incorporated into the 

optimization procedure. 

Thcse inputs are entered into the optimization computer 
Jo" 

prot>I'Bm as. constraints ; 

o 
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" 

Con'ltraiI'ts COTll!!lon "to all Variables 

A revieu of optimization (3) and of the optimization 
\ ,,' .. 

Gubroutines used (4) may'be apprbpriate. 

" 

'l~ ,J" f i IH'(~ 1)~ ~~ i 1: i tv funct iO:1s.· T f: '. cQnstT~.i.nt;s lIrp c-ntf:'rcf1 tn 
" 

"'.:,rout ir:r C'ON~T. part of the main comput('r pr\,~ram. All in"nunl ity 

" " 

.. 

. " .. 

c''IPo:::t-r· ... ?!nt"r. nrc coo,..d a~ rHI in thE I'T<?~ra:11. Th-(> con~tr~in':~ ~T(' listC'd: 

pm ( 1 ) ~ X(l)~O \" 

, 
pm (2) " Sooooo.a -X(1)i:Q . ,. . 

PIIT ("3) ~ 'X(2) - ,)(lOaa. 0-:; 9 
, . -'<:l 

X(2) ~ 0 PHI (~ ) = ,(,0000; 0 -

PHI ( 'j} a X(3)~ 0 

~ , PIIT «(, ) ~, ~OOOOO. 0' X'P l,"'l> () • "" 
!, 
, , 

J 
PilI (7) • X(4)';;:O 

(:B) • = '335000'-
, 

Pill - X("4l~O' 
" 

PilI (9); = ,X(5)~0 
1 

PilI ( 10) ·'300000 X(5l;:::0 

PHI ( , 1) = X(6)~'0 
~ ..-' 

" 

PilI ( 12) ·'1\'5000.0 - X(6\,~0 " 

I 

.. 
I 

'" 
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e, 

Cnnc':rnint 1'111 (1 7,) W/lR added to ensure that I'ny opor;)tl.np, 

en::t' ",win(,~c r~null;~nt from vnri"bl,' X(2),nrc,r.1'~,'t ... r thnn Ilny eapHnl 

(':':I"'n,l; tun! bryond " '~)o, ana. on on the ,J;,st collc'etar. 

n,'vt.'loplli; .. ,t of'ronRtraint I'llT '( 13) conshlers the timr vnlue of 
. ( 

:1l"H''!. Hrfc:",'"\(c'is made t~ thin ,top i.e in Appendi.;'\F. 'The cupl,tnl 

1."''':'', if in ""ceR' of $ 50,000.00, is converted to an annual M'pendltur.· 

feir ('''''pnrl non "lith annunt operating CORt Rovings. F"pected life of 

tl'", riuc-I: coll"ctor 'is 10 yenrs. The conversion included pMsihle 
,1 .. ~ .... 

.... rnln~G of exccss capltol cost if i~ had bcen invcsted At 9 per cent 

'J 
!1 .1::~\I;v,;rcnt 'nnn';nl cost of CApitnl py'c""din~ $ 50, 000. ~o.. ,or 

pcrio(lic pnY'"ent 

l' = Capital expend,itures in excess of ~, 50 ... 000.00 

i = Illtrrent rnte, if excess capitol Was invested 

n = Life of dust collector y~ars 

"i( 1 4- Un 
R ,- r ·'''''''1'+ iln-1 

Ill" the _computer pro.gram 'r" is reprencnted ns, CO~. The operating 

coc.t sn,:,inr.n, vori<tble X(1) are codc-l as SAVE. As long as SAVE, durinr, 

the 10 y""r ltfetim,e of the dust collector, is greater than COST,; the 

"election of the dust collpctor is acceptable. 

SAVE ~ coes x .10 & totAl 88Vfo<~" In 10 ~'rnr" ", 

nnd the con"tr~int rr~d. • 
'" 

'. , 

.' 
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f." , 

If tilt>)"" nrc no rrlr~r.C'f.':Ihl(· plmo;. for Ii1O).'l' f1triT11~(,l1t t(>,~fr.ln~{on 

1"):lI'prt1 i 11", (;t1l'ol;, ('mi~H~iol\ control ~y~trnlf~. llwr,.·· 111 110 n('r·rI for vnrJlI1.1p 

il1('II,,'1<-o1 In til(' 1l\~yA.!:. If thr prJlhnhllltv of [utul'r )",:lfll:1tlon 

,II "I"; 1",101, :t l"IoIrr UmLt, Art nt n, 'j, thr only output from thr pro!:rllm 

/" ," 

thl' P~"!i'hlmJJII.. rl'-rUI1 wlll","t'vnrl"hlr. ;'(\),. 
, ;-:. :~~ -".> . .:' 

.' 

1\ ,I,.' '''at the ,1llthor ,ltd nut choos,' to c1t'vr.lop nny Rophlntlc.,l:ed mrnn' 

"I I'rl',:i.cting prohahllity, The intent of the ~I~t~~~r WP", r" i"trlce 

. lin thc tool !"coml'S 

mnl'r f"millnr to pl'oplr In industry, the morc powerful n.pret. of 

"P~ 11111 ~;\t I on .,n n simple tool for mannr,l'ml'nt • 

"1'1 (1II1,.,tlon Includlnp, prohnhlli.ty I'r··,lf.ctlon cm' hI' t'mpl,,,,,,,J, 

I1rc.,u",' of the nnture of the lLRht nnd colour proJ:rnm, it Is 

lo':k"l to conr.troln thr optimum cnpltdl .rxpendlturt' to th .. r"Rion" 
.- ,. 

",Iwl''' the retllrn cin invl!stment Is nc("pta'>l ... 

ePRor .~ per cent expected incrt'nal' In productivity 
',.- .•. 

Til .. (IIrrrllt vnlu\! of Incrl':f~"d production loins l'.tlm1lt('d nt $ 15;000.00 

prl' year for ('very per cent gnin. , The Initiol nnnunl rctllrn In 

wherc KltET - CPROD X 15.,000, 

Thc·llfe of the Unht and "olour pro~rnm lola'" t'st. imatrd at ro 

Tlte totnl dollal" return aft~J'"" 10 ycnrR bnged on 0'1 prr ct'nt 

annllal incr('n~r cllle to Inflation 1s XTvr. 

" 



",., 
X'l.'OT ., 2. lffiE':!: ( 1. 0+1) j 

J'O 

"ilere H = JClOiT 

~~n :.: 'XTO'l' 

n = 10 years 

i = 5 per cent 

Th" initi(Jl cllpital ·cost of the lieht and colour proerltm 

i" the value of vuriable x(6) / The initial linnuol ope.:ating coet is 

?Cll'. The totol cost over a 10 year period is X(6) plue 7,OP for 10 

yenrs, bosed on a 5 per cent annuol increase in operotinl. and mninten-

:>nee (".),'te, D:1d is coded ~COST. Note,ZOP increase was nat compounded,an 

unrealistic event. (6) (1.0 + 0.05) 5_1 
XCO:;'£ = X + :OOP x 0.5 - .. 

'fbi" cquation is based on the equation 

+ a constant 

where Sn = XCOST constant = x(6) 

R.= ZOP 

n = 10 years .. 
i = 5 per cent 0.05 

, The constra int PHI (14) ens'urcs that the 'lifetime return on the light 

end colour program 'will be -greater than expenditure ... 

PIlI (14) = XTOT - XCOST 



:Ii\ \1\1:.111,11111 IhlluLloll Coll)l he found, /I (·ol1uL.rnt.r~lllf.~ fjtrlt,~lllll~IlL \;,11:1 (lcI~~(l 

I." v"l" \.Ii" ]lwludoll 0[' vllril,bl,) X(}), inLhc 1'\11\(,,"\;, if' I.ho r,'LIlJ'll 

ii'Il,' vIIJ.Il(! of C"ll:ltrnl.ni. PIlI (111) hecome,,; (lvl.<1cIlL I-Il"," Olle 

, 
,',,,'1. oj' tl", 11(~hL 011,1 col.our 1'1'0(';1'11111 l:; tIll; cod of 1l1"cLr.lcnl ('n(',I'(<I. 

r"!.IIl'I\, by 'It. 1it.l.il' nc ~ p"1' cent POI' yeol', rllI (111) b,'con1(':;' 

""',l!l<ll'i1"lIl1y IInld,trnctive, n devolopm,mt not ohviolw when hodnr. 

"l'!.1I1'l1 Oil .lnv,,::tmcnL ~olr.ly on' 0 "o1clI10l.ion ruch ~tr; YF.Ali,;. 

:\",",I_:'J.-"]"'1. Illc'lllnl.lty Condl'~inta Affcc\'l~~ 1111 Vorinble" 

'rlH' tot-01 cupHIll cxpellllitul'., for 1111 l\elllu in ""tlcd 

e(': ;'W),]'. Cond,rllints PlI1 (15) /lno PIlI (lG) liintt the total ('mount 

01' l'IVlll'Y nvul1ub1e for the portion of the "n~i'l?crlng budge,\. 

PHI (I.;') .. COSTOT - propoocd budget nmo~t ~ 0 

PHI (lG) - (propo~ed budget - leAS $100) - COSTOT. 0 

. -, 

I , 
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;1I1:1lV':fqt. 'l'lle' fln.11 1'f'f1ull",'nlPl1t' of til" opt'Jlld:'lIt'lol\ p1'lll',"I1I1)'r tn ;HI 

(l1,'-lml~~;It.I\l11 ('XIH'(HI.·.lnll thnt will \l\ .. \xfl\lt~1' or 'l\{nllld~r ut:11it'y. 

IlItI"p'-II"'-I1I'Vfll'lnbl,. 

X'( 1 ) 

X(2) 

)((~) , 

X(~) 

. 

Cod"ri "I'mhol I'll" 111111 tv V:t ttl" 
BtH!l'd 011 lkltd'I'1! 1\,.'lh'lld(~lIl. 

V''1'lnhl" 

7.I'R 

ZMAI'! 

Wit 

ZROOF 

ZPItOIl 

ZL/ln 

zlIoma: 

Th('rr IIl"e two ('Pl'roncl\CJ'1\ uArd 1n an opt Imt'r.nt Lon t"xl'rcllAion, 

Doth Horo chouen tQr their dlllpl1c1ty. 

Tho first is tomox1m1~Q thototol available utility U, where 

I! : i',l~l( + zoe:; + UIlA!'! + 7.DIl + imOm' + 7.I'IIOD + zl./ln + 7,ltOUSF. -I- ZS/I:'E 
\ 

., 1ll:tx.\.mulIl (:1) 
, 

----
or, U • ~'uj - maximum, where U;- utility of a variable. 
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A Decond approach used involved the concept of inverted 

utility. "It is quite possible that IJII1Il'S intuitive intellect minimizes 

combined undesirability ~ather than lIIBXimiiting combined del\.irability 

"hill' optimizing. II. (3, p.l99). Rather than 1IIBXim:l.zing the utilities of 

the Dix variD~leD, the reciprocal of t 

undcDirabilit? of the variables i8 min 
. 

. -1 
total undesirability b.N .. 

e utilities are uDcd and· the 
. . 

zed; undenirability ic uj' 
\~--~ 

1 1 1 11 1 1 1 1 
N • ZPIT + ZOCS + ZAIlAPT + ZiiB + ZROOF + ';'::""OD'" + Zi1iii + ZSAFE + "'ZH:":O"'U=SE 

J 
1 

., 

or II "" 1 1 1 1 1 1 1 1 1 
ZPR + ZOcS + ZADAPr + 2!DB + ZROOF + ZPROD + ZLAB + ZSAFE + "'ZH:":O"'U;';S;:'p; 

Both' aw'roaches arll discussed under Conclusions. The pptimum 

points on the util1ty curve of each variable will determine the budget -

allocation for that variable; Other approaches that can be used to 

formulate the optimization expression include: combining utilities in 

a geometric mean, having ranked all utility curves trom zero to one 

(26); and optimizipg each variable in order of importance, adding in . 

each step a constraint restricting the value of previously optimized 
, 

variables (21). The last method does not necessarily require utility 

values. One ms;y also consider using the additive inv~se of utility 

values· to minimize disutility whet", 

T - t.otal disutility 

UJ 
i,'., 

_ utility value of each variable , 

• 

Ujmax - Us _ disutility for each variable 



The optimila~ion Ixprel.ion would miDimiBI dilutility, 

T • ~ (U,;max- UJ) • miniaum 

The equation can be .impl1tied to .produce an lnterel~1ng relult, 

T ;. I UJ max - ~ UJ • minilllWll 

T • conltant - I UJ • miDiaum 

-T •• coutant + I' U; • maximum 

coutant - T • I U; • maximum 

By definition, the con.tant, a aum ot III maximum utility valuel, 

less T, the dilutility, il equll to U, the max1mum expected ut111ty. 

The express10n for d1aut11ity hal DOV been reduced to the exprel110n 

tor utility, developed previoully. 

U • ~ ,U; • max1mum' 

The tirst tva expr~l.ion. ware u.ed iD the computQr 

program developed tor the ,budget allocation problem. 
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<-
1'111, !'I'>II'II'I'I'II I'H(X:nNI lWVI':J.(lI,'FIl FOil lW'I'HI1:~~TlnN OF ('LAIn' 1II',::ICN Vlln,\IIILI'::; 

,\t: (I) III pnt.nt' W(' 'Hl~Hm\t' that' t11:11~"1',rll1~('1lt htln ~f"'{'.1 y ,\c' r Illt,d 

It~. ptohll'l1lr '1Iut tI", l"rlntlvf' Import-nlle'r 01 

~In'" I'I'OIIl'llIl1 • \",'lud,," n\l l"l'tll <Iill", ,,,11,, 1.1 ... : ul'tlml ;',;:(1.01.1 

nuhrout:f.I\(t. tnt'lud(!A fnnnlll 1'Illtput" ,~t/1h"l1"'I1t;~"; 
Al,d I,,, n"m"d pl'or,rlllll 'i'ST In lido ('nor. 

Suhl'fHllin" UREAl, • inell1d"o dl'vrlopm~l~ of thr op1'l1n1~,'t'an 
cxpr"."Ion. 

SlIh"()lItlnr CONST • inr\Il!I(>II ("'v(·1orment' of ,,11 in"'1"nlitv 
CouAtro'lJ.nt.o. 

111 n"dltion, Fllnction I'TAUJ.f: hn9~"n ,,<1,1,,<1 to form ':n~1I 
, 

('Ill'".·" from the "Intn pointn rntt'r'".\ In ProRrllm TST. 

Compl.·tl' ll"ttn,!~" or the I'rogi.~ drvdopod for thinth".I", nn,t 

, ' 
t I"tlnp.~ of .uht'outinl'll cllll",1 In till! prnr,r:\m IIr!' ll.trd I." Apl'"ndl>: 11 

'''''I II. 1I1!~h1t!\ht" of rnch sI'ction of til!' computer rrop,r~m wIll he 

,II ncu"".·" toclnJ:,Hy ch" nppronch uqt'd hv the "uthor. 'I'h" Inl1~u.1R" 

,,,,r,1 In l'ortrnn IV for 119~ wl.th n CDC MOQ computer nt MrMnat .. r l'nivrr"l.ty. 
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Pror~r!'Jm 'r::;T - Moln proJram 

Entered In' the main program ls dota for all porta of the J 

pl'OI~rLJII1, and is transferred to Subroutines UREAL, and CONST, with 
u/ 

llibe llcd CO~1MON CARDS. 

Datu' defining the various utility ond COtit curves 10 entered 

by list.ing 5 to 10 co-qrdinotes of pointo on erich curve. This method 

"uu chosen for its simplicity. Function FTABE.E interpolates bet.'cen 

the given points to cgevelop the curves fC!r use in optimization. 

undcr!itanding and use of optimization and computers in industry 

" mOl'C complex Dnd accurate Itethods 'of enterillg data can be used. 
t.~ 

As the 

grows, 
..... 

The 

uuthor feels thst any deviations from the true curves courod by inter-

polot!on do not significantly affect the results. Function PTABLE is 
Q 

oleo used to functionally relate utility directly to cost. 

AE well as adding descriptive output statements to clearly 

explain the budget l\1.locations and optilJlUm, selection of values of the 

v~riobles, the output was'deeigned to include all utility and ,cost 

curves with a clear indication of the'optimum point on each curve. The 

purpose, of course, is to allow plant~engineer1ng supervisors to have a 

clenr under"tal'lding of the optimum budget, numerically,descriptively, 

ond graphica 11y. In this way, the impact of a proposed budgetary limit, 
< -

> 

relative weigptings of variables, and constraints ~~comes obvious. 

Subroutine PLOTPr (ll),was used to gen~te the curves in 

the output, and Duitable'),.oops were designed into the program to allow 

identification of the oPtimum po~t and axes on each curve. PLOTPr is 

( 

stored in the central memory ot the CDC 6400 computer at McMaater University. 
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11,11 1-:11',1', In .. 1110 r..'111l'll ,In TnT. 

• 

"",'('''',,,ry tI) \t,,~ "gllin .111 tt'rmn tllvolvln!', tl", vl1rlnhl~" X(I) throll!'" 

11", "1'!.11l11',,1ti,," nuhrollttnl! SEEK I WoN UN"d. I<hlch mlntm!.>.,," the 

II "(::1'1{ ... f.OC~;+ ?~1J,l.1'1' 'I i',\'jJ + i',HOOF -I ,ynnD + i',~~/\Fi': 
+ i',1I0tl:m + "'1.An) " m~x l':I\lI:I 

1 u 

tI. " - (::l'll + ZOC~ + 7ATl~I'1' + i'.lln + "n,ll'\' + ;:1'11011 -t', ;-,::AFI'; 
+ 7,!lClUG[, + 7.1IlB) " Ill.ln.ln,u", 

"'I", ,'xprr"n [011 ,1r" tnnthcmntl.cnll)' r~lIlvnlrnt. 

Fnnf't'l nn FT"BL!~ . - - ..•.. _--, 

]Cllnet I.,'n FTAllLl,I<nA cnlled hy 'rST. UREAl. nn,l CO!,;S',' nnel IA 

"111'"",,1 :It" thin potnt. A cotnpl .. t" ll"ttnn of FTAIILE I" found in 

"I'I'("Hllx II 1'''pln1ntnr. itR ttbil1ty to Interl',,1.'tl' h('tween given dntn 

\lIlll1t<:. 

~;l1hlTI\1r- i Ill" CONS'r --- .. _-----------
1'1", lnr~unll ty c'o""trnintn dlncunnc(\ In .,n "nrll.'r Ch:1ptt'T nr" 

cI,'vr\"p<',1 till ,I I'nt"rcd In Nllhroutln" CONST. COI1"trnlnlnr, r.tntrml'ntA f"t 

v"rl,1He~ X('» nn~ X«(,) nr" cotr.red 10 the mnln pro!~r,'m TST. 

, 
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'.I'he ~OlllpUL(;l' wos run III Llr d.Lrrnrl'uL ont111117.;]1.1011 ,'Xp ... ,,:ciOl,C, 

", il.,i:II\.,'''U ,:ul.rout'.ne:J, un.l bu,lgc~ limi't.~. He!'lllLr "lll be c1i~"II::~e(1 

It ,;lilY be of .lnt<.:recl., Lo unde,,':;tantl t.he Leclmjuu,,,; u,:,,,] .in 

: 1;,. <'l"WII:",,' tel flnd tll~ol't.ln,um valueD or cllch vnrillbl,'. Rcfcreno::c (3) 

"""~," lll:: LnLl'otluct.ol'Y inform/ltion (lbouL op~imizotion, nlld Reference (4) 

,"',"', 1I1.j' :;1", ';l"LhcllIut.icol interpretation oj' the opt.iml:·,/Itlon m·o~,,(:urc. 
~ 

I,lue}l of the pror,rom ~uld be incurporated on pllrL of the 

(Ji"l'I::i':P p:."Il! c:e; t.he reuu1.t w0u,lil be 0 simpler pr031'om for jndusLrlLl 

U::". 'fh" wilue of this ideu 'w~ recognlz.cd by the outhOl', hut "[:,' 

, .,. 

" 

j 



IX. RESULTS AND ANALYSIS OF RESULTS 

This chapter will be separated into two (u~tinct sections I 

results, and analysis of results, concerned with optimization of 

capital budget allocations for a plant engineering department of General 

Motors of Canada Limited. 

A. Results 

The initial output of the computer oPt~zat"ton program is 

o simple list of optimum values of the six variables, the related values 

of the constroints, and the value of the optimization expression. 

U gives the msximum total corporate utility that can be achieved subject 

to the consj;reints,1n the examp'le used. 

U - - (maximum units of utility) • minimum 

The series of X(l) to X(6) gives the optimal budget allocstions 

in dollars for each independent variable. 

The series of numberillsbelled PHI (1) to PHI (15) gives the· 

value of the contrainta, given the optimum values. of.the variables. , 

Th1s portion ~f output is included. for thebenef1t· of those 

readers most interested in the operation of the OPTISEP package, and 

is the standard"form of output from the optimization subroutine~. An 

example follows. 



I'1~.QUHITY 

, 

.. 

9PTI~UM SOLUTIJN FJU~O 

MINIMUM U = -.J1755343Ef02 

-'·--XI· 1) - .~3uatiOo~c. f06 
XI l) = • 57.07 il 0 0 i)l- f (, <j 
XI 3 ) ::;. .~~40{jOiJilLfUb 
XI 4) = • 7. 1 h 7 <; J 0'0 E+ J (, 
X I 5) = .?1500000'Hb 
XI b) = .28bO~ OOO~H5 , 

CONSTRAINTS'-' ..... - ... 
PHIl 1) = .?3lJOllOOF+OG 
PHIl 21 = .UGllLOOOC+06 
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i:' Il' 11::,,<1 ,,[. a inter clute Hhcn the probnbi1:ity of more rLrinGcnt 

".,.,co,;, rlni:!f;ion limik i'Gremot~, vUrioble X (3) llOUld be (! ufel<""s 

VftRTAALE,X(3) IS NOt VALID 

PRO'lA'HLITY" FUTURE LEGiSLATiON 

OOFS NOT WARRANT, A CAPITAL -EXPEt1DIT'J,{E 

RFRUN PiOGRAM WfTHOUT XI]) 

. :~ 

If the prolSr~m does result in an optimum solution, but 

" 
Lhe re~urn on investment for variable X (6) is economically un-

"~"l',,('ti\(e (lue perhops to rise In energy cost, the fo110"in(; out-

~rTlJR'1 n~ INVESTMENT 

O~'IJN PROGRAM WITHOUT 

F OR V AR I A PL E 1« Ij I IS 

X 16 I ..... 
• GT " 

\ 

, ) 

~.o YEftf.(S 

The other varioples are not subject to restrictive criteria, 

" . 
'lIld do not require similar output messages. 

, 

'. :~ 

-~ 

1 
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The program developed for the thenio woo run 'Iith Bpver~l 
I 

nJl~,imi:',naon !'ubroutincB ,in theOPTISEP package, SEEK 1, SEEK 3 

~I\V ID, SD"PL.X, ond ADMNS, ~sing a 40 octal second' ,time limit, reoson­

/Ible for thiG problem. Subroutine ADRANS was too slow for practical 

u,:c; Sll1PLX tended t? hone; up on the budget limit eo~strOints; SEEK'l, ' 

SEI:K J, o~d DAVIt{ found O~t1DlUm OOlutions: • DAVID is recollllDe'nded for 

U"C wIth, the type of problem deVeloped iq the thesis. 

A ~UIIlil1ary of results io' useful at this point: 

-----' --- , TABLE 7 
Optici7.ut ion Computer Centrol Value of optimiz-
. Subroutine Procesoor time 

(decimal seconds) 
stion expression 
U ", -(utility) Min: 

• 
'SEEK 1 24.706 -31~755343 - . • . 

• , 

CEEK J 24.848 -31.7553!§ 
. 

24.664 -41.339624 DAVID 
'" , , 

SIMPLX 27.488 -30. 862?-95 
. 

ADRAlIS 
. Time limit -37'.56192 

" 

(st time limit) 
I 

Subroutines SEEK i sllocate~ 'expenditures among the vsri1bles -
. , 

more evenly than ,subroutine DAVID, but subroutine DAVID found a better 

opti1lJUlJl point, therefore, DAVID can be considered the proper solution . " 

to the budg~t problem. 
, ' , 1 

The optimizatio~ expression: B .~utilitY) • minimum was 

u'scd,,~long with U .I(utllity) _:maximum, without any appreciable change 
,- -

l 
in results; that"is, the values at the variables did not change _ , 

oppreciably. Vsried starting values for the independent v~iable also, • 

had little effect on the,resulta.' 

I 

, 

~ " ',' , 

\ 
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D. linDlY"is of Results 

J 
The output data is .ehol'i1l in numerical, descriptive and 

Graphical form. After studying the results, mwiagement personnel . 

• ... can see the effects of ~ketching subjective utility vaiues, and 

95 

can see the effects of iUbjective weights. ~e graphical outpu~.duplicates 
/ 2.. .. 

the input data and pinpoints the optimum value of the variables.' The 

author feels that such a visual.presentation is valuable when assessing 

budget allocations. 

If, say, variable x(4) appears slightly overemphasized, its 

. weighting con be dropped on II scale of 10, from 10 to perhaps 8; -the 

corr.puter program can be modified and re-run within thirty minutes. 

The new output \/ould autollJ8tically reshuffle all budget allocations 

to 0 new optimum. Of value, wben working with a real budget at this 

point, ,rould be a sensitivity. analysis to determine exactly the effeCts 
, 

of minor qurve c!Ianges. 

Ii" the optimum points on the utility curves are 110thi«b 
::::r' " 

enough to satisfy the plant engineering .department, tbe' proposed 
'. ' 

budget limitation can be increased from $ 1,000,000.00 ~o possible. 

$ 1,200,000.00.. Again only thirty minut~ would be required to modify 

the program, re-run it and end up with a new se~f budget 8lloc8~ions 

ond curves. A~enBitivitr analySis would. olso be of value when.using 

r real data,.to assess effects due to budge~ change·s. 
'. . ~ 

Ii" .one variable 1IIWIt be added to or de~eted .from thet'budget 
• 

at a later date, a new budget allocation cou}.d be producelo within an 

hour, to •• :tl'lba .. ""-t. at ........... 

~ 

" 

, r ." . 

" 

• 
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• 
The flexibility of this· opproach to budget development could 

<" 

save If.ony 'hournof calculotion~, and ~S1ll'e that a consistent form of 
) 

lOGic is used at all times. The program was run· as a batch.input. 

Note, that on interactive time-sharing version of the pro~am would 

• 
reduce rr.oolification time considerably, especially ~ith' an offt~e terminal. ( 

This anl'lytical approach does not. replace .Bny decision-making 

uutiesof management, but it does clearly display manag~ment thinking; 

it does help management to make value~Judgments.about SOCial end . . 
environmental problems; it co~i:fies theh subjective values ,!lnd it .• 

does sho;; management the real cost of solutions and the· effect of 

limitin~ environmental. budgets. 
, 

~he compute~ program was shown to be sensitiv~ to energy 
. ( 

reratine cost~ particularly for varisble x( 6), a ,valuabl!! feature 

in vie" of General Motors goal of 15 percent energy us~ge reduc.tion, 

be&inning in 1973. (19) 
... 

The experimental program involving light and colOur, variable 
, . .. ..' . . ~ 

X(6), has flome interesting applications. A housekeeping exPenditure 

eoul~ be justified on the basis of the return on invest~t due to 
", ''/ -

its effect on productiv~ty. SimilarlY, a safety program .. 11l~lVing 
~ ) .. 

lighting.and painting, could be justified by the 'resultant produc't-

.I , 
ivity gain\· ..../' 

/ Ltttle mOre than"a ~ourse inoptimizBtion, and.~ ~~slc 
I . 

lmowledge "Of progra~are required to use optWzatlcm ·eUectively'. 

The budget developed in t~s thesis doescoDtaln realistic variablf,s, 
. /.. . 

but it is not, as previously mentioned, representll;tive of 8 complete 

I 
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.. ., 
pbnt enc;lnc~ring budget. If, thios' approach is used on' such 8 lerge 

budget, \Iith !Dl;lnY ver,iables •. the usefulness of optimization to loglt:olly 
I ' " . 

nnd quiekly o:sirnllote dota !lnd produce results would be magnified. 
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X. CONCWSIQNf? 

Qptiril11.otlon coupled. with ~t1l1ty "he~~ ~IlS b~cn . 

cit-I;) 'll:'l.l'l\tcd ns n usoful tool whe~aooensin(l bUdget allocDtions •.. 

'rh" IIlL'ollLugo of' u.clne; thin tool 10 bottl)r uecisions, The 

l~rllll{(l"C rCQ.lIircf) that managoment ~kevDluc-judgm<?ntB about oocial 
. . . 

nnd el\vJi'oll"\Cllt;a~ prob l~ms , . wi th the end reuult be.1nc a logical 

n~"c:;r.1l\"nt of the donu value of . Bubjective aspectu of 

cnv i ronu,entnl . problems. 
A-

Que muGt remember, however, that subjective values are 

<lH1'l('ult ;to mcojlurc. ~'u.rthQr· resoarch is needed to .determino the 
~ , 

opt1n:ulT\ method· of .assossing utility vvaluQs in the particular 

lno\\~lrinl 'environment described. in-this tbasio. The procedures . \ .. . 

dcr.crit>cd in this t.hosio can be time-consuming, and the. 
• • J.e, \' 'J<. \ 

rclDtion~hip betwcen time 8pen~ on aketching and scaling verses 
• j ." 

improved quality of Dudget allocationa needs to be investigated . " '\ ... . 

furt-har. In' any cas~ tit! 'procedures as d~scribed. ·can i~ove tl~e 

quul.i ty of· decioiono, concerned with subjective values • 
. 

T.h& budget developed in this theeis required not ~nly 

allocation of funds to subjective areas; but also cODsiderationa 

of'return on investment, probability, the time value of money, .. 
inflation, and operating costll •. All·or .these aspects or budget 

development were handled by one.relatively 8imple, 1'lexibie, 
I ~ . . . " . . 

, computt:r program; ,computer central .processing ·time was consistently 

,,' ; 
'98 
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In: thl.s theois the lIuthor hila prc3cntcd olie eXllmple of 
, 0 

,t.he n:'(' d' ont.lmi r.ntion I1Ild uti li ty theory ;'11 the environmentnl 

l'0l\t.r:'t '~yct"ms field, opplieable to General Motors Corporation. 
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.' 

],0;2. 

Tim~ V~!..I1(' of NOI1~1' Ul 

.10 I'rt\(,l" to "COmhin,C tlifrcr('nt'\~Hlnet.1rv I Iii \ VII _lIC~. ~\ Cl "\tIY 

ncnl1- :11" dil fer(.'nt t~m(,8. it ,i:; necesrtm~ to h"vc tl'chni.CJ\I{!H "'hie\} 

,., II ,·,.L"bl i "h ,"olll'tnry cql,iv.',l.('ntn -nt lil'[ i 1 ( : r.rt1 llt ,t m('.4, >n!1C"(\ on 

intl>ll"p':;I.., (.; . 
• 

~,\ " r\l~urc \,"ym~nt 
D 

I: ~ pcr iod ie rnymf.'nt' 

i' Q intrrcst rate per p~riodt ill dolinrn pcr'(iolinr . 

n ~ number of periods 

11"',;,(, quantitics enn bc.,rclntcd by.i.i1duetivl· nrl'.umcntn .j", 

• 

- .; 
Input NUltipy By ,Output, 

I. P ( 1 + 1)n Sn 

~ ... ( 1 Sn' P 

" 

--, R ( 1 + 0"-1 
1 

'S ,: 
n 

, ~ • !{ll i 
( 1 + i -1 R 

-
~i R ( 1 n -1 p 

. i ( 1 + 1) 
t, P 1 (1 "+ Un R < 

.(1 + Un -1 

" 
To illust~ate the usc' of· the table, we assume that we wish t~ fi~d 

the inUt'"l in'vestment equivalent to n periodic payments of Amount R ... 

I,e usc relationship 5. 
( 

.. 
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I"~ (l+U n -l .. R 
i (1 +1)"-

lI:;ing'the l:t.·l.1tiollnhipR or the prcviouB fl(~ction, we may nmv 

(,ll"ll\.' j ilL' dtf[1..'l."cnt monetary vnlucs. by bringing them all to thl' HlIIl1t' , 

r Orlll. J 

n 

. , .. 

• 

. -

c \ 
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, 
!~"vI'I01~1!,""t.of C'!..'!!.'!...for St,'.!!-J III '1',1bl" '; ---------. 

, 

Elcl'l:roll,;r ("0mi-Ilirect industrial typ~ fixture), "r,0" ,cdc., 

l'.1lhl"l'I,'('r It - ~.O - 29(;, fo~ t\JO lOr, "'Itt 11.0. l' - I:' ')(," fluur.'''l'~l1t 

1 i p,hl::;. 

~;,\'Iv'min flOO 11m, ntllh Output n"pi,1 St:lr,l: I,Hclinc Lal11p, 10'; 

,,,,Ll', 0(," rec,,"~cd (\ouble contnct (F96 1',- 1?ICI~/ltO), coot "hlte, lIith 

'" "()()(J hOllr 1 if .. On :I three hour cycle. Initial hUl1C'ns 9500 (r.,tinr. ' 
~ 

1.1'«'n ,,[tcl' 100 huurs). AvC'rnr." Bustnin('d 1 umens, [l70n, meosurC''' nt 

,;(,:,: "r rat,'d life. 

, 
In this 22,800 squllre foot area there is room to taount f' 

\ 

1III11'in11[rc to existing supports locnted bet"een el<istin'g luminni'rcs. , 
The c-"isting' tr:msformers could handle 11 doubling of the current 

lir.h ting lOll (I. Est imnted installation cost is 4 hours labour x' 6.00 

per hour ~ $ 25.00 plus '$ 125.00 materi"l for a tot"l cost of 

$ 150.00. Actual lighting level llverogl'S fran 20 to 40 footcnndles 

at \Jorkin!; height, fran 216 existing luminaires. 

Hnl ;"ltl'nllnC!!' Factor: Fair or 0.60* .. , 
of utilization based on 10 per cent floor rcflec-

1. 

Coefficient 

tnnce, 50~nt 
the coeffiCient of 

ce.iling reflectance and 50 per cent IIdl reflectance 

utilization is C.U. ·0.75* 

,-, 
" Sylvllnia brochure 



• 

;;'),\;1 II;d, io: .-----

,:",-,,'1 '·(IL.i.o :i.r.: 

1"() >: 1?'(J 
i':4 (l"() + l~O) ~ 5.25 or 1\* 

C"l""J :,:,p'<I curr'mt lif,htlnr, level in J'ootconcJlcG: 

-' 

f 82lXl lumcns l': "lG luminu ',rO" . oo~c;llldlc .. "." x 
;12,800 sq. ft. ' 

O.7~; y. O.W~ 

.. 35, fuvorably coulPorin" Ilith actual lc:vclc. 

106, 

i:'~~'.'.:.'L additionol luminaires thnt could,be adllcil Hith n lC,inilOum ,)j' 

~'::}!~.I.~:'::-:': ;':10 ndditionol lUIninoircl1 con be Bupport..cd ·Ilnd po",crcd by 

"xi:'Li.lli: :;upports an~ tronoCormcrs. 

.. 2,I"I,~~ __ 1"v!!l~'?:tlcded with odditional 01' 210 luminnlrec: 

J'ootcondles ~ 8200'lunlcns x no lUr.linaircr. x O. 7'i x 0.60* 
,,~ "00 f' c.:~.'V 39, ~ ". 

co 70 

!:.~.!2.i L1'L. Co,;t: ;:10 luminaires x $ 150.00 '", $ 31,500.00 

Hote that 8 liGhtinG level oC 70 Cootcandles ua3 reasonable 

,," (jetcrrr,ined oy the 'Illuminating k6incerinG Society rccommendations. 

'l'h" nddition of the 210 luminaires was thc most economicol step to 

incrense li[lhting, and uses current stock items. E:qlected productivity 
, ' . 

i',oilll' uere bllsed on 8 lightinG level oC 70 rootcandl~ COl" stcp 1, . 

und'o slieht1y increased level du~' to step 2 (C.U • .. 0.84, level 

78 l'ootcandlcs) • 

\ " 

j(- 81yvania brochure 

• 

t, 



/,I'Ilt1:,1 O;J(·r;·tin", (;ORt· of :\dditionnl Lumin:d.rc<;' --_ .. _-_._- --+---_.. ' .. 107 
\... 

" 
1. 1'0\,,,1' co"tG nre: 7.50 'IOtts .per fixture/0r 250 x 7.10 ~ 5~ kilo 

WAttR. for"Zl0 fixture •. Power CO:lts based on 2A 1,0ur ti 'f .opC'rn .01. 

is ~jt,l:\l. x 1'4 hr. it 3(,5 dRYs It I!¢ per Kl\ ~ $ 7,000.00 per year. 

?, Al;nual cost of cleaning lir,hts and luminnire: t 7 y. 7.10 ~ 1, 1,~()O. 

-). "'Cost of replnci,ng lomps llnnuillly 1f done \vhcn huninairen nrc 

heine clenned • $ 3 x Z10 a $ 650.00., Note that one year br 

B7~iO hours 'of operation approache!) 80% of ('''pected life of the 

lnmps (YGOO hours) 

• ~.' Spot replacement, anrtual cost: $ 350.00 

Tnt"l nn,,~"l operating Co.sts <11'1' 1. + 2. + ,3. + 4. 'or $ 9,500.00 

'1'1,,' curr<'nt lightinl~ level ",as calculated usirig the more detailed 
, . 

procedure outlined in the llluminati'ng Engineerinr; :;ociety LiJ.\htini\ . . 
!hnc1bonk, fifth Edition, Ghnpter 9 . The purpose \,'as to check the . ' 

CCCUl':1cy of the short method availahle in the Sylvania brochure. Pages 

t(·fcrred to arc in tht: I.E.S. H'mdhook. (17) 

C;1vi ty Rnt.ioB 

= 5h '(Room lenBth nnd room "jdth) 
(Room Length) ,x (R<lom lIidth) 

hrc = average of 6 feet. 
5 :lC 6 (190 + 

C~ilin~ Cavity Rntio, CCR m 190 ,x 120 

" 
hrc = 11, feet 

5 X 11(190 + 120) 
, .. 190 :It 120 

/ " 

!(oom Cavity natio, RCR 

hfc = 3 feet 

.' 

. " 

11'0) 
a .4 

= .75' 
I 



lOll 
!:1 Ill}' ('.;vLt\, F:ltlo ~ .. .7 

I',·J' ',,"I I',j ('cLIve Cc1.11ng Cavity H<·f)ccl,'"C('.!";" , l.n bnH"d on 

, 
, ' . 

. . 
, in bOIled nn flnar 

" , " 

,,' 
,10 

c",·f fie i(,lIt o( Utili1.ution, htlscd onf,,· .47, J,h ~ .10 IlIltl lwninnirc 

'''. vidd fr'>I" FIR 9-17, G.U .... 75, The C.U. 1R ,,(ljn!lt'!ll hy l'ip, 9-13 

In C,lI.~ ~ ',7:' ): .95(; ~ .75. The result is dOGe to the. 75 I'ntlmntl'd 

I,.,,;" ·:,,1.1 in til<' Sylvnnin, cntnlo!]uc. 

L!~,ht lo,;n fnctors, Ree'pngen 9-1 to 9-R in the 1.1\.S. Lir,htln(l 

1I.1Ildh.) •• 1t nnd Fir,. 10, Chnpter I, A .. F.S. Environmental M'lOlInl. (n 

/ 

,( 



I. AI'S H."IlUCll 

:. pg. 9-3 

.1. ("stimntc 

,. 
). pg. 9-4, 12 month, medium 

"ylvnni.Cl catal~e 

109 

. , 

7. Spot replacement to be carried out bet" en 1 1 ~ ,e nnnun re- amp progress 

Class 11, Medium, pg. 9-5, 9-6 • 
E. 

Lir,ht Loss Factor LLF = .95 x .98 x .00 x _ .98 x .92 X )0 xl. 00 x .90 , 1. 
= .(05;>.6 

Expected current lighting level of 216 existing luminairies 

tootcan'dlcs = 
216, x 95w,x .75 x .60 

, ',800 

= 39 

n. 9-7) 

This level compares favorably with the calculation based Cln the , 
.. Sylt;'nnia catalogue, of 35 footcandles. The simpler Sylvan,ia method 

wi 11 be used in further calculations.' 

Development of Costs for Step 2, Table 5 
--.... 

Paint costj$ 10.00 per gallon 

Coverage: 500 sq. ft. per gallon 

Labour: 

Area: 

500 sq. ft. of ceiling "Brea. above floor space per df 

22,800 sq. ft. 'of flool: area 

8 hour s i~t 46 x 8 x 6 - $ 2210.00. Additional allowance 

"'>0'" , 22. BOO '1 " .. DM d".,", .\6,00 po< hoo<. >".d o. "" 

of $ 19. for 'difficult to paint areas , 

Haterial: 60 gal'lons x $ 10.00 = S 600.00 , " 
Q • 

, 



'I'ot:11 C"pi tnl Cost: $ 3,000.00 

1:,',lI1t:lllt effect on lighting level: 

I,'hite reflectanc(' is grente,r th. an flO", CUb P ... ecomcs. 84 nnd 

Il·vel in footeandle increases from 35 to 39, or 70 t(» 78·. Annue.l 

m~j.ntcn:Itlcc cost, .$ 1,000.00. 

IlL'vdop!".':!.'.t of Costs for Step 3, Table 5 

P"int cost and coverage as in Step 2. 

Labour: clean and pa!nt machinery over a 200 sq. ft. floor area per 

8 hO<lr shift. . 

Paint I\I'quired: 55 gallons 

Cos t of L"hour: 22,800:- 200 = 114 man· days 

114 x 8 hr. x $6.00 = 1 5,472.00 

• 
Cost of Paint: 55 x 10 .. = $ 550.00 

Total Cost: $ 6022 :::.: $ 6,000. 

110 

!Ec~imated maintenance' cost based on 10 year life of paint is $ 600.00 

per year. 

D~.vclopment of Costs for Step 4, Table 5 

A;N.S.I. Pipe Code and Safety Code are slightly different that 

General.l·btors standards. 

Labour Costs: Estimated time is based on repainting re-ident~fying 

pipe and safety markings at the'rate of 600 sq. ft. of floor area per 

8 hour shift 

Area: 22,800 sq. ft. 

Cost of Labour: (22,800 sq. ft. -:- 600 ·sq. ft.) x 8 hr. x $6. per hour 
... = S 1,800.00 

Cost of Material: S 200.00 

1.---

. -" - -,~.'. 



" '[,,{.,I C:''1>ita] C,,"t: $ 2,000.00 
, 

('1,,·,-;,1 ine ,,'o"tn to handle pipinr, lind safet,. equipment rrlocnti'imil 

;11 t'. t·:.tilll"t,'tl nt 1, 1'00.00 per year. 

.. 

'. 1'.t1tlting ?.-;o--,-,--r---. x 6 $ 1,440.00 

FI('t'tl'ical \"",-k (lir,hting) 110 hr. x (, u $ 480.00 

1'~t:tl Co,;t: t :',420.00 r'.$ 2,)00.00 

Foti"wu:cl anriual operllt.ing coats: $ 250.00 
:J 

ia required to handle 

" 
mudi [j cat ion":~uc to macllinery additions nnd relocations 'affecting 

l'mp 1 oy('(' ~~Itinti and working arcas. 
/"" 

r 

• 

, . 

/ 

, 
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lISJ:R'~. I·P.tWftL- 1"01: CM'I'l'/IL !llllY~ET IILLOC{,TIO!: 
UPUllL!.TlON I'lll'GP}.:·t 

. , 
'!~H' P[~ll~.l:D.;~I·U:;"C'S ut1,lity fllllCtiollll to cval\l;~h· blld:~I·t l":I'('nJ; tlll"('~' 

ll' ~;lI("t,111 IHd:~lt~d,. find other nnn .. tcchnlrni item!., '.Jhilc [IH'I..1110, , 

I' !~:'.:'·I I', nt 

.".<1" .. I": c .. eh varinbl" 10 cxprcpscd in ter",,, of ll1Yltl(:,:~ \1til tty. 
t 

\ 

I" . 

Ut~ 1 j ty 

.\ 

Environmental 
Chllr~~cristic 

I 

-. 

fl:' 
" 

• 
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I 

• 
( I, ~., \ !' i :-; tic 

. " 

Cost 

The l1~ility curve i.s subjectively developed'; the coet curve 

i, k ::( ,0 'lIl' engineer in:; <iata. Occns~o,nally the environmental character-

,:,tic elm not be mco5ureu directly and the relationship bctl"ccn utilit,' 

. .':nd, cart i~ c}-:press€d directly: 

\ 

,/ 

.' 
U~:ility 

. -

'~ 

Cost Environmental 
Characteristic 

" 

\ 



" 

.1"1 l;'~(' ;l11,t !"('latco tlcpC'ndcnt v;1rL1,.hlc. I' I ' 
. \ute t lllt c,p.v('f.::l (fl(.~p('nr1('Jl'.: v;lr- ? 

.:J·l"; I.!;.'" ~'l' ;;:.;!:')ci.:ltt'd ~ith One Indl:pcnclt.nt v:::.riablc. 

1'111" utility cu~-ves mH~;t hI.! \l<l'o.lltccl, i I 
I, n 01·(~t to cXl1rc'nr: 

r('l;;t lv,_' i:lIporl:mcl' nJ the depelldent \"'Il'l.,',l,l~,". (' \' 
'" enVjrulll~l("lti,l 

. , 

" 

II'. (1 l i',I; .. til)n '\-: ... :nrcs..s:ion ·_-_·t-_·J.._--
.\~; ('r" 'iC11SgCl) in Pro". J.I·.'. '1' till t t (") L _ « n " (";':.' J cnnc(!rnin:: IO,ulti- : 

\1 (ut!lity villue ~f each dcpcnd<'nt v):riablc) 

or 1I ~. (ut; lily value) ~ minimu:u 

1 If. Tnpl1t !J:,t:·~ :-.no Pro~r .. tm Form~t 
• .J_ 

For c"ell variabl(, th~ "following input, ,"11St toc entered in th" 

,,·;·in pro!'rn,n, \lith all dllta coming frOln tht utility "nd cost Cl'rves. 

D.·T,\ COST/ :.\ points on cost curve I (5 or more) 

I)\~,\ V.\t:V.llLE! corresponding. values of the dependent variable/ 

il.\T·. UTILITY/ correspondinB units of utility! 

• 

Flln,-tian FT,\BLt "'ill interpolate be,tween these pointG to form " contInuous 

, 

nl1',\'<', nppro:<imntinr, the ~rtginnl utility 'or CORt curve. For any giv"" 

110illt XX, on a cost curve 
, 

?, ~ V/\LU!: O!' DEPE:lDF.NT VARIABLE - FTABLE ( COST, VARIABLE, XX, til nnd" 

ZZ,~ CORRESpo:mING UTILITY - FTABLE ( VARIABLE UTILITY, ·z, i·1) 

The remnincler of the main prograni follows the outline provided in Reference (4) 

.' 



• 
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r:l';-:t ~ 1'1.('1 utIlity CU!"ves l".ll!.:t he W( ir.htcd, in 0nll..:r to cxprc'.'1!; 

. 'i': .. n,l;ltiv •. ' j:lIport:mcc of the deren,dent varf.ahl"f'Ei (cnvin.l·11I:ll'TLti11 

"" di';C'IS~"d in Prof. J.II •. Sidclnll" ~""t ,(3) c(lnc~rnl,ry:: IOllilti-
a- • '~'_.', 

." .. 
,ll ~ (ut!.l'ty v,',lu" of 1 I d • • cnc, ccpcn cnt vcrlnble) 

-- m.1ximum " 

or 11 ~'(';;tTiit¥ value) b minimum 

1:\l!'~' l.·:,:pr(·~:~i"n~ \')0'r1: cqanlly wE:il. 
" 

'.' 
"':;' 

For c"ch variabl,' the following' input mllst bc entered in the , 

""';n pro:'rmn, \lith all dnta coming frolll- th,\ utility nnd cost CI'rves. 

I)"T,\ COSTI t.! point~ ·on cost curve! (5 or more) '. 

D."~,\ V,\I:I!.IlLl' !/corresponding values of the dependent varinble I 

JJ,\T', llT~ITY I corresponding uni·ts ?f ut 11 i~y I 

Function I·Tf.I\1.E ,"i}l i~terpolllt,e between the,se points to form n contlnqous 

curve', nppro::inwtinr, the original uti'lity or cost curve. For lIny givpn 

poirifXX, on a cost curve 

? ~Vi\LUr: OF DEPE:mENT VARIABLE -.,FTABLE ( COST,~ARIAnLE, XX, H) ~nd 

ZZ'~ CORRJ::SpmmING IITILlTY ~ FTABLE ( VARIAn~E UTILITY, 'z, H) 
. . " 

The remllinder of ' the main progr8111 f011.ow8 the outline provided in Reference (4) 

". 

m.:., 
" 

" 
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'ht: (';," he' tr~ns[erred to subroutines UREAL nnd CONST by the usc of 

Subroutines UREAL ?nd CONST musl: :l15" be uner "ritten as 

::110'..'11 ill the Ol'TTSEP manual, Reference (4) Hote that the optimization 

va ues or the variabl"", ,"',"" "d!)" \lill contain the 5\;,,\ ,of the utl'lity 1 f 

FUller Ion FTAllLE must also be includ,'" in tl _u Ie pru~;ranl as shewn 

in the pJ."0gr.al\1 lisl:ing. 

;;y follo\<ling these input requirements ~, 
output showing the 

, 
budL~e,: cy.;>enditures "ill result\) as shoWn on Page73 on the th~"i". 

I f desired, simple format statements con be written into the main 

prngra:n [or an output similar to Page74 of the thesis. 

In addition, output curves can be.,developed, by utilizing 

"ui)routin.o .PLOTPT in the main or call1ng program. Refer to Reference (11) 
I 

[or details. 

The o~tjmilln points on each curve can be singularly identified in 

thl' output graphs by adding a simple DO loop, when writing subroutine 

PLOrPT into the calling program. This featur." is not a port of subroutine 

PLOTPT; therefore an exami;le is included: 

The follo"ing statements were used to plot' per cent increase 'in 

.productivity (rnn3e O.to 2.7) on the x axis, and utility (range 0 to 10) 

on the Y n:d.s. 

~.x = 0,0 (starting valne of per cent increase productivity on X axisl 

AG = CPROD +0.4 (optimum utility value plus a email increment) 

'j,)l ZPI(OD = F'UBLE ( YPROD, UPROD~ !!iX, 8), where ZPROD is the utility 

"c·ll,e, using' functiori FTABLE. 

1 f (A:«. GE. CPil.OD AND "". LF.. A6) GO to 507 . 
CALL PllY:'F";' (AX,~~()!):9) . (Ie, print 8 dot.. for t.his point) 
508 AX '-J\X+ 0 .01 (ie ,increJllllntt.he value of AX) 

\ . 

•• 

• 



IF(AX .GT. 2.7)80 TO 511 
117 

(i ,', j I. tile v.,.lue of per cent productivity has exceeded maX.l·m,"', .. , range, 

::" Lo 'i11 llI1<i Gtnp the iterntion) 

(;0 to 'j'li . ( nnel calculate the a it' i '" ppropr a e utll ty value for the lncrement~l 
value of AX) 

::'\7 C.Lt ,'LOT';'T ("X, ZPROD, 35) 

(iC', print nn a ~or the optimum point) 

'>11 CiIl.t SC!,LE (0.0, 2.7, 0.0, '10:0) 

(;111 opt i ona1 feature of PLOTPT to set limit.s on scales of X axis and 
'{ axis) 

, 
U.LL OU1'I'1.T (ie, print the graph just formed) 

C,\LL 'C;,PTt-: (9, IPROD) 

'. 

Ci.Ll. OUTLm 

("" optlnn;jl fc'ature of PLOT?'! to label the axes) 

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

the thesis. 

VI. S"::lP 1" Problem 

• The thesis proper contains a detailed development of the program 

th"t "!as written to utilize optimization in budget allocations. 

VII. Program Listing. 
. 

" listing ~f the computer program uritten for the thesis forms 

the second p3rt of Appendi~ C: A glossary of terms is also included. 

.~ 
',' ' 
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,f GrosSARY FOR THESIS PRoGRAM 
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rl1l't One - Ar!'I.1~'~ ueedto descriptively label axes of graphc in thcois 

cooputcr output, according to requirements of oubroutine 
. 

PL()TPr (11) • 

ARnAY LOCATION IN THESIS RELATED VARIABLE 

IPR Fig. 3 X(l) . 

loeS Fig., 4 X(2) 

IeOeS Fig. 5 X(~) 

IEFI" Fig. 6 X (3) 

ICEFF Fig. 7 X(3) 

IDB Fig. 8 
-' 

X(,4) 

IeD!l - Fig. 9 x(4L, 

. mOOF Fig. 10 X(5) 

.!PROD Fig. 11 X(6) 

lCAP Fig. 12 x(6) 

• ... 
JLAB . Fig .• 13 .. x(6) .. 

" 

!LAB Fig. 14 X(6) 
• 

JHQUSE Fig. 15 . x(6) 

mOUSE Fig. 16 x(6) 

JSAFE Fig. l7 x(6) 

!SAFE' Fig. 18· x(6) 

lOP Fig. 19 x(6) 
, '" 

. . 

., 

, 



Port t\10 - Data cards used to enter utility values or POints on 

" 
LABEL· 

. UPR 

uoes 

UAlli\PT 

UDB 

UROOF 

UPROD 

mlOUSE 

USAFE 

UU\ll 

Port three 

LADED 

roes 

YADAPr 

!DB 

!PROD 

!SAFE 

!LAB 

YHOUSE 

utilit;y )curves, minimum quantity is 5 points. (u) 

. RELATED INDEPEN,DEN'l' 
VARIABLE 

X(l) . 

. X(2) 

X(3) 

x(4) • 

X(5). 

X(6) 

x(6) 

X(6) 

x(6) 

Good will 

. Operating cost savl,ngs 

Adaptabilit:{ 
·1 

Hoise reduction 

Roof' program 

Productivity 

Housekeeping 
p 

Safety 

. Labour Relations 

- Data cards used to enter values of' dependent variables 

corresponding to POints listed in Part Two • 
. ' 

RELI\TEO INDEPENDml DEPENDml VARIABLE 
VAlUABLE 

X(2) . .' Operating cost· 8aving8 

X(3) Ad~BbU~ty 
, 

x(4) 1I0ise reduction 

x(6) Producti'l'ity 

x(6) Safety 

X(6) Labour relations 

x(6) lIoUaelteaping 

<,...---

!ll~': 
i:i 
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Part Four - Doto cords used to enter value! ot independent varioblcs 

lJiBEL 

<) 

~s 

XADAP£ 

XDE 

XI'HOD 

'. . 
correspon~lin~ to related values of depondt!tlt variables in. 

Port Thrce. 

INDEPJ::NDEllT VARIilBLE 

X(2) . 

X(3) 

x(4) 

X(6) 

RELilTlID 
. DEPllNDENl' V ARIAll LE 

Operating cost savingo 

Adoptability . 

lioise reduction 

PI:0ductivity 

Safety 

Lobour Relations 
," ( 

.Hou·sekeeping 

Pud; Five - Doto cards u~ed to relate independent var1obleo directly to . . . 

utility value ot Part Two (aR exception to the general rule). -Ll\DEL INDEPENDENT VARIABLE RELATED / 

m:P.l1:iDW VARIABLE 

!PI! X(l) Good will 

YROOf X(5) Root program 

Part Six - Miscellaneous Data cards. 

LllDEL . DESCRIPTION RELATED 
DEPmDM VARIABLES 

XOP Relates operating Productivity " X(6) 

cost 'to corres- . 'Safety -
- ponding points ot Labour.relatioDs 

·1 
Housekeeping capital cost 

.' ., 

( 



purt Seven - f1rroys and datn carda used to satisfy requirements of ' 

optimization eubroutine SEEK 1, as noted in the Optisep 

nonuol. (4) 

lIlU"W 'DIITII CIIRD , DE;SCRIP.rION 

121 • 

R:W: RMAX 

ruml RMIN 

XSTfIir~ XSTflRT 

x 

Expected mox1Im.un values of independent variables. 

Expected minimum values'of independent variables 

Feasible starting values of independent varieblea J 
Independent variables 

PHI Inequality constraints 

PSI 
- 1 

Equality constraints 

WORKl 

WORK:O: 
Working arrays to satisfy SEEK 1 

, HORK4 • 

Part Eight - Functions, using P'J.'AlILE to, deterlll1ne value of dependent' 

variable an' utility for ag1ven~alue or the relsted 

1ndep~dent variable. See program listing tor details at 

FUlICTIOn 

ZPR 

cocs 

zacs 

ZADAPT 

CDn 
I 

ZDD ~ 

use ot P'J.'AlILE 

Independent value 
(Good will) 

Independent valUe 

COCS (operating 
cost savings) 

-
Independent yalne 

CADAP! (adaptability) 

Independent value 

CDB (D?iae reduction) 

util1tYL 

dependent valUe 

utility 

cSepenclent value 

,utility . 

d.~~dent value 

utility 

REIltnD '~ 
IMlEPENDENT VARIABLE\ 

X(l) 

X(2) 

X(2) 

X(3) 

X(3) 

X(4) 

X(4) 
'\ 

~~tij 
_, go -.~:I_" ~ " j 

,.,' 

r 

. I 

J 



}'UNCTlo", IliPUT 0U'l'PUT RELATED 
lliDEPENDEIIT VARIABLE 

Z1JOOF Independent value . utility X(5) (roof program) . 
f 

CPI;0D Independent 'value dependent value x(6) , .... 
, ZPROD CPROD (PrOductivity) utility X(6) 

CHOUSE Independent value dependent value X(6) 

ZHOUSE CHOUSE (Housekeeping) utility, X(6) 

CSAFE Independent vslue dependent value X(6) 

ZSAFE C3.'\FE (Safety) utillty X(6) 

CLAB Independent value dependent- value x(6) 

ZLAB CLAD {Labour relatio!ls) utillty x(6) 

ZOP Independent value operating costs , X(6) 

Port Nine - Variables usedAo describ~ independent variables. 

INDEPENDENT ASSOCIATED , 
VARIABLE EQUIVALENT VARIABLES 

" 
XCI) J PRj SPR 

X(2) OCS, BOCS 

X(3) ADAPl, SAllAP'l 

X(4) 
/ 

DB, SDB 

X(5) HOOP, SROOF 

X(6) XP, SPROD 

• 

.. 

\' 
\ ' 

....... 
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Program Listing 
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r 

r 

r 

r 

\ OUD~ 

r" .. 

I f'J"l. , 

"",",r,,~ ... Te;T (IMO\IT ~JTPLJT .T~OI'<;=T~;OUT.T~P"F,=f'\IITPlJTl 

("py ,'>'" 

rNVT~nM~"MTAL (nNTR"L 5YSTI'M5 OPT~MIZATlnN -.RUnGFT ftLLn(AT!n~s 

l!C,r M OPTT'IJZftTION TO DETFRMINE BUDGET ALU)(IITIO~S· FOR A~ 

FN.r;T~'r"PTNr. A,MI). MIlINTFNANCIO'DfPftRTMENT AT GFNERtlL r~orr)PS OF ONAOA 

~·;''''''':;r''1 C.TftTl"wn'TS n"FINF THI' ftRPAY5 IIS"n JI~ THr pp("Ir:Pft". 

nlu~ue;T~M TPD('1I.TnrS('11.I(n(S(Ql.'CFI'(~I.,rI'FF(ol.Tnp(Ql. 

nT"FNSTn~ YPonD(RJ.XPROD(RI.uppnn(Al.XOPIAl 

n ".,,",,.e; T n~' 1 DOnn ( 0 I • 1. r tI p ( , [) 1 • I np ( '11 • T Hnu SF (Q 1 • I L AP ( Q 1 • T S ft r:'r ( '1 1 

, X ~nftDT ('11. ),,,p (" I .UnA (", .Xnq (" , 

rlJ'''"~'ST'W .14()\1!".~(Ql.JLAq(AI.JSI\FI"('11 
.' . 

...----

"I T M rM S l(W Q" tI X ( (; i • PM T ~1( (; 1 • X5 TpT( ,.. I • X '( '" I • PH I ( 1 "", • r 5 T,( 1 1 • \'ony. 1 ( f, I • 

lwnp~?("'I.wnRY~("'I.wnp~4((;I· 

rr"' ... n~' I X A /r"'"usi:-. 7Hnll<;l". C~I\FF'~ 7'<;tI FF trl"~p • Z I. AR 

rn"~nM IXQ/(nSTnT.YH"U~F.UHnUSF.VLI\R.ULI\Q.YC.AFI'.U'<;1\1'1' 
.. 



(" n"""M IXI-! Ir A ~~ PT. Z ~ n,A ~T • enr s. 7f)r S. 7np 

rr","n~\ / X X II J np • Yo'? li,?""F. Yl:'l"nr. X Ar'lA PT. y,\[, APT .liM'A nT • Xnr C, ,I'r,( ~, 

rn',"",,' I XIII X n. ,C;PDnr>. 7l:'nnr. .7n".! Pnn!') , r"p,,':' .. r r'ln .? i"r> 

r,,""I',,! IX7 I"'? sP'?'1rs'<;"'cc;.M1APT .',A!')~PT ''';/'' r.nll'''l'' r-r • 
~ 

r Tpr ~l~XT T\-.'("I rrd")fI~ c;Tf"1f') T~F" f"')Q"r'''l\''~ rr.·v .... py"'oLC" X(~) ~f)rc, "'I('T 

p ~ 
,. "'AI:'''h~'T h~' "x"",'nTTlJP". 

.' 

, , 

r'lhTA J~'1l1<:" (~111 (\HTMPot'w"~r"l/ •. JH"IJC;F (41 It;HT TN I 

"'T' .1'''''.J<:''(~1/10i-'wnllc;''v''''PT/.Jun''5''(f.,\/''IW'''' I 
......... 

"~T~ '.J~nlJC;"(71/f.,~VhXT~ I.J~"IIS,,(pl/PH=UTTlITY/ , 
"h T h .J~"lJ C;" ( n I / 1"~ 0=l'loT T Mll" I 

!')AT8·.JL~R(~1/1(\HPFDlJCTION /,JLAR(41/7HLAROUo / 

nllTa JLII<I(" IIlOH(nMPLIlTNTS/,JLM1!f,l/7H VIIXIS / 
/ 

nAT~ .1I .... C (71/QH=UTTLJTY I,JLfll:\{Rl/l0H n=nPTTMUI.<1 

- , 

n~Tft .JC;IIF"~~I/?HI~~P"VF~ I'JC;lIr"(41/7HC;~FFTY I 

""TII JSIIFF(71/10H n=OPTI~UMI 

'I)/ITA r'PP(1)/f.,HXAX!S=/'!PP(;>l/~HCI'\ST OF / 

I)ATt-J.PR("I1/10HCiOO[l WILL /,IPRi/.l/';HcnST I. 

I) lIT II IPP( 'i) II'>~YAXI5=1, 11(61 17f1UTIU TY/ 

nllTA IPP(71/10H,n.nPTI"UMI 

nATA Tl'\rsrl1/1nHYAXTs.npFP/'Inr5r;>1/1~HATTN" (OSTI 

• 

.' 
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-~ 

9~t 

.- ~.-

I~SlXVAH';/l'7I~OOI;jI'1 (jVI;j~VddHtj"t.I.;lOUol VlVU 

I .;IUOd.;lQ Hull~I.;IVVd'l'llSu)·""IX~XHOlIlLI"j\)Vdl VlVV-

h'lrwd ldU"U HO L /I oj I tJU-) I vlVU 

I lS0J~b/ILluUJI'I"SIXiXH~/I~luUJI VlVU 
~ 

I h~/I_'" I UUJ I VlVU 

" 
I 'J,/VH'/II 'II uiJ) 1'/ ,,;V !J.JIlU.:oaHV III 1:.1 uUJ I VJ.VU 

I .;l~ 10NI-,'>1 I, )u(J:> 1 , I""'; 1 )(~'xff'il \ II UUJ j VJ.vu 

1~ll~lldU·V HOl/lulUUI V 1 V U 

I All -1111 IHII I rL luu I 'I =<.S 1 X V AH'J I I 'i I uu I VJ.VU 

I rl'i/I~luul V1V(J 

i' VuU)i'l/ 1'!lIN!'1 NV.Il.ln4..:ItJHOlI It luul V1Vi.. 
- -

I J,iVNH'i/liluul'/"',,lXVXH'>/lLluul V1VU 

1~"I~ll_J.dU"U H\.IL/lll).;l;L:!_)l'/ ·.I."UJH~/I,,)j;l.:l)1 V~VU 

I u.:JlV-1jtiil~/II.I.:I;jj)I'I="IXv)( HI./I'iI;lj;J)1 VJ.VU 

I ~t~/lbIJJJJI VlVU 

'Ill V\'J .~ 11 v 11 N -' 1 v(j I1U l/ I '/ I ;s j.l; I ' I A) ,';;j I J I ;j.;l ;jH0 II I t I .:1;1_1 J 1 

I ltU.JHo"I.I':I.I.;J.;JJl'l tI.:lCl=~lXVAt1UI/IIIJ;I-,JJI 

----""- - - --- . ' 
1'~(lvilJ.dV=V r'Ul/l~IJJ;s1 

V1Ve, r 
V1V"! 

-'1 All·IIJnl-jtJ/ILI;J.;I.:>-l'I=SIXVA ill.l\'J).J"jl v 1 VlJ 

I ·1I'i/(<..I.;JJ.:Ji V1V.ll 

I Iv llNJlud 1-10 l/l'/) J.U 1'1 A_)I~J l.J IJj.:H1U III 0 I .:JJJ 1 V lVll 

I lIU.J"~/I~).:I;J.;II'1 CJ.;I<.I=~l;<vXilvl/IIIJ.:I.11 VIII" 

1"II,dill'U"'U Hul/lul:'JUJlvlve, 

Il'JU; IV~I""uI/ILI':.»V·J,l'/vj U.:IJ.V I;JW-1Ul/l':lI,.Ju;1 VIV', 

I . H';/I'/ I,Ju.J I V 1"" 

, 1"~lxVX '-tL/I',h;V~I'I''.JI~II\V'' IIdtlr.)f.Jv')l v1-J" 

11'';u) '.J,d lVllU L/I ~ 1'';.JuYI'/tiJnU'''.iIXVArIO L/I l I"JU) I v I ve) 

1_~\~n~lldlJ~V tt(lI/IL)"')u) v LII" 
/-

I l'JU)'1'l/I'JI'>..Jul'l IVlllJ~.Jllu/l~I~ .. "JI vtvu 
~ 

1":d.~X 'lLIIII)~..J\JI'/~;jI"l\v~ H,,/lol,.JUI V1V" 

'" 



cJ 

r,~T~ Ir,mr,('ll/lOHXIIX!<;=PFP "IPRnl)(nlC;HC["~ 1 

''I,H IPpnn("'l/(;HI~lrp:A<;F I.TPRr;n(41/~HTN I' 
• 

'''~,T.\ IrO""( r-1/l O ... rpI"nurTTVT/\ TOR"n( "III,HTV 1 

"flTII IPpr"(?l/"~VAX!S , 

",Th Tn Onn(Q1/AH=IITILITV/.TPP0n(r)1/10H ,n=npTI~U~'1 
," 

~' , 

"IITII Ic,n(1 l/JOHVIIXIS=P'ER IdC"O(?l/r,HCF~1T 1 

nAT" TC"P(~l~OHINCPFII~F ·I,ICAP(41/1HIN 1 

"~TII TCIIO(71/6HXhXI<; 1 

"11Th TrftD(Q1/Q,-,=rllolTaL/.1Clln(nl/c;H (r;~TI 
. ~ . 

~ftT~ IrhO(101/10 ... 0=OPTluUMI 

nllTIl I"P(11110HXAXlCi=CAPlltTnp(?1IlOHTflL COST 1 

nllTA lnp(~1/10HYAXIS=PFLA/,lnp(41/10HTFD IINNUALI 

I);,TII I()O(o;1I10H (lPFRATHlli/,I:1 0 (61!7H COST'; 1 

n.\T II lOP (7111 OH (1=0PT! "'llvl '. 
, . 

nllT/I TLAR(11/10'1XAx'is=CAPT/,II,.Af'\(?1/10HTAL COST 1 

f"/ITII TLllo,nl/lOt-lYf:XTS=PER ItTL/l8(411'iHCFNT 1 

I)IITII lLIIR('i1/10HRFnUCT10N "IL/I~(61/1HLAo,OUR 1 

I)/ITII ILAR(~l/lOH(O~PLAINTSI 

'-" .; 

nflTtI TLII~(RI(10H n=I'PTJ.MtW/· ... __ 

!"lATA 

nAT/I 

nATA 

TCitlFF(~1/iOHy/lXT<;=PFR·,,!'.c.AFF(411.,H(FNT 1 , 

T.Ci~FF( 'i lIqHT ~~OVED 1 :15;~r (61I7H<;AFFTY 1 

TSAFF(ll/lOH O=OPTTMU~I .'. . 
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t' 

'. 

" ' \1"1 F~n'l HI<' IITII TTy ~~!" (11<,[ (":I\h·:~I. 

rT ''''I·r WTlI.. IIf'1WVFI0" TIIF (1)11VI"", lie Ti-Ir. 

f ..... f\.' ,0" l'OQ/('\.(),n.·~.n.,."n.r,t,.("I.7r"1 nr\.l "r,,, ") ' ''"'' nl , • • t,. ,,,_ 

"" T " 

r,~ r ,II "(n("C'",/r,r,f'f)('I.n ,r" 1"'~0f'\.r .1)·\Qnr,."'~I.;I;""('\.n, r,~""n." ,f,rn""~01 

tI\,.. T" ',"rr,/r. r..,l. ~r. ,"),.,",1,.(\(""1. "1', ,r, •. n, 

"fI T .'\ '( '" r'\" ('I TIn. " • ? ("I n 0 n .'r , A ,.., n n n • f'\" 1 ., r, (\" ('\ • (' ,. ", 1", ..... ~"" • Q ~ '-=_':': """ n • 1':'\ " 
o I - -'. . 

1 II (, ('\" n (\ • ('1/ 

nj\ T ,,' \' "'''f,P'T I n. n,," .', r;, '1'."" t;."" t, .1" • .. ,,{PI.,."J.." / 

,...... f\ J" "n" 1(\. r. • 1 • n " , • 1"\" ~ • n "II ." , t; ." " A. 6 " .., • n " H • r. "q " n " 1 ": "I 

r"I" 1" t, Q ('\("! r /_ r, • n , r. , "), • , , 4 .• '. , .; • , .. " 7 • ('\ , "J • ? r, , "1 " q, "p • (\ / 

n"T~ X"Dnn/~.n.,~nnn.M.,nnrn.p.~~~~n.n.~h~"~.n.6n~"~.". 

'h?r..()(1.n.~~n0n.nl ~ 

f)"T" .llflr>nf"l/n'O'1.~.7.1 •• ":\ .... , •• tY·'f\.~.~.A.ln.nl 
\ 
n~T~ Yfl00n/~.0.0.4.n.7,i.n.l.7'7.'.?~.'.7/e 

n~Th YH"\I~~/n.n .... n.ln.n'7n.n.":\n.n.7n.n.p".".lnn.nl 

nhTII "",""<;l"'/n.n,O.l ;n' •. '.".4.n.".1.4.1.,.,.~.nl 
• 



r 

r 

, 

!"I',T(\ I't l\fl/').()tf).()?r,.()."~.n.l ,().? '!n.(,.l.', ,'."1 

T~'rc." n"T~ CfIIHlS FUl.FILl. r.>FOIIIRr"HIT-<; '1F ("I1'Tlsrp. c,l'r ~PPH'IlTX.[) 

f) ~ 1 ,\ M. I P P I ~I T • t n ~ T ~ • ~I r n N'S • M F'()lJr .. "., r; •• ~" X t-1 • ~ ',0, 110 T • ~I T f' S T I (, • 1 • 1 • 1 (, : n • 
" , . 

1 'I • r'l • n • 0 1 ,~. () r) • :> • 1 001 

""1 ~ D'." '.1 I".", <;f)n(1n. n, ".'" n.". n:". n." I ~ . 

. ' 

, . 
1 T~QTMT , .... nI\T"" ,X',IJ,nI..-lT ,p"r "wnQV1 ,',·l("\f'~Y/.\'I"Pl'':I: ,1,I(')PVI,l 

." 

" H,r IF .C;T"T"lIf~!TC; PPFVFNT PP("II'\LF'''; p.~ THF l~iTr"rnl "TlnN ("IF nr'.TII 

ny r.>.-'<;TRlrTINr, THF lIPPI'R /'INn LN/"R i.l"lTS f'F HII' vr:f"'-.j'''1 :-c,. 

~tLL pPFvr~T ~FA~tNGLFSS INTFpoOLAfloN. 

. .' ' 

"I'(X(1 1.~T.~nn(1nn.nlx(,,=<;n(1nnn." 

11' ( x ( ? 1 • IT. " ('0" ti • 0 l)r ( , 1 = ~ (1 (1 Nt; n , . . . 
TI'(X(:>l.~T;~ncno.OlX('l~A0(1n0.n 

Tr(X(~1.LT.0.0lX(~l=n.n 

• T. F ( X ( " 1 • t., T •• h • 0 1 X ( <; l' = (), (1 

TF(X(<;1.~T.~OOOOO.(11X(<;I=~nn(10n.(1 

" 

o ' 

·W 



r 

\. 

.. ; 

nn.~X(/,1 

t 
r~nnF= X ( '" I 

.c,r.'f")nF = pnnF 

~r>pnn=xp 

ZonnF=FTftPLF(Yr.>OnF,IJpnnF,SpnnF.Ql 

ZPR=FTn~LF(YDP,Upp,C,Pp,Ol 

rD00n=FTftnl.F(Xppnn,YDOnn,Sppnn~Rl 

(np=FTAPLF(XnA,~np,snp,"1 

\' 
Znn=FJftPLF(vn~,Unp,(nR"11 

CAnAPT=FTARLE(XADAPT,VAnAPT,SAnAPT,71 , 

Z M)II P T =FT ARL F ( YADAPT ,liAnft.PT ,C APAPT ,7 I . 

(nSTnT=X(11+X('I+X(~1+X(41+X(~1+X(~1 

CHnUSF=FTIIRLF(XPRnn.VHnUSF.SPRnn.RI 

7 HfllJS F = FT II RL F ( Yif'llISI" ,lJHnUSF • CH(}U C,F .!' I 
/ .' 

1.30 



5 

r 

r 

" 

Ir,A'" "=f:TM'1 E I Xpp()f'>'r<,~"'r. SPP()f'>.R I 

7<,HT=FTM'I 'IYS/lFr.II~~FF.(SArr.q I 

71 An"r:TM'IJ·IYL~q.1J1 hR,n:"R.R,1 . 

h'" ,:"XT T\~n rAPI"lS rflUSF r>UTpUT SThTFM":NTS P' VA:>H,"I.' XIAl 

IS Frn~lnMI0ILY lJ~;I\TTP/lCTIVF. 

YFAPS=IXI~I+znp)/XPFT 

TFIYF"PS.~T.~.oIGn Tr> QQ~ 

Tl-W '."PITF ST"~FM·.,.~ppnVIDF TflF IF"[,\/I"'L~'FnRM nr nIITf'IIT. 

h!" T T" I A • I no I 

'oJ Q IT'" I A •. ? 1 0 I 

I.JPTTFII'>.7~nl 

\",PTT".'I~.7~1)('SflFF 

WpITFI~."nl Xll) 

',",PTTFI(..1 /,O) 

WPTTFI~,'~O) XI~l 

WPTTFIA,lAO\ cn'" 
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a 

132 

W"lTF(A,'R~)YiAPS 

\ I" P T T F fA, , 0., ) 

, () r... 

, on 

J 

Fn"'.\~T('X''''"lUl(''T''''lN HlP PURL1( 1/!'IATIOI.Ic,r·,F10.,1l 

FORMAT(,X,.ANNUAL nPFRAT1NG (OST SAVINGS,DOI.LARs.,r]O.,/1 

;' 

,,'1 F("\P"~T(,x, ... rnST OF nUST C.nLLF(TOr.>S,M~Xn'IJM<,F'O.lll 

'h" F("\o~~T(,X,"'PFR CFNT FFFI( IF~CY "TT~lN"oLr RY F~IS~)nN(ONTpnLe/, 

lr:.n F('ID"flTl,X,,,,«('IST OF ppnV I ~ IN! Fnp FUTIIQF FFFTrrnl(V • IrV"L<,rlf'.,1l 

-
, f ... n F("\D"~ T (, X .... I"P('lP I ~, NnlSI=' L FVFL" , .-, 0 •. , I I 

1 7'~ r.("\RI.'~ T (, Y. ,1I(nST. ()F ~IOISF RF(,)fJCT I nN. I)()LI /If'o,l', F 1".' I I 

'c." ;(')r"'~. T (, X'''f.LLO(!\TI'l~l FOR POOF l"ppnvn'F"T .l'\nll.~R~*.F,n., II 

,0, 'nD .. ~T( 'X,"'()DTIt-'IJ'~ PRf'f'lUCTIVJTY '''FlIGHT AN" C"I rUD r.P"('''f.'.'~/1 

,a7 F()Q~~T('X,.FXPRFSSFf'l IN nER CFNT •• F,O."I 

10<; FnPMIIT(1X,.TI"ITIIL ,0 YFAR PE'i\URN.Llr,HT liND UllOUR P!'()GflA'H,P'.l!l 

10, Ft'R"flT!1X.*RFTUPN nN ItJVFSTMPH, IN YEAPS*/l 

, 

,,,0 FnD,,/lT(,X.*USF CURVFS PP'lVTf)FD TO ROll"O rFF f'Un(,FT nLf'(".TI"~IC;lI/l 
• 

?', FORMIITC1X.*IN HnUSFKfFPINGlI.Fln. 1 /1 

.,70 I'('IRMIITC1X,""PFR (,"!T RFI)U(TION IN LIII'l('lJI'I CN<PLATNTS·,Fll'l.l
ll 

, .. .,~o FnQ"AT(1
X

.*PFR ~FNT·.REnucTl0N TN MINOR A((lnENTS,lr.PER CENT""/! 

"~1 F('IRMATtl X.*INCRI'ASFI) SIIFI'Ty*,1'10.1/! 

r THe:- DFMAI~'f'lF.r:: "Qn<;~~~. TST C~~TAT~S TNSTRtJ(lI()NS I';,R THI' 

, 



-
r 

r.xrc"IINf) 'f)r~JT'F'CATlnN OF THF. (JPT'''IN PnI'IT. 

(. RFF"P Tn THE ~PPF"IOJX F(\P USF OF ~)llnp.nllTlrlF PlJlTPT. 

I 

'."1 7[)pnn~FT/lr'I.F.·(Vf?R(\n.upp()I).AX.A) 

Gn Tn ">01 

r;n Tn "OA 

c,', rfltl ~rf\1.~(("\.n,'.7,n.".'(\.('\1 

r~1 I nllToi T 

CALL (JUTLIN 

nx=O.O 

~(,=X(f»+?~O.O 

An, rpPOn=FTAQLr,(X PROD,VPROD.RX.81 

TF(Ox.r;I'.X(Al.~Nn.;qx.L •• q61r,n Tn 1JO 

c.nl f?L(\TPT(O;>X.r PQnn.<lI ". 

r,(\ TO 601 

~,O CALL·PLOTPTCPX.CPPOD.1~1 

c;n Tn "I1e; 

Al' C/l~L srALccn.n.4c;nnn.n.n.O.?71 

r /Ill nllTPl. T 

CIILL c~('O.lCAPI , . 

) 

\ 

c 
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- --'--."_.,-- ~ 

\1·1 L nlJT! IN 134 

r;n Tn 700 

o~(>. ("hi L PlnTPT«"X.lnD."'''1 

rllLL 0UTPLT 

CALL (IIPTN(?IOPI 

(IILL nllTUN 

-
1,00 Z<-lnIJSc="'Th"I' c(Y<-lnIIS",.U<-lr)IISr.",X.Rl 

, 
rllLL PLnTP?(FX.ZHnUSF.Ql -. 
Gn Tn 400 

(ALL ()tlTPLT 
/ 

(ALL (APTN(q.JHntlSFl 

("LL OUTl.IN 

OXdl.O 



'-""'I<;r-r.TIIOI "(xr>f)rlf'\.VH"lIC;r.f)X.~1 

I r (f'lX .(",r. 'I( ((.1. Mlf'I.r<x.l.r .rA ~~'0 

("~II 01 ('\TnT(~x.rH('\lJ<,r.t'l1 

(.f' Tn ROO 

. r,f"\ 

, 
01'" (·(\1 c;("~yr(n.f'I.4"nnn.n.n.n.lnn.~\ 

( 

\ 
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(,('I r" .,on 

• ". L . . 
"1" r "I I 

'" 
c, r ~ I I" ( n • n • , ... 00 ('\. II • (' • n • , II. ,., I 

(~Il. (lliTPIT 

r 111.1. (II P T N ( ~ • It Mil 

((lIll rlll'1.1N 

"X~[\.(1 

" .,",1 :.' ',II rr, < T ~ nl. r (V~IIFr .LJc,,,rl". PX. R I 

\ 

..,. 

: 

, 
. .'/ , 

• , . , ' 
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("ALI OUTLIN 

(ALL PLOTPT(OX,7PP,PI 

.~: 

~G~ (AI.L PlnTPT(OX,ZPR,~51-

C", ?f) 

CALL OUTPLT 

(ALL t~piNI~,TPRI 

(ALL OlJTLHI 

RX=100.0 ' 

R?=(O("S+o;.O 

• 
7:n("S-FTA<lL~(VnrS,1I0("5,QX'1,1 .--:r.. 

( 

TFfRX.r,F.CnCS.ANOoRX.LCoR?IGO Tn.'j?O; 

CA!-L PLOT.g.!/RX,Znc·S.91 

( 

) 

', ........ ~ •. ,~ 
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- ._------_ .. _ ......... -. 

"'. , 
'.0') r~11 Srhl "iloo.o."nn.o,n.o;,<;.o\ 

(AI L (llITr>L T· 

(ALL CnPTN(7,IOCS) ( 

(AL L olin! N 

• 

• """ 'hi I. <;rhl "(r.;')noo.n,F,nf)no.n,,"".".R nn."\ 

(ALI: OUTPL T 

'. 
CnLL.r/lPTN(R.TnCSI 

CnU. nUTLlN 

T~(TX.~T.lo6.o)~n Tn ~70: 

-~(I Tn <;1',0 

• 

. -

,.' ,. 

. I 
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(·~I 1 nllTPI r 

Yl~X (·'1 +1 n(lnn.o 

I: n(, YX ~y~ ... r, nnn. n 

(:n Tn r,pn 

(til I rill!'! T 

,ft(! ntlTl.IN 

... 
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