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Abstract
The purposeof this analysisis to identify computer(Intel-processoPC) pur-
chasingstratgiesthatminimize the aggregate,long-termhardwarecostsrequired
to obtaina given computecapacity The primary inputsto this analysisare (a)
official Intel pricing datafor the years1993-1999 and (b) officially-reportedand
estimatedSPECint95atingsfor variousintel i86-architecturgrocessors.

1 Background & Motivation

1.1 Overview

In this paper | presentan analysisof pricesof Intel CPUsin relationto the integer
processingerformancenf the same.In this analysis| introducea modelfor the per
formanceover time of Intel processorst variouspricing levels. This model,which
appeardo fit the dataquite well, canbe statedvery concisely For a pricing level b in

dollarsandatime ¢ expressedn monthssincethe beginning of the analysisperiod, |

demonstratehat the performancep; (t), of the fastestintel CPU selling for no more
thanpriceb attime ¢t canfairly accuratelybe estimatedy thefunction:

Py(t) = (po + sb)27 1)

with po ands beingconstantshatarecalculatedhrougha least-squaresegression.

Usingthis function, | calculatethe effectivenesf variouspuchasingstratgiesin
minimizing the costto obtainina required12-year‘computecapacity”. Furtheralong
thisline of calculations] includea cursoryexaminationof someof thenon-CPUcosts
associatedavith providing this computingcapacity andidentify two overall aquisition
stratgieswhich aremorecost-efective thanseveral othersin providing oneparticular
level of computecapacity

This paperconcludesvith atangentialy-relatedxaminationof the effectivenesof
asingleCPUpurchase.

1.2 Context

In theAutomationandResearciComputingSection(ARC) of theDivisionof Research
andStatisticsatthe FederaResere Board,we assembl®ur own PCs,in-house . There



aremyriadreasongor doingthis, amongthemcost,control, flexibility , andthe ability
to provide superiorsupportto ourusers.As oneresultof theflexibility thatthis stratey
bringsus,we areableto selecttomponenpartsspecificallyfor theirreusability Rather
thandisposeof anentirePCattheendof its usefullife, we canusuallyreuse- atleast
once-— partsthatrepresentvell over half of the original valueof the PC1

Far from this merelybeingthe cheapor “excessvely frugal” thing to do, planning
for reuseallows us to selectpartsthat are of a higher quality and greaterdurability
thanwe would be ableto justify purchasindf we plannedo disposeof themaftertwo
years.For example,we usetop-qualitypower supplies,aswell astall, roomy, heary-
steelchassisvith threeventilationfans air intakefiltersandcasters Althoughtheseare
expensve comparedo more commonly-usedhassisthe useof suchhigh-endparts
helpsto keepour failureratedown andsimplifiesmaintenancén the reducechumber
of instancesvhereit is required.Evenfor partsthatarenotlikely to bereusablesuch
asdisk drivesand motherboardsye usuallyfind that purchasingunintegratedOEM
partsin moderatequantitiesreducesthe unit costssufficiently that we canafford to
usehigherquality, morereliable partsthan are often found in “value” systemsrom
volumemanufcturers.

Moreover, we are able to provide more consisteng for larger collectionsof de-
vices. For example,with careful planningit canbe possibleto usethe samemodel
andfirmwarerevision of disk drive in every PC deployed over anentireyear By pur-
chasinglarge batchesf partssuchasmotherboardswe canevenstockvery low-cost
sparepartsthatareguaranteedo be absolutelyidentical— right down to the firmware
revision — to partswhich will ultimately needreplacement.We have found that the
maintenance-relateldbor savings resulting from this stratgyy more than offsetsthe
laborcostsassociateavith theinitial assembhandmorefragmentegrocurement.

1.3 Implicationsand Opportunities

In reflectingon the implicationsof and opportunitiesprovided by this strateyy, it be-
comesaninterestingexerciseto attemptto optimizethe systemupgradeandreplace-
ment stratgyy accordingto variouscriteria. Perhapsamongthe mostinterestingof
thesegoalsis the minimizationof thecostto provide agivenlevel of computingcapac-
ity overa periodof time. By “computecapacity”,| amreferringto thetime integral of
oneor moremeasure(syf systenperformanceThus,if one's systemhasperformance
measurep, andthat systemis held andusedfor time periodt; — o, the capacityof
thatsystemoverthattime periodandaccordingto this performanceneasurewould of
coursebe p(ty — tg). Theperformanceneasuraloesnot have to bea measuref the
rateatwhichthe CPU cancrunchnumbersijt couldbearny measuref capability such
asdisk storagegraphicspolygonspersecondegtc.

If, however, duringthe sametime period,onepurchaseseplacesor upgradeghat

1Oneimportantcomponenthatturnsout to be reusabldn this stratgy is the operatingsystem. While
mostcommercially-soldVindows-basedsystemscomewith “OEM” licensesprohibiting the separatiorof
the operatingsystemlicensefrom the original hardware,retail licensesor Windowvs may be carriedfoward
to a new hardvare systemif the old oneis taken out of service. This meanghat, whenwe do a hardvware
upgrade(a) we don't have to purchasea nev Windows license,and (b) we are not forcedto upgradeto a
new versionof Windows if theonewe arecurrentlyusingis no longerbeingoffered.



systemat regularintervals of durationAt, thenthe total capacityof the the family of
systemaoverthatperiodwould be

N
R=) pilt )
i=1

whereAt = % andp; is the performanceof theit*unit held. Wereit to be possible
— or useful-to implementsuchupgradesontinuously this capacityfigure would of
courseapproachanintegral ftto p(t)dt. In reality, however, we will alwaysbe dealing
with discretesums,notintegrals.

Of course,ary upgradeto or replacemenbf the systemwill comeat somecost.
At the beginning of thei** time period, someprice 7; mustbe paidin orderto gain
the performanceémprovement(p; — p;_1). This price may bring eithera whole new
system,or perhapsonly a small upgradeto an existing system,for examplea new
CPU and/ormotherboard Note that thereis no magicalassurancéhatthe price paid
will resultin the performancencrementeingpositive; thiswill only betrue provided
that, at eachupgrade a sufficient portion of the the systemwill be replacedso asto
have sucha favorableresult. In addition,in orderto make propercomparison&mong
dollar amountsspentover several years, it is necessaryto apply a discountrate to
theseamountgo adjustthemto a constandollar value. Towardthis end,let §; bethe
discountratenecessaryo adjustdollarsat the beginning of time periods to thevalue
of dollarsatafixedpointin time;in thecalculationslonelaterin this paper| adjustall
the dollarsto valuesthe endof the analysisperiod. Thus,thetotal amountspentover
thetime period(t; — to) will be:

N
P=> mbi ®3)
i=1

With thesetwo valuesdefined,it is straightforwardto arrive at a measureof the
effectivenessof the upgradestratey in providing the computecapacityin question.
The effectivenessE of this stratgy is definedas “capacity per dollar” for systems
purchasedccordingo the strategyy overthetime periodfor theanalysis:

£=R/P 4)

It is thismeasure thatwe will attemptto maximizethrougha carefulselectionof
purchasingstratayy.

2 Source Data

Theprimarydatasourcefor thisanalysigs Intel's official, quarterlypricingannounce-
mentsfor i86-architecturegprocessorgrom 1993 through1999. In all, twenty-eight
quartersof dataare available for forty-eight different processors.This datais pre-

sentedn AppendixA. Notethatthis paperconsidersonly processorintendedfor use

in mainstreamgesktopPCs. For the periodconsideredthis includesthe 80486,Pen-

tium (60-200MHz), PentiumMMX, PentiumPro (256KB), Pentiumll, Pentiumlil



andthe Celeron.This paperdoesnot includedatafor the large-cachéPentiumProsor
ary of thePentiumll XeonandPentiumlll XeonprocessorsNotethat,while it would
beinterestingeitherto includeor to do a separatanalysisof AMD processor$AMD
having consistentlysold competitive or nearly-competitre, binary-compatiblgproces-
sorssincethedaysof the8086),| unfortunatelyknow of no way to obtaincomparable
pricing or performancealatafor AMD’ s products.

The secondansourceof datafor this analysisis the SPECint95benchmark.This
benchmarkfrom TheSPECConsortiumht t p: / / www. spec. or g, isawell-respected
measureof the integer, or characterperformanceof a processar Technically it is a
measureof systemperformancebut in practicethe performanceof a CPU dominates
themeasurandthereis relatively little differencen performancemongsystemswith
thesameCPU.

While official SPECint95measurementare availablefor mostof the CPUscon-
sideredn this analysisthereareseveral CPUsfor which this measurés not available.
In thosecasesptherbenchmarksvhich measurdnteger performancevere scaledto
SPECint95units basedon the relative valuesfor several CPUsfor which both bench-
marksareavailable. TheseotherbenchmarksvereIntel'siComp, SPECS SPECint92
andPC Magazines Wintunelnteger. In extendingSPECIint95n this way, | wasable
to obtaina single performancemetric for forty-eight different CPUsavailable over a
seven-yeaperiod. To avoid confusionwhenreferringto my extendednetric,| will use
thethe notation:"Si95". My Si95 numbersarealsolistedin AppendixA, annotated
with the sourcef any numberghatarenot official SPECbenchmarks.

3 Theory

3.1 Notation
First, a bit of a glossaryto kick-startmy notation:

e C = thesetof CPUsconsideredn this analysis.

@, = thenumberof quartersof empiricalpricing dataincludedin this analysis.
As of thiswriting, this numberis 28.

* p., = theofficial Intel pricefor CPUc € C andquarterl < g < @,. In quarters
wherelntel did not have an official price for a CPU, this price is consideredo
beinfinite.

e S. =theSi95 of CPUc.
e b = ascalarpricecut-off, or "bin", in dollars.
o Cyy =thesetof ¢ € C wherep., < bin quarterl < g < Q,.

e ppy = max(S.) wherec € G, . Thiscanbedescribedasthe” Si95 of thefastest
CPU costingno morethanpriceb in quarterg”.

e t = acontinuoudime in units of months,with ¢, the startingtime for the plan-
ning periodandt; theendingtime.



3.2 Moore'sLaw Curves
3.21 Background

As mosteveryoneknows, GordonMoore,in 1965,0bsenedthatthetransistodensities
in integratedcircuitsweregrowing andwould continueto grow ataratesuchthatthey
would doubleevery two years. Sincethat time, this predictionhasbeenrevisedand
extended,and eighteenmonthshasbecomethe generally-acceptedoublingtime for
factorsrelatedto semiconductoperformance. Beyond just transistordensity this
doublingtime describesery mary othermeasurablgropertiesof integratedcircuits,
which generallychangein directrelationto transistordensity For example,the more
denselypacledthetransistordn anlC, thelessthe signalpropagatiordelaybetween
transistorsandthe morequickly the circuits canswitch on andoff. The morequickly
they canswitch, the higherthe clock rate at which the IC canoperate andthe more
work they cando in a unit of time. Thus, asa consequencehe growth rate of the
measurabl@erformancef CPUstendsto follow a Moore’slaw curvefairly closely

Still, it is not immediatelyapparenthat the performanceat a given pricing level
would follow this pattern.This only follows from the secondarpbsenationthatintel
hashistorically offeredtheir latest,fastestCPU at a pricein the rangeof $800-$1200.
After introduction,Intel typically will allow the pricesof their partsto softenin such
away that, by thetime they arereadyto introducea new, yet-fasterpart, the pricesof
the older partswill have slippedso thatthey arelessexpensve thanthe newer parts
in proportionto therelative speeddifferencesetweenthe old andnew parts. Thisis
lessof atechnologicalssuethana marletingissue. Intel’'s costof manugcturingfor
theseprocessorss extremelylow whencomparedo the selling price andthey could
choosea differentpricing strat@y if it suitedthem?® They appearto have concluded
that,undermostconditions profitswill be maximizedwhenthey arrangefor the price
history for anindividual partto follow a sortof inverseMoore’s-lav curve. By con-
trast,following the releaseof AMD’ s K6-2, Intel's processopricesweresubjectedo
unprecedentedownwardpressureAs aresult,Intel was,for almosta year, forcedto
abandortheir traditional pricing stratgyy andallow their pricing structureto be com-
pressedlowvnward. Only afterthey introducedthe "value-line"Celeronprocessorso
bearthe brunt of the price competitionwerethey ableto returnto the old stratey in
their flagshipPentiumline.

While this connectioris somavhattenuousgiventhatwe areattemptingo predict
somethingasvagariousasintel’s CPU pricing, this mayin factbe closeto asgoodas
we cando.

2"An Updateon Moore's Law" GordonMoore, Intel Developer Forum Keynote Septembe0, 1997
http://ww.intel.com pressroont archi ve/ speeches/ gen®3097. ht m

31t is alsopossiblya supply/demandssue,in thatIntel may perhapse selling thesepartsfor the lowest
pricethey canwithout creatinga demandor a quantityof partsthatis substantiallygreaterthanwhatthey
areableto manufcture. If thisis true, thenwerelntel to lower the pricesof their CPUs,price might well
riseall by itself, but in sucha way thatthe mamgin would belongto theresellersandspeculatorsatherthan
Intel.



3.2.2 Estimation

What | will do hereis to calculatea family of Moore’s-lav curves, eachof which
will estimatethe performanceof Intel CPUsvs time for a given fixed price ceiling.
Specifically for eachprice cut-off b, | will calculateafunction:

N (t—tg)
po(t) = po(to)2 " (5)
Notethat,with thedoublingratefixedat eighteermonths eachsuchcurveis com-
pletely describedby a single scalarparameteipy (o), andthusthe taskis reducedto
calculatingthis singlecoeficientfor eachpriceb of interest.To dothis, | usedasimple
leastsquare®stimation.Takingthelog of bothsidesof equations, we have

In2

Inpy(t) = Inpy(to) + 1_8(t — to) (6)

Setting7#po = Inpy(to), g = Inppg @andr = (3(¢ — 1) — to) (the 3(¢g — 1) term
servingto corvertthe quarterindex to monthunits) thenat eachquarterq, the errorin

this estimatewill be
R In2
Tog = To0 — 77 (7)

andthe sumof thesquare®f theerrorswill be

Qo

Z{qu — Tpo — ln—QT} )

q=1

Differentiatingwith respecto 7, andsettingthe derivative equalto zerogivesus

Qo In2
0 = Z 2{rpq — b0 — I—ST} )
g=1
Qo ) Qo In2
Z Tp0o Z{T’bq — 1—87'} (10)
g=1 g=1
) 1 & In2
Tb0 @ Z{’f'bq - K’T} (11)
Po(to) exp { Z{ln Pbg — 3q -3- to)}} (12)

Usingthis formula, | calculateda py (o) for tq =

Februaryl993andtenvaluesof

b: $150,and$200through$1000in $100incrementsTheresultsarepresentedh table
1. Ther? valueslisted in this tablearefor the the resultof equations; they measure
thecorrelationbetweerp; (3(¢ — 1)) andpp,.



[ b ) [ r*]
$150| 0.6053| 0.975
$200| 0.6873| 0.971
$300 | 0.8010| 0.989
$400| 0.8758| 0.977
$500| 1.0193| 0.976
$600 | 1.1479| 0.950
$700| 1.2308| 0.978
$800 | 1.3055| 0.974
$900 | 1.4627| 0.970
$1000| 1.5336| 0.969

Tablel: Moore’s Law Coeficients

4 Practice

4.1 Strategiesand Simulation

With thesecurvesin hand,it is now much more straightforward to estimatethe ef-
fectivenesdactor & for a given stratgly. Toward thatend, definea stratgy .4 to be
aplannedseriesof purchaseqay, as, ...ax } attimest(a;), with the planningperiod
being definedastimes ¢, throught; and subjectto the constraintst(a;) = to and
t(an) < ty. At eachpurchasey;, we will spendrg(a;) onthe basesystemcompo-
nents(chassispower supply andotherpartswith relatively long usefullives),m ys (a;)
on moderate-lifetimepartssuchasthe motherboardand memory andn¢(a;) onthe
CPUitself. Thus

w(ai) ZTFB(ai) +7TM(CL,') +7Tc(a,') (13)

Notethat,at eachpurchasepneor moreof the price componentsnaybezero.For
example,we might purchasenly a CPUupgrade)eaving theremainderlone,sothat
mg(a;) = mp(a;) = 0 andwe(a;) > 0. Or, morelikely, we might purchasea new
CPU, motherboardandmemory in which casesg (a;) = 0 while ¢ (a;) andmr(a;)
arebothpositive. In any event,eachpurchasewill resultin a systemwith performance
p(a;). It is assumedhat,ataminimum,eachpurchaséncludesanewv CPU.

To simplify the calculationstwo additionalassumptiongremadehere. First, we
assumehatthe “performance”of interesthereis completelydeterminedoy therated
Si95 of the CPU in usefollowing the purchase.Secondwe assumehatthe persons
doingthe purchasingexercisea reasonablamountof commonsenseandensurethat
the systemresultingfrom eachpurchases ableto take full advantageof the proces-
sorthatis installedfollowing the purchase.Thus,if newer, a fastermotherboarcand
memoryare necessaryo take goodadwantageof a new processarthenthosewill be
purchased Clearly this will have to be doneat someregular basis,sinceCPU inter-
faceschangeaeasonablypftenandit thuswill frequentlybethecasethatany nev CPU
availablewill generallybeunusablén mostoldersystems.



As aresult,thevaluep(a;) canbeestimatedas:

P(ai) = Prc(as)(t(ai)) (14)
Defininganew function At(a;) as
N t(ait1) —t(a;) , 1<i<N
At(a;) = { ty — t(an) L =N (15)

equation2 maybeestimatedas

N
R(A) = Z pla;) At(a;) (16)

And equation3 maybeestimatedas

P(A) = Zﬂ(az’ﬁ(t(ai)) a7

i=1

whered(t(a;)) is thediscountrateattime ¢(a;). Finally, theeffectivenes®f astrategy
A maybeestimatecdhs

~

E(A) = R(A)/P(A) (18)

4.2 A SimpleObservation

Thinking a bit aboutequationl8, it is of courseobviousthatthe effectivenesawill be
improved by spendingessmoney on fastersystems.In the realworld, it is also of

coursetruethat, all elsebeingequal,the fastessystemgendto costthe mostmoney,

andthe slowestsystemsgendto costthe least. Looking just at CPUsfor a moment,
we can seethat, at ary point in time, thereis nearly a linear relationshipbetween
CPU costandperformanceReferringbackto table 1, we canseepretty muchexactly
this behavior. Stunningly the coeficientspy (to), plottedagainsthe valuesof b, form

almostexactly a straightline; with r2 = 0.996,

Pv(to) = p, = 0.463 + 0.00109b (29)
For corvenience] will definepg = 0.463 ands = 0.00109, sothat
Py = po + sb (20)

This is sousefulin simpifying the calculationghatfollow andthefit is sogood,that|
usethis estimatep;, in placeof p (o) for theremaindeiof this paper



4.3 Back tothesimulation

Returningto the calculationof the effectivenesof variousstratgies,we cannow sim-
plify equationl6 by usingequatior?0asanapproximatiorfor thecoeficients.Specif-
ically, we cannow write

N
RIA) = 3 (0o + s70(0:)2 "% At(ar) (22)

=1

At this point, we needto considersomeactualstratgies, of which thereare of
coursefar to mary to count. To keepthingson a calculableand conceptuallyunder
standabldevel, we will make yetmoresimplifying restrictionson our choiceof strate-
gies. First, we will only considerstratgiesfor which 7¢(a;) is afixedvaluewc(A)
for all purchasesvithin a givenstratgly. Secondwe will only considerstratejiesfor
which the time betweenpurchases\t(a;) is againa fixed value At(.A) for the strat-
egy. Moreover, wewill limit A¢(A) to be(a)anintegralnumberof quarters(b) evenly
divisible into our planningperiod,which will betwelve years,or forty-eightquarters,
and(c) no morethanthreeyearsin length. Thus,the only valuesfor At(.A) thatwill
beconsideredre3, 6,12, 18,24 and36 months.

To begin this analysisfirst obserethatin calculatingé (A) = R(A)/P(A), since
the value 7@’(.,4) doesnot referencepurchase®f arything but CPUs,the numerator
cannotbe increasedr decreasedby arny changesn plannedpurchasegor mother
boards,disk drives,etc. Secondly obsene that, comparedo purchasingonly CPUSs,
purchasingheseothercomponentsswell canonly increase the denominatarThus, it
will proveusefulto fist calculatehe costsandeffectivenes®f several CPU purchasing
strat@iesin isolationfrom the restof the systemparts. This having beendone,we
will considersereral stratggiesfor purchasinghe remainderof the systemparts,and
investigateheimpacteachof thesewill have onthevariousCPU strateies.

With thesesimplifications,equation21 now canbewritten

144/ At(A) 1AL
RI(A) = > (po+smo(A)2 1 AHA) (22)
i=1
144/At(A) (1A
= {PO + SWC(A)} * 4 At(A) Z 18 (23)
i=1

Thetwo majorportionsof this lastequationareeasilycalculable andtable2 con-
tainsvaluesof the coeficient {py + smc(A)} for thetenusualprices(notethatthese
numbersshouldbe highly similarto thosein tablel), while table3 containsvaluesfor
the secondfactor Table 4 shows the productsof thesetwo setsof values Referring
especiallyto table4, therearea numberof obsenationsthat canbe made. Foremost
amongthemisthat(duh)totalcapacitwi’ maybeincreasecitherby purchasingnore
expensve CPUs,and/orby buying themmorefrequently Secondlyit becomeslear
thattherearesomecapacitieshatcannotbeachiezedexceptby purchasingcPUsmore
frequently For example,it would not be possibleto satisfya requiremenfor atotal,
12-yearcapacityof over 7,000 Si95-monthswhile purchasingCPUsonly every 24



| m | po+sm |

$150 0.627
$200 0.681
$300 0.790
$400 0.899
$500 1.008
$600 1.117
$700 1.226
$800 1.335
$900 1.444
$1000 1.553

Table2: Valuesof py + s for severalinterestingvaluesof .

| At | Apy /AL o=

3 6,250
6 5,890
12 5,210
18 4,590
24 4,030
36 3,060

(i—-1)At

Table3: Valuesof At 3" 144/41 255" for six valuesof At

‘ ATf—f 3‘ 6‘ 12‘ 18‘ 24‘ 36‘
$150| 3,910 | 3,690 | 3,260| 2,880 2,520 | 1,920
$200 | 4,250 | 4,010 | 3,550 | 3,130| 2,740| 2,080
$300 | 4,940 | 4,650 | 4,120| 3,630 | 3,180 2,420
$400| 5,620 | 5,290 | 4,680| 4,130 3,620 | 2,750
$500 | 6,300 | 5,930 | 5,250 | 4,630 | 4,060 | 3,090
$600| 6,980 | 6,580 | 5,820| 5,130 4,500 | 3,420
$700| 7,660 | 7,220 | 6,390 | 5,630 | 4,940| 3,750
$800 | 8,340 7,860 | 6,960| 6,130 5,380 | 4,090
$900 | 9,020 | 8,500 | 7,520 | 6,630 | 5,820 4,420

$1000| 9,700 | 9,140 8,090 | 7,130| 6,250 | 4,750

(i—1)At

Table4: Valuesof R! = (po + s)(At Y 144/21 275#7) for six valuesof At andten
valuesof 7. Cell valueshave unitsof S:95-months

10



monthsor more, evenif $1000CPUswereemployed. But generally it would seem
thatgivena requiremenfor, say a 12-yearcapacityof 3,5005795-months(andhow
onearrivesat afigurelike thisis far beyond the scopeof this paper),onecanchoose
from ary of the 48 (out of 60 total) strat@iesthat meetthis requirementMost likely,
however, the mostcost-efective choicewill be oneof six stratgies, the stratgiesin
eachcolumnthat offer the leastamountof capacitygreaterthan 3500 .5795-months.
Thisis becausewhile theremay be otherfactorswould favor onepurchasdrequeny
overanotherit is unlikely that purchasinga more-expensve CPU thannecessaryvill
resultin a morecost-efective stratgy. Thesesix stratgiesareboldedin table4. The
next part,of coursejs how to choose.

5 Dollars

5.1 CPU Costs, and the Effectiveness T her eof

Sincethe whole point of this paperis the minimizationof the costto provide a given
level of computecapacity the primary criterion hereis clearly cost. Thisis notto say
that,ultimately, onewould nottemperthiswith otherfactors,suchasthelaborrequired
to implementthe variousstratgies,but, all elsebeingequalor evencomparablegost
is the overriding factor This paperwill, however, only considerthe acquisitioncosts
associateavith the purchasef the hardwareitself. An analysisof labor, maintenance,
andothersupportcostsis, again,beyondthe scopeof this paper

As mentionedn section4.3,we will first considerthe costof the CPU itself, and
will look atthe otherhardwarecostsasa secondstep.Fromequationl7, we know that
theadjusteccostto procureall the CPUsin a strat@y is equalto Zé‘;l m(a;)o(t(a;)).
At this pointwe needto have adiscountrateof somesort. The purposeof this discount
rateis to adjustfor theopportunitylost by spendinghemoney, andis setatanamount
thatreflectsthe interestthat could be earnedon the money if it wasnot spent.In the
caseof theFederaResenre Board,themostdirectly applicableratewould appeato be
theinterestrate paid by Treasurysecurities.While a fully-careful analysiswould use
theactualandcarefully-projected-bill ratesthisisn't that carefulananalysissol’'m
just goingto pick a fixed ratefor the entire 12-yearperiod: 1.75%per quarter which
is equivalentto anannualrateof about7.19%.At thisrate,thediscountrateto beused
in theequationss

tp—t(a;)

8(t(a;)) = 1.0175 s (24)

Applying the simplificationsfrom section4.3,this canberewritten as

144—(i—1)At(A)
3

§(t(a;)) = 1.0175 (25)

11



At | S o5
3 75.6
6 38.1
12 194
18 131
24 10.0
36 6.91

Table5: Summedliscountfactors

(2= 3 6 12 | 18 24 36
$150 | $11,300 | $5,720 | $2,910 | $1,970 | $1,500 | $1,040
$200 | $15,100] $7,620 | $3,880 | $2,630 | $2,010 | $1,380
$300 | $22,700] $11,400| $5,820 | $3,940 | $3,010 | $2,070
$400 | $30,200] $15,200] $7,750 | $5,260 | $4,010 | $2,770
$500 | $37,800] $19,100| $9,690 | $6,570 | $5,010 | $3,460
$600 | $45,300] $22,900] $11,600| $7,890 | $6,020 | $4,150
$700 | $52,900| $26,700| $13,600| $9,200 | $7,020 | $4,840
$800 | $60,500] $30,500] $15,500| $10,500] $8,020 | $5,530
$900 | $68,000] $34,300] $17,400| $11,800] $9,030 | $6,220
$1000| $75,600| $38,100] $19,400| $13,100] $10,000] $6,910

Table6: Total, adjustedl2-yearcostsP (A) for six valuesof At andtenvaluesof .

allowing equationl7 to bere-writtenas

A 144/ At(A) 144—(i=1)At(A)
PA) = Y ro(ALOTEHES 20
i=1
144/ At(A) 144—(i=1)At(A)
= 7c(A) Z 1.0175 3 (27)

i=1

Now, the sumin equation27 canbe straightforwardly calculatedor the six values
of At underconsiderationtheresultof this calculationis providedin table5.

Having calculatedhesevalues,it is thenstraightforwardto calculatethe total 12-
yearcostsassociateavith thesestratgjies. Thesecostsarelistedin table6; the costs
associatedavith the six candidatestratgjiesmarkedin table4 areboldedhere.

Finally, we candivide table 4 by table 6, cell by cell, to obtainthe effectiveness
& (A) for eachof thesestratgiesconsideredTheresultis presentedn table7. Again,
the effectivenesssaluesfor the six candidatestratgiesfrom table4 arebolded. From
this result, threestratgies clearly standout: $200 CPUsevery twelve months,$300
CPUsevery eighteenrmonthsand$400CPUsevery twenty-fourmonths. It is difficult
to selectfrom amongthesethree althoughfrom a strictcost-efectivenessneasurethe
$300@ 18 monthsstrateyy would clearlywin.
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‘ ATf—f ‘ 3 ‘ 6 ‘ 12 ‘ 18 ‘ 24 ‘ 36 ‘
$150 | 0.345 | 0.645 | 1.120| 1.460| 1.680| 1.850
$200 | 0.282| 0.526| 0.915 | 1.190| 1.370| 1.510
$300 | 0.218| 0.407| 0.708| 0.919 | 1.060| 1.170
$400 | 0.186| 0.347| 0.604| 0.785| 0.902 | 0.995
$500 | 0.167| 0.311| 0.542| 0.704| 0.809 | 0.892
$600 | 0.154| 0.288| 0.500| 0.650| 0.748 | 0.824
$700 | 0.145| 0.271| 0.471| 0.612| 0.703 | 0.775
$800 | 0.138| 0.258| 0.448| 0.583| 0.670| 0.738
$900 | 0.133| 0.248| 0.431| 0.560| 0.644 | 0.710
$1000| 0.128| 0.240| 0.417| 0.542| 0.624 | 0.687

Table7: Effectiveness’ (A) for several CPU-onlystratejies

If onesomehav hada high degreeof confidencen therequiremenfor 35005795-
monthsasa strict upperboundon the usablecapacity thenonewould probablywant
to do a slightly differentcalculation;in that case,onewould probablyuse3500asa
constantvalueof R’ for ary stratgy thatresultedin at leastthis muchcapacity and
divide this numberby all the corresponding3(A) values. In this case,it is obvious
that lowest costwould be the controlling factor andthe $200 @ 12-monthstratey
would be regardedas optimal. Still, beforea final selectioncanbe made,the other
costsassociateavith provisioningthesesystemsnustbe examined.

5.2 Non-CPU costs and Overall Effectiveness of a Strategy

In additionto the CPU, atypical desktopPCneedsa numberof additionalparts.These
arepresentedn Table8. While this tableis instructive, we needto take somecarein
how to interpretit. It is not simply the casethatthe rangebetweenthe “typical low
cost”and“typical high cost”for thesepartscangenerallybelinkedeitherto the costof
the CPUthatis usedor thelengthof time thatthe systemwill beused.Althoughthese
arefactorsfor someitems(e.g. onewould wantto spendmoreon a systemchassisor
keyboardif it neededo lastlonger, andsomefasterCPUsmayrequiremoreexpensve
motherboardsr memory) thecostof otheritemsarelik ely to be controlledby special,
localizedrequirements.For example,for basicEthernetconnectvity, a $20 network
card may be entirely sufficient and likely to last for threeyearsor more. However,
if FDDI, ATM or fiber optic, Fast Ethernetconnectvity are requiredin a particular
installation,the network card costsmay approach$250evenif the remainderof the
systemusedbottom-endstuff. Thus,whatl will do hereis simply arive atareasonably
middle-of-the-roadaseprice for partsthatneededo lastfor 12 months,andthenadd
afixedamountfor eachadditionalsix monthsthatthatpartsneededo last. This rather
extremeimprecisionwill allow usto limit the extent of this calculationfor a single
example,but still allow the procesgo be worked throuhto completiona singletime.
Thesefiguresarelistedin Table9. Notethat, in this table,l have notincludedprices
for eithera 3-monthor 6-monthusefullife. Thisis becuase find it quiteunlikely that

13



ltem | Typ. Low Cost | Typ. High Cost | Category |

Systemchassis PS $50 $300 B
Motherboard $70 $300 M
Memory $100 $400 M
Floppy or LS-120 $20 $60 B
CD/DVD-ROM $50 $150 M
Hard Disk Drive $90 $200 M
Video/Graphic<ard $50 $300 B
Network Controller $20 $250 B
SoundCard $20 $80 B
Keyboard $10 $50 B
Mouse/Trackball $10 $70 B
Spealers $10 $100 B
“Base” Total $190 $1210 B
“Moderatelife” Total $310 $1050 M
Total $500 $2260

Table 8: Parts, otherthanthe CPU or monitor, usedin a typical desktopPC. The
“Category” columndenotesvhetherthis partis replacedalongwith the “Base parts”
(B) or the“Moderateuseful-life parts” (M).

Irequency= 195 \ 18 \ 24 \ 36 \

categoryl

B $700 | $800 | $900 | $1100
M $400 | $600 | $800 | $1200

Table9: PCpartpricesusedfor final analysis
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| BIMICsched| Bcost [ Mcost| Ccost| P | R | & |

12/12/12 | $13,600| $7,750| $3,880| $25,230| 3,550 | 0.141
18/18/18 | $10,500| $7,890| $3,940| $22,330| 3,630 | 0.163
24/12/12 $9,030 | $7,750| $3,880| $20,660| 3,550| 0.172
24/24]12 $9,030 | $8,020| $3,880| $20,930| 3,550| 0.170
24/24/24 $9,030 | $8,020| $4,010| $21,096| 3,620| 0.172
36/12/12 $7,610 | $7,750 | $3,880 | $19,240 | 3,550 | 0.185
36/18/18 $7,610 | $7,890 | $3,940 | $19,440 | 3,630 | 0.187
36/36/36 $7,610 | $8,300| $4,840| $20,750| 3,750| 0.181

Table10: Overall costs capacitiesandeffectivenesgactorsfor various12-yearstrate-
giesproviding atleast3500.5:95-monthsof capacity

it would be prove to be usefulto replacea systemchassior disk drive, for example,
every threeor six months.About the only partthatanargumentcouldlikely be made
for replacingonthisfrequeng is the CPU,and,giventheresultingcostsshavnin Table
6, it seemgclearthat eventhentherewould have to be a ratherextremerequirement
for the highestlevels of performancewvailableto justify sucha stratgy. In fact,in the
remaindeiof theanalysis] will notconsdereplacingevenCPUsary morefrequently
thanonceperyear

With theserestrictions thereremainonly afew valid schedulingstratgyies. These
arearepresentedh Table10. Costsareaggrayateoverthetwelve-yeamplanningperiod
andareadjustedo end-of-planning-perid dollars. The effectivenesssalue presented
in thistableis

& =R/P (28)

Thatis, theeffectiveneswaluesarecomputediusingthe straight-lineestimatepy (o) =
Py = po + sb.

In theend,then,atleastin thisoneexample thereis asinglestrategy thatdominates
all the othersconsideredn effectivenesswhile having the second-lavest12-yearad-
justedcost: Purchasinga basesystemunit every 36 monthsfor $1100,andpurchasing
amotherboardmemory CPU, etc.,every 18 monthsfor $900. The closestalternatie
is the 36/12/12strateyy, which would have the CPU, motherboardetc. replacedevery
tweleve monthsratherthanevery 18 months.This stratey is second-highesh effec-
tivenesg0.185insteadof 0.187)but hasthe lowestoverall cost. ($19,240ratherthan
$19,440).Ultimately, thechoicebetweerthesetwo would probablyneedto bedecided
accordingto othercriteria. The fact that the 36/12/12stratgyy would require more
frequentsystemassemblyanddisassemblys likely to beanimportantconsideration.

I wish to emphasizéerethatthe analysispresentedn this sectionregardingnon-
CPU costsis just a singleexampleof how onecould procedein usingthe morecom-
pleteanalysisof CPU costs.Potentially onecould perhapsio ascompleteananalysis
of non-CPUpartsashasbeendonefor CPUsin this paper However, with the excep-
tion of systemmemory it is likely that informationin similar detail for theseother
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partsis simply not available. Also, keepin mind that, in anothersituation,CPU per
formancemay not be the factorof primaryimportance.ln asenerfarm,for example,
disk storagecapacitymight be muchmoreimportant.

6 A Curious Calculation: The Effectiveness of a Single
CPU Purchase.

Oncein possesiorof as simple a formula as equationl9, it is becomessomeavhat
tantalizingto tinker with it a bit and seewhereit might take us. In this section,|
considerthe effectivenesof a single purchaseof a CPU — althoughmosttradepress
articleswill quotethe price-to-performance of a CPU, | find it moreusefulto think in
termsof performance-to-price, or performance per dollar, whichis whatl amcalling
effectiveness of themoney spentona CPUpurchase.

For a CPU purchasedht price b attime ¢ (here,for simplicity, statedas an offset
from to, andit is assumedhatonewould alwayspurchaseahe fastestCPU selling for
priceb; clearlyary otherchoicewould resultin alower effectiveness/alue)we define
theeffectiveness; (t) of thatpurchases

1, .+
es(t) = gl)?ﬂls (29)
1 ¢
= g(ﬂo—%sbﬂﬁ (30)
es(t) = (%]-i-s) 915 31)

Clearly, atary timet, theeffectiveneswill varywith theinverseof theprice paid—the
higherthe price paid, the lower the effectiveness.Note that, asb, the price paid, gets
verylarge,thecoeficient (52 + s) becomeslominatedy s. Thatis, 5218 becomesin
asymptotidower boundon thethe effectivenes®f ary purchasattime¢. Thus,there
really is a stronglaw of diminishingreturnsat play here— beyonda certainprice, the
relative performancamprovementone canpurchasedor an additionaldollar is small
comparedo theimprovementhatis seenat the lowestprices.

Onesomavhatinterestingobsenation that may or may not be relatedis thatone
rarely seedntel (desktop)CPUsselling (asopposedo beingoffered)at pricesabove
about$850.Outof 309datapointsin my pricehistory, only 18—about6%—aregreater
than$850andin mary of thosecasest wasquestionablevhetherthosepartswereeven
actuallyfor salein any volume greaterthana half-dozenor so; mostprocessorshat
ever sold at thatprice (Pentium60, 66, 100,120, and 133; PentiumPro 150, 180 and
200; Pentiumll 300) only did so for one or two quartersimmediatelyfollowing (a
premature?jntroduction. The only two processorshatheld suchhigh pricesfor ary
significanttime were the Pentium66 andthe Pentium100, eachof which remained
above $850for four quarterdollowing introduction,in May 1993andFebruary1994,
respectiely. Interestingly b = $850 is exactly the point at which po /b is onehalf of
s (po/850 = 0.463/850 = 0.000545 = 0.5 * 0.00109 = s/2). The point at which
po/b = s/4is around$l,700- outin the stratospheref large-cacheéXeons.
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Fromthis point, it is interestingto considerthelossin CPU purchaseffectiveness
whichwould resultfrom changinga plannedourchaseo useamorehighly-pricedCPU
thanoriginally planned.If a CPU costingb; wasplannedandthis planis changedo
useaCPUsellingatpriceby, > by, thelossin effectiveneswill be

en (1) —en(t) = (2—0 + s) 215 — (g—o + s) 218 (32)
1 2
+ (1 1
= p0218 (a — E) (33)

To put this in someperspeciie, it is probablymore interestingto calculatethe
proportionof the effectivenesghatis lost by makingthis changethis would be

en (t) —en(t)  po2T (3 — &)
e (a2 (34)
_ e N
G (35)

Note that this resultis not time-dependenti.e., that the proportionof purchase
effectivenesdost whenmoving from aless-&pensve CPUto a more-&pensve CPU
is alwaysthe same givenidenticalchoicesfor the two price points(or approximately
the same differing only asa resultof momentarydeviationsfrom Intel’'s normalprice
strateyy). Notealsothattheterms/po is approximatelyd.00235whichis aboutequal
to1/b; for by = $425. Thusthistermis significantin this calculation.

As anexercise,it is interestingto ask,givena baseprice b, at whatvalueof b, is
one-halfof the effectivenesdost. In sucha case,

1 _ 1
LI (it ) b ”;) (36)
2 (5 + p—o)
1 1 1 s
A——2) = (4= 37
G5 = Gt 37
2 2 1 s
- = — = - 38
b by b Po ( )
1 S
= G o) (39)
1 pPo — bis
- = 40
b ( T ) (40)
2b1po
by = ———M—— 41
> = o= bis) 1)

Table 11 containsthe result of this for a few valuesof b,. Note that beyond a
certainvalueof b, it is not possibleto losehalf the purchasesffectivenesshecausef
the obsenationmadein section6: thereis a lower boundon the effectivenessof ary
purchaseThefirst valueof b; for whichit is notpossibleto halve theeffectivenessan
be deducedrom equation31. This occurswhenpy/b; = s, or by = po/s, which, as
mentionedoreviously, happensvhenb; = $425.
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Y

$150 $464
$200 $756
$300| $2,043
$400 | $13,719

Tablel1: Prices(b2) atwhicha CPUpurchasdoseshalf of it' s effectiveneszompared
to apurchasatpriceb; .
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