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Abstract

Thepurposeof this analysisis to identify computer(Intel-processorPC)pur-
chasingstrategiesthatminimizetheaggregate,long-termhardwarecostsrequired
to obtain a given computecapacity. The primary inputs to this analysisare (a)
official Intel pricing datafor theyears1993-1999,and(b) officially-reportedand
estimatedSPECint95ratingsfor variousIntel i86-architectureprocessors.

1 Background & Motivation

1.1 Overview

In this paper, I presentan analysisof pricesof Intel CPUsin relation to the integer
processingperformanceof thesame.In this analysis,I introducea modelfor theper-
formanceover time of Intel processorsat variouspricing levels. This model,which
appearsto fit thedataquitewell, canbestatedvery concisely. For a pricing level

�
in

dollarsanda time � expressedin monthssincethebeginningof theanalysisperiod,I
demonstratethat the performance�������	� , of the fastestIntel CPU selling for no more
thanprice

�
at time � canfairly accuratelybeestimatedby thefunction:
���� ���	�
����������� � �	������ (1)

with ��� and � beingconstantsthatarecalculatedthrougha least-squaresregression.
Usingthis function,I calculatetheeffectivenessof variouspuchasingstrategiesin

minimizing thecostto obtainina required12-year“computecapacity”.Furtheralong
this line of calculations,I includeacursoryexaminationof someof thenon-CPUcosts
associatedwith providing this computingcapacity, andidentify two overall aquisition
strategieswhich aremorecost-effectivethanseveralothersin providing oneparticular
level of computecapacity.

Thispaperconcludeswith a tangentialy-relatedexaminationof theeffectivenessof
asingleCPUpurchase.

1.2 Context

In theAutomationandResearchComputingSection(ARC) of theDivisionof Research
andStatisticsattheFederalReserveBoard,weassembleourown PCs,in-house.There
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aremyriadreasonsfor doingthis,amongthemcost,control,flexibility , andtheability
to providesuperiorsupportto ourusers.As oneresultof theflexibility thatthisstrategy
bringsus,weareableto selectcomponentpartsspecificallyfor theirreusability. Rather
thandisposeof anentirePCat theendof its usefullife, wecanusuallyreuse– at least
once– partsthatrepresentwell overhalf of theoriginal valueof thePC.1

Far from thismerelybeingthecheap,or “excessively frugal” thing to do,planning
for reuseallows us to selectpartsthat areof a higherquality andgreaterdurability
thanwewouldbeableto justify purchasingif weplannedto disposeof themaftertwo
years.For example,we usetop-qualitypower supplies,aswell astall, roomy, heavy-
steelchassiswith threeventilationfans,air intakefiltersandcasters.Althoughtheseare
expensive comparedto morecommonly-usedchassis,the useof suchhigh-endparts
helpsto keepour failureratedown andsimplifiesmaintenancein thereducednumber
of instanceswhereit is required.Evenfor partsthatarenot likely to bereusable,such
asdisk drivesandmotherboards,we usuallyfind that purchasingunintegratedOEM
partsin moderatequantitiesreducesthe unit costssufficiently that we canafford to
usehigher-quality, morereliablepartsthanareoften found in “value” systemsfrom
volumemanufacturers.

Moreover, we areable to provide more consistency for larger collectionsof de-
vices. For example,with carefulplanningit canbe possibleto usethe samemodel
andfirmwarerevision of disk drive in every PCdeployedoveranentireyear. By pur-
chasinglargebatchesof partssuchasmotherboards,we canevenstockvery low-cost
sparepartsthatareguaranteedto beabsolutelyidentical– right down to thefirmware
revision – to partswhich will ultimately needreplacement.We have found that the
maintenance-relatedlabor savings resultingfrom this strategy more than offsetsthe
laborcostsassociatedwith theinitial assemblyandmorefragmentedprocurement.

1.3 Implications and Opportunities

In reflectingon the implicationsof andopportunitiesprovidedby this strategy, it be-
comesan interestingexerciseto attemptto optimizethesystemupgradeandreplace-
ment strategy accordingto variouscriteria. Perhapsamongthe most interestingof
thesegoalsis theminimizationof thecostto provideagivenlevel of computingcapac-
ity overaperiodof time. By “computecapacity”,I amreferringto thetime integralof
oneor moremeasure(s)of systemperformance.Thus,if one’ssystemhasperformance
measure� , andthat systemis held andusedfor time period �	������� , the capacityof
thatsystemover thattimeperiodandaccordingto thisperformancemeasure,wouldof
coursebe � ���	�!�"����� . Theperformancemeasuredoesnot have to bea measureof the
rateatwhich theCPUcancrunchnumbers;it couldbeany measureof capability, such
asdiskstorage,graphicspolygonspersecond,etc.

If, however, duringthesametime period,onepurchasesreplacesor upgradesthat
1Oneimportantcomponentthat turnsout to be reusablein this strategy is theoperatingsystem.While

mostcommercially-soldWindows-basedsystemscomewith “OEM” licensesprohibiting theseparationof
theoperatingsystemlicensefrom theoriginal hardware,retail licensesfor Windows maybecarriedfoward
to a new hardwaresystemif theold oneis taken out of service.This meansthat,whenwe do a hardware
upgrade,(a) we don’t have to purchasea new Windows license,and(b) we arenot forcedto upgradeto a
new versionof Windows if theonewearecurrentlyusingis no longerbeingoffered.
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systemat regular intervalsof duration #�� , thenthetotal capacityof the the family of
systemsover thatperiodwould be $ � %& ' (*) � ' #�� (2)

where #��+�-,/.0,�1% and � ' is theperformanceof the 2 ,�3 unit held. Wereit to bepossible
– or useful– to implementsuchupgradescontinuously, this capacityfigurewould of
courseapproachan integral4 ,, 1 � ���	�	56� . In reality, however, we will alwaysbe dealing
with discretesums,not integrals.

Of course,any upgradeto or replacementof the systemwill comeat somecost.
At the beginningof the 2 ,�3 time period,someprice 7 ' mustbe paid in orderto gain
theperformanceimprovement ��� ' �8� ' . ) � . This pricemaybring eithera wholenew
system,or perhapsonly a small upgradeto an existing system,for examplea new
CPUand/ormotherboard.Note that thereis no magicalassurancethat thepricepaid
will resultin theperformanceincrementbeingpositive; thiswill only betrueprovided
that, at eachupgrade,a sufficient portion of the the systemwill be replacedso asto
have sucha favorableresult. In addition,in orderto make propercomparisonsamong
dollar amountsspentover several years,it is necessaryto apply a discountrate to
theseamountsto adjustthemto a constantdollar value.Towardthis end,let 9 ' bethe
discountratenecessaryto adjustdollarsat thebeginningof time period 2 to thevalue
of dollarsatafixedpoint in time; in thecalculationsdonelaterin thispaper, I adjustall
thedollarsto valuestheendof theanalysisperiod. Thus,thetotal amountspentover
thetimeperiod ���	�:�;����� will be: < � %& ' (=) 7 ' 9 ' (3)

With thesetwo valuesdefined,it is straightforward to arrive at a measureof the
effectivenessof the upgradestrategy in providing the computecapacityin question.
The effectiveness> of this strategy is definedas “capacity per dollar” for systems
purchasedaccordingto thestrategy over thetimeperiodfor theanalysis:>?� $A@�<

(4)

It is thismeasure> thatwe will attemptto maximizethroughacarefulselectionof
purchasingstrategy.

2 Source Data

Theprimarydatasourcefor thisanalysisis Intel’sofficial, quarterlypricingannounce-
mentsfor i86-architectureprocessorsfrom 1993 through1999. In all, twenty-eight
quartersof dataare available for forty-eight different processors.This datais pre-
sentedin AppendixA. Notethat this paperconsidersonly processorsintendedfor use
in mainstream,desktopPCs.For theperiodconsidered,this includesthe80486,Pen-
tium (60-200MHz),PentiumMMX, PentiumPro (256KB), PentiumII, PentiumIII
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andtheCeleron.This paperdoesnot includedatafor thelarge-cachePentiumProsor
any of thePentiumII XeonandPentiumIII Xeonprocessors.Notethat,while it would
beinterestingeitherto includeor to do a separateanalysisof AMD processors(AMD
having consistentlysoldcompetitiveor nearly-competitive,binary-compatibleproces-
sorssincethedaysof the8086),I unfortunatelyknow of no way to obtaincomparable
pricingor performancedatafor AMD’ sproducts.

Thesecondarysourceof datafor this analysisis theSPECint95benchmark.This
benchmark,fromTheSPECConsortium,http://www.spec.org, isawell-respected
measureof the integer, or character, performanceof a processor. Technically, it is a
measureof systemperformance,but in practicetheperformanceof a CPUdominates
themeasureandthereis relatively little differencein performanceamongsystemswith
thesameCPU.

While official SPECint95measurementsareavailablefor mostof the CPUscon-
sideredin thisanalysis,thereareseveralCPUsfor which thismeasureis notavailable.
In thosecases,otherbenchmarkswhich measureintegerperformancewerescaledto
SPECint95unitsbasedon therelative valuesfor severalCPUsfor which bothbench-
marksareavailable.TheseotherbenchmarkswereIntel’s iComp,SPEC’s SPECint92
andPCMagazine’s WintuneInteger. In extendingSPECint95in this way, I wasable
to obtaina singleperformancemetric for forty-eight differentCPUsavailableover a
seven-yearperiod.To avoidconfusion,whenreferringto myextendedmetric,I will use
thethenotation:" BC2/DFE ". My BG2�D�E numbersarealsolisted in AppendixA, annotated
with thesourcesof any numbersthatarenot official SPECbenchmarks.

3 Theory

3.1 Notation

First,abit of a glossaryto kick-startmy notation:H8I � thesetof CPUsconsideredin this analysis.H�J!K � thenumberof quartersof empiricalpricing dataincludedin this analysis.
As of this writing, this numberis 28.HML N�O � theofficial Intel pricefor CPU PRQ I andquarterS:TVU!T JWK . In quarters
whereIntel did not have anofficial price for a CPU,this price is consideredto
beinfinite.H B N � the BG2�D�E of CPU P .H � � a scalarpricecut-off, or "bin", in dollars.H8I � O � thesetof PRQ I whereL N�O T �

in quarterSXTVU�T J K .H �Y� O �[Z]\_^ �`B N � wherePRQ I � O . Thiscanbedescribedasthe“ BG2�D�E of thefastest
CPUcostingno morethanprice

�
in quarterU ”.H �a� a continuoustime in unitsof months,with ��� thestartingtime for theplan-

ning periodand � � theendingtime.
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3.2 Moore’s Law Curves

3.2.1 Background

As mosteveryoneknows,GordonMoore,in 1965,observedthatthetransistordensities
in integratedcircuitsweregrowing andwouldcontinueto grow ata ratesuchthatthey
would doubleevery two years. Sincethat time, this predictionhasbeenrevisedand
extended,andeighteenmonthshasbecomethe generally-accepteddoublingtime for
factorsrelatedto semiconductorperformance.2 Beyond just transistordensity, this
doublingtime describesvery many othermeasurablepropertiesof integratedcircuits,
which generallychangein direct relationto transistordensity. For example,themore
denselypackedthetransistorsin anIC, the lessthesignalpropagationdelaybetween
transistors,andthemorequickly thecircuitscanswitchon andoff. Themorequickly
they canswitch, the higherthe clock rateat which the IC canoperate,andthe more
work they cando in a unit of time. Thus,asa consequence,the growth rateof the
measurableperformanceof CPUstendsto follow a Moore’s law curvefairly closely.

Still, it is not immediatelyapparentthat the performanceat a given pricing level
would follow this pattern.This only follows from thesecondaryobservationthatIntel
hashistoricallyofferedtheir latest,fastestCPUat a price in therangeof $800-$1200.
After introduction,Intel typically will allow thepricesof their partsto softenin such
a way that,by thetime they arereadyto introducea new, yet-fasterpart,thepricesof
the older partswill have slippedso that they arelessexpensive thanthe newer parts
in proportionto the relative speeddifferencesbetweentheold andnew parts.This is
lessof a technologicalissuethana marketing issue.Intel’s costof manufacturingfor
theseprocessorsis extremelylow whencomparedto the sellingpriceandthey could
choosea differentpricing strategy if it suitedthem.3 They appearto have concluded
that,undermostconditions,profitswill bemaximizedwhenthey arrangefor theprice
history for an individual part to follow a sort of inverseMoore’s-law curve. By con-
trast,following thereleaseof AMD’ s K6-2, Intel’s processorpricesweresubjectedto
unprecedenteddownwardpressure.As a result,Intel was,for almosta year, forcedto
abandontheir traditionalpricing strategy andallow their pricing structureto becom-
presseddownward. Only after they introducedthe"value-line"Celeronprocessorsto
bearthe brunt of the pricecompetitionwerethey ableto returnto the old strategy in
their flagshipPentiumline.

While thisconnectionis somewhattenuous,giventhatweareattemptingto predict
somethingasvagariousasIntel’s CPUpricing, this mayin factbecloseto asgoodas
wecando.

2"An Updateon Moore’s Law" GordonMoore, Intel DeveloperForum Keynote September30, 1997
http://www.intel.com/pressroom/archive/speeches/gem93097.htm

3It is alsopossiblya supply/demandissue,in thatIntel mayperhapsbesellingthesepartsfor thelowest
pricethey canwithout creatinga demandfor a quantityof partsthat is substantiallygreaterthanwhat they
areableto manufacture. If this is true, thenwereIntel to lower thepricesof their CPUs,pricemight well
riseall by itself, but in sucha way that themargin would belongto theresellersandspeculatorsratherthan
Intel.
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3.2.2 Estimation

What I will do hereis to calculatea family of Moore’s-law curves, eachof which
will estimatethe performanceof Intel CPUsvs time for a given fixed price ceiling.
Specifically, for eachpricecut-off

�
, I will calculatea function:
�Y�b���	�
� 
�Y�b�����c�d�*e ��f6� 1hg��� (5)

Notethat,with thedoublingratefixedateighteenmonths,eachsuchcurveis com-
pletely describedby a singlescalarparameter


���i�����c� , andthusthe taskis reducedto
calculatingthissinglecoefficientfor eachprice

�
of interest.To dothis,I usedasimple

leastsquaresestimation.Takingthelog of bothsidesof equation5, wehavejlkA
���i���	�m� jnkM
�Y�i�����o�p� jlk �S�q ���=�;����� (6)

Setting

r �s�;� jnkM
�Y�b�����c� , r � O � jnk �Y� O and tu�v��w0��U��xS��y�z���c� (the w0��U{�xS�� term

servingto convert thequarterindex to monthunits)thenat eachquarterq, theerrorin
thisestimatewill be r � O � 
r �s� � jlk �Siq t (7)

andthesumof thesquaresof theerrorswill be|*}&O (*)i~ r � O � 
r �s� � jnk �Siq t ��� (8)

Differentiatingwith respectto

r ��� andsettingthederivativeequalto zerogivesus

� � | }& O (*) � ~ r � O � 
r �s��� jnk �Siq t � (9)| }& O (=) 
r �s��� | }& O (*) ~ r � O � jnk �Siq t � (10)
r �s��� SJWK | }&O (*) ~ r � O � jnk �Siq t � (11)
���i�����c��� �b^��]� SJWK | }& O (*) ~ jlk �Y� O � jlk �S�q ��w�U���wX�;��������� (12)

Usingthis formula,I calculateda

� � ��� � � for � � � February1993andtenvaluesof�

: $150,and$200through$1000in $100increments.Theresultsarepresentedin table
1. The r � valueslisted in this tablearefor the the resultof equation5; they measure
thecorrelationbetween


� � �sw���UR�VS��d� and � � O .
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� 
���������c� 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

Table1: Moore’sLaw Coefficients

4 Practice

4.1 Strategies and Simulation

With thesecurves in hand,it is now muchmore straightforward to estimatethe ef-
fectivenessfactor > for a given strategy. Toward that end,definea strategy � to be
a plannedseriesof purchases~c� )�� � � �i�n�l� � % � at times ��� � ' � , with the planningperiod
being definedas times � � through � � and subjectto the constraints��� � ) �M��� � and��� � % �W��� � . At eachpurchase� ' , we will spend7���� � ' � on the basesystemcompo-
nents(chassis,powersupply, andotherpartswith relatively longusefullives),7 �;� � ' �on moderate-lifetimepartssuchasthe motherboardandmemory, and 7���� � ' � on the
CPUitself. Thus 7�� � ' �+�z7 � � � ' ����7 � � � ' �*�"7 � � � ' � (13)

Notethat,at eachpurchase,oneor moreof thepricecomponentsmaybezero.For
example,wemightpurchaseonly aCPUupgrade,leaving theremainderalone,sothat70��� � ' �W��7��;� � ' �W� �

and 70��� � ' �{� �
. Or, morelikely, we might purchasea new

CPU,motherboardandmemory, in whichcase,70�R� � ' �
� �
while 70��� � ' � and 7 �;� � ' �arebothpositive. In any event,eachpurchasewill resultin a systemwith performance� � � ' � . It is assumedthat,ata minimum,eachpurchaseincludesa new CPU.

To simplify thecalculations,two additionalassumptionsaremadehere.First, we
assumethat the “performance”of interesthereis completelydeterminedby theratedBG2�D�E of the CPUin usefollowing thepurchase.Second,we assumethat thepersons
doingthepurchasingexercisea reasonableamountof commonsense,andensurethat
the systemresultingfrom eachpurchaseis ableto take full advantageof the proces-
sor that is installedfollowing the purchase.Thus,if newer, a fastermotherboardand
memoryarenecessaryto take goodadvantageof a new processor, thenthosewill be
purchased.Clearly this will have to be doneat someregularbasis,sinceCPU inter-
faceschangereasonablyoftenandit thuswill frequentlybethecasethatany new CPU
availablewill generallybeunusablein mostoldersystems.
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As a result,thevalue � � � ' � canbeestimatedas:
� � � ' �
� 
���o�¡ £¢¥¤�¦¥����� � ' �d� (14)

Defininga new function #!��� � ' � as#���� � ' �§� ¨ ��� � 'l© ) �C�ª��� � ' � � SXTV2
��«�	�X�;��� � % � � 2=�¬« (15)

equation2 maybeestimatedas
$ �s�!�
� %& ' (*) 
�0� � ' �	#���� � ' � (16)

And equation3 maybeestimatedas
< ���!�
� %& ' (*) 7�� � ' �	9Y����� � ' �d� (17)

where9Y����� � ' �	� is thediscountrateat time ��� � ' � . Finally, theeffectivenessof astrategy� maybeestimatedas 
>����!�
� 
$ ����� @ 
< �s�!� (18)

4.2 A Simple Observation

Thinking a bit aboutequation18, it is of courseobviousthat theeffectivenesswill be
improved by spendinglessmoney on fastersystems.In the real world, it is alsoof
coursetrue that,all elsebeingequal,thefastestsystemstendto costthemostmoney,
andthe slowestsystemstendto cost the least. Looking just at CPUsfor a moment,
we can seethat, at any point in time, thereis nearly a linear relationshipbetween
CPUcostandperformance.Referringbackto table1, we canseeprettymuchexactly
this behavior. Stunningly, thecoefficients


� � ��� � � , plottedagainstthevaluesof
�
, form

almostexactlya straightline; with r � � � � D6D6­ ,
�Y�b�����c��®� 
�F�� � � � ¯ ­6wa� � � ��� S � D � (19)

For convenience,I will define� � � � � ¯ ­�w and ��� � � �6� S � D , sothat
� � � �z�F����� � (20)

This is sousefulin simpifying thecalculationsthatfollow andthefit is sogood,thatI
usethis estimate


� � � in placeof

� � ��� � � for theremainderof this paper.

8



4.3 Back to the simulation

Returningto thecalculationof theeffectivenessof variousstrategies,wecannow sim-
plify equation16by usingequation20asanapproximationfor thecoefficients.Specif-
ically, we cannow write
$ �`�s�!�
� %& ' (*) ���F�����i7 � � � ' �	�	� � e±° ¤ g��� #���� � ' � (21)

At this point, we needto considersomeactualstrategies, of which thereare of
coursefar to many to count. To keepthingson a calculableandconceptuallyunder-
standablelevel, wewill makeyetmoresimplifying restrictionsonourchoiceof strate-
gies. First, we will only considerstrategiesfor which 7 � � � ' � is a fixedvalue 7 � ���!�
for all purchaseswithin a givenstrategy. Second,we will only considerstrategiesfor
which the time betweenpurchases#���� � ' � is againa fixed value #!���s�!� for the strat-
egy. Moreover, wewill limit #!���s�!� to be(a)anintegralnumberof quarters,(b) evenly
divisible into our planningperiod,which will be twelve years,or forty-eightquarters,
and(c) no morethanthreeyearsin length. Thus,theonly valuesfor #����s�!� thatwill
beconsideredare3, 6, 12,18,24and36 months.

To begin thisanalysis,first observethatin calculating

>����!�
� 
$ ����� @ 
< �s�!� , since

the value

$ � ����� doesnot referencepurchasesof anything but CPUs,the numerator

cannotbe increasedor decreasedby any changesin plannedpurchasesfor mother-
boards,disk drives,etc. Secondly, observe that, comparedto purchasingonly CPUs,
purchasingtheseothercomponentsaswell canonly increase thedenominator. Thus,it
will proveusefulto fist calculatethecostsandeffectivenessof severalCPUpurchasing
strategies in isolation from the restof the systemparts. This having beendone,we
will considerseveral strategiesfor purchasingthe remainderof the systemparts,and
investigatetheimpacteachof thesewill haveon thevariousCPUstrategies.

With thesesimplifications,equation21 now canbewritten
$ � ������� )³²h²�´hµ ,  n¶=¦& ' (*) ��� � ���i70���s�!�	�d� e ¤ f � g±· � e¹¸ g��� #������!� (22)

� ~ � � ���i70���s�!���aº¼»½ ¾ #�������� )�²h²¥´dµ ,  l¶*¦& ' (*) � e ¤ f � g±· � e±¸ g��� ¿ ÀÁ (23)

Thetwo majorportionsof this lastequationareeasilycalculable,andtable2 con-
tainsvaluesof thecoefficient ~ �������i7 � �s�!��� for thetenusualprices(notethat these
numbersshouldbehighly similar to thosein table1), while table3 containsvaluesfor
the secondfactor. Table4 shows the productsof thesetwo setsof values Referring
especiallyto table4, therearea numberof observationsthat canbe made.Foremost
amongthemis that(duh)totalcapacity


$ � maybeincreasedeitherby purchasingmore
expensive CPUs,and/orby buying themmorefrequently. Secondly, it becomesclear
thattherearesomecapacitiesthatcannotbeachievedexceptby purchasingCPUsmore
frequently. For example,it would not be possibleto satisfya requirementfor a total,
12-yearcapacityof over 7,000 BG2�D�E -monthswhile purchasingCPUsonly every 24
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7 �F�����i7
$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 � � ���i7 for severalinterestingvaluesof 7 .

#�� #!��Â )�²h²¥´dµ ,' (=) � e ¤ f � g¹· ����
3 6,250
6 5,890

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

Table3: Valuesof #!� Â )�²h²¥´dµ ,' (=) � e ¤ f � g¹· ���� for six valuesof #��
µ ,�Ã�_Ä 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

Table4: Valuesof

$ � �������
�"�i7p�b�s#���Â )³²d²¥´hµ ,' (*) � e ¤ f � g±· ���� � for six valuesof #!� andten

valuesof 7 . Cell valueshaveunitsof BG2�D�E -months
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monthsor more,even if $1000CPUswereemployed. But generally, it would seem
thatgivena requirementfor, say, a 12-yearcapacityof 3,500 BG2�DFE -months(andhow
onearrivesat a figure like this is far beyondthescopeof this paper),onecanchoose
from any of the48 (out of 60 total) strategiesthatmeetthis requirement.Most likely,
however, the mostcost-effective choicewill be oneof six strategies,the strategiesin
eachcolumnthat offer the leastamountof capacitygreaterthan3500 BG2�D�E -months.
This is because,while theremaybeotherfactorswould favor onepurchasefrequency
overanother, it is unlikely thatpurchasinga more-expensiveCPUthannecessarywill
resultin a morecost-effectivestrategy. Thesesix strategiesareboldedin table4. The
next part,of course,is how to choose.

5 Dollars

5.1 CPU Costs, and the Effectiveness Thereof

Sincethewholepoint of this paperis theminimizationof thecostto provide a given
level of computecapacity, theprimarycriterionhereis clearlycost. This is not to say
that,ultimately, onewouldnot temperthiswith otherfactors,suchasthelaborrequired
to implementthevariousstrategies,but, all elsebeingequalor evencomparable,cost
is theoverriding factor. This paperwill, however, only considerthe acquisitioncosts
associatedwith thepurchaseof thehardwareitself. An analysisof labor, maintenance,
andothersupportcostsis, again,beyondthescopeof this paper.

As mentionedin section4.3,we will first considerthecostof theCPUitself, and
will look at theotherhardwarecostsasasecondstep.Fromequation17,weknow that
theadjustedcostto procureall theCPUsin a strategy is equalto Â %' (*) 7�� � ' �³9Y����� � ' �	� .At thispointweneedto haveadiscountrateof somesort.Thepurposeof thisdiscount
rateis to adjustfor theopportunitylostby spendingthemoney, andis setatanamount
that reflectsthe interestthatcouldbeearnedon themoney if it wasnot spent. In the
caseof theFederalReserveBoard,themostdirectlyapplicableratewouldappearto be
the interestratepaidby Treasurysecurities.While a fully-careful analysiswould use
theactualandcarefully-projectedT-bill rates,this isn’t that carefulananalysis,soI’m
just going to pick a fixedratefor theentire12-yearperiod: 1.75%perquarter, which
is equivalentto anannualrateof about7.19%.At this rate,thediscountrateto beused
in theequationsis 9Y����� � ' �	���ÅS � � SoÆ_E �ÈÇbf6� e¹° ¤ gÉ (24)

Applying thesimplificationsfrom section4.3,this canberewrittenas9Y����� � ' �	���ÅS � � SoÆ_E �ÈÊ`Ê f e ¤ f � g¹· � e¹¸ gÉ (25)
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#�� Â )�²h²�´hµ ,' (*) S � � SoÆ_E ��Ê`Ê f e ¤ f � g¹· �É
3 75.6
6 38.1
12 19.4
18 13.1
24 10.0
36 6.91

Table5: Summeddiscountfactorsµ ,�Ã�oÄ 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,adjusted12-yearcosts

< ���!� for six valuesof #�� andtenvaluesof 7 .

allowing equation17 to bere-writtenas
< �s�!��� )�²h²�´hµ ,  n¶=¦& ' (*) 70�����!��S � � ScÆ6E ��ÊsÊ f e ¤ f � g±· � e¹¸ gÉ (26)

� 7 � �s�!� )³²d²¥´hµ ,  n¶*¦& ' (*) S � � ScÆ6E ��ÊsÊ f e ¤ f � g±· � e±¸ gÉ (27)

Now, thesumin equation27 canbestraightforwardlycalculatedfor thesix values
of #�� underconsideration;theresultof this calculationis providedin table5.

Having calculatedthesevalues,it is thenstraightforwardto calculatethetotal 12-
yearcostsassociatedwith thesestrategies. Thesecostsarelisted in table6; thecosts
associatedwith thesix candidatestrategiesmarkedin table4 areboldedhere.

Finally, we candivide table4 by table6, cell by cell, to obtainthe effectiveness
>
�s�!� for eachof thesestrategiesconsidered.Theresultis presentedin table7. Again,
theeffectivenessvaluesfor thesix candidatestrategiesfrom table4 arebolded.From
this result,threestrategiesclearly standout: $200CPUsevery twelve months,$300
CPUsevery eighteenmonthsand$400CPUsevery twenty-fourmonths.It is difficult
to selectfrom amongthesethree,althoughfrom astrictcost-effectivenessmeasure,the
$300@ 18 monthsstrategy would clearlywin.

12



µ ,�Ã�_Ä 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

>
����� for severalCPU-onlystrategies

If onesomehow hadahighdegreeof confidencein therequirementfor 3500 BG2�D�E -
monthsasa strict upperboundon theusablecapacity, thenonewould probablywant
to do a slightly differentcalculation;in that case,onewould probablyuse3500asa
constantvalueof


$ � for any strategy that resultedin at leastthis muchcapacity, and
divide this numberby all the corresponding


< �s�!� values. In this case,it is obvious
that lowestcostwould be the controlling factor, and the $200@ 12-monthstrategy
would be regardedasoptimal. Still, beforea final selectioncanbe made,the other
costsassociatedwith provisioningthesesystemsmustbeexamined.

5.2 Non-CPU costs and Overall Effectiveness of a Strategy

In additionto theCPU,atypicaldesktopPCneedsanumberof additionalparts.These
arepresentedin Table8. While this tableis instructive, we needto take somecarein
how to interpretit. It is not simply the casethat the rangebetweenthe “typical low
cost”and“typical highcost” for thesepartscangenerallybelinkedeitherto thecostof
theCPUthatis usedor thelengthof time thatthesystemwill beused.Althoughthese
arefactorsfor someitems(e.g. onewould wantto spendmoreon a systemchassisor
keyboardif it neededto lastlonger, andsomefasterCPUsmayrequiremoreexpensive
motherboardsor memory),thecostof otheritemsarelikely to becontrolledby special,
localizedrequirements.For example,for basicEthernetconnectivity, a $20 network
cardmay be entirely sufficient and likely to last for threeyearsor more. However,
if FDDI, ATM or fiber optic, FastEthernetconnectivity are requiredin a particular
installation,the network cardcostsmay approach$250even if the remainderof the
systemusedbottom-endstuff. Thus,whatI will dohereis simplyariveatareasonably
middle-of-the-roadbasepricefor partsthatneededto lastfor 12 months,andthenadd
afixedamountfor eachadditionalsix monthsthatthatpartsneededto last.This rather
extremeimprecisionwill allow us to limit the extent of this calculationfor a single
example,but still allow theprocessto beworked throuhto completiona singletime.
Thesefiguresarelisted in Table9. Note that, in this table,I have not includedprices
for eithera 3-monthor 6-monthusefullife. This is becuaseI find it quiteunlikely that
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Item 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
HardDisk Drive $90 $200 M
Video/GraphicsCard $50 $300 B
Network Controller $20 $250 B
SoundCard $20 $80 B
Keyboard $10 $50 B
Mouse/Trackball $10 $70 B
Speakers $10 $100 B

“Base”Total $190 $1210 B
“Moderatelife” Total $310 $1050 M
Total $500 $2260

Table 8: Parts, other than the CPU or monitor, usedin a typical desktopPC. The
“Category” columndenoteswhetherthis part is replacedalongwith the “Baseparts”
(B) or the“Moderateuseful-lifeparts”(M).

��ËhÌ O³Í Ì�Î N/Ï ÃN ¢ , Ì/Ð K Ë Ï Ä 12 18 24 36

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

Table9: PCpartpricesusedfor final analysis
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B/M/C sched B cost M cost C cost

< 
$ � 
> �

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,capacitiesandeffectivenessfactorsfor various12-yearstrate-
giesproviding at least3500 BC2/DFE -monthsof capacity.

it would beprove to beusefulto replacea systemchassisor disk drive, for example,
every threeor six months.About theonly part thatanargumentcould likely bemade
for replacingonthisfrequency is theCPU,and,giventheresultingcostsshown in Table
6, it seemsclearthat even thentherewould have to be a ratherextremerequirement
for thehighestlevelsof performanceavailableto justify sucha strategy. In fact,in the
remainderof theanalysis,I will notconsderreplacingevenCPUsany morefrequently
thanonceperyear.

With theserestrictions,thereremainonly a few valid schedulingstrategies.These
arearepresentedin Table10. Costsareaggregateoverthetwelve-yearplanningperiod
andareadjustedto end-of-planning-period dollars. Theeffectivenessvaluepresented
in this tableis 
>p��� 
$ � @ 
< (28)

Thatis, theeffectivenessvaluesarecomputedusingthestraight-lineestimate

� � ��� � � ®�� � � �[�F�+��� � .

In theend,then,atleastin thisoneexample,thereis asinglestrategy thatdominates
all theothersconsideredin effectiveness,while having thesecond-lowest12-yearad-
justedcost:Purchasinga basesystemunit every36 monthsfor $1100,andpurchasing
a motherboard,memory, CPU,etc.,every 18 monthsfor $900.Theclosestalternative
is the36/12/12strategy, which would have theCPU,motherboard,etc. replacedevery
tweleve monthsratherthanevery 18 months.This strategy is second-highestin effec-
tiveness(0.185insteadof 0.187)but hasthe lowestoverall cost. ($19,240ratherthan
$19,440).Ultimately, thechoicebetweenthesetwo wouldprobablyneedto bedecided
accordingto other criteria. The fact that the 36/12/12strategy would requiremore
frequentsystemassemblyanddisassemblyis likely to beanimportantconsideration.

I wish to emphasizeherethat theanalysispresentedin this sectionregardingnon-
CPUcostsis just a singleexampleof how onecouldprocedein usingthemorecom-
pleteanalysisof CPUcosts.Potentially, onecouldperhapsdo ascompleteananalysis
of non-CPUpartsashasbeendonefor CPUsin this paper. However, with theexcep-
tion of systemmemory, it is likely that information in similar detail for theseother
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partsis simply not available. Also, keepin mind that, in anothersituation,CPU per-
formancemaynot bethefactorof primaryimportance.In a server farm,for example,
diskstoragecapacitymightbemuchmoreimportant.

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

Oncein possesionof as simple a formula as equation19, it is becomessomewhat
tantalizingto tinker with it a bit and seewhereit might take us. In this section,I
considerthe effectivenessof a singlepurchaseof a CPU – althoughmosttradepress
articleswill quotetheprice-to-performance of a CPU,I find it moreusefulto think in
termsof performance-to-price, or performance per dollar, which is what I amcalling
effectiveness of themoney spenton a CPUpurchase.

For a CPU purchasedat price
�

at time � (here,for simplicity, statedasan offset
from ��� , andit is assumedthatonewould alwayspurchasethefastestCPUsellingfor
price

�
; clearlyany otherchoicewould resultin a lowereffectivenessvalue)we define

theeffectivenessÑo�i���	� of thatpurchaseas

Ño�i���	��� S� 
� � � � ���� (29)� S� ���F����� � �Y�!���� (30)Ño�i���	��� Ò ���� ����ÓX� ���� (31)

Clearly, atany time � , theeffectivenesswill varywith theinverseof thepricepaid– the
higherthepricepaid, the lower theeffectiveness.Note that,as

�
, thepricepaid,gets

very large,thecoefficient �bÔ 1� �;�c� becomesdominatedby � . Thatis, �c� ���� becomesan
asymptoticlowerboundon thetheeffectivenessof any purchaseat time � . Thus,there
really is a stronglaw of diminishingreturnsat play here– beyonda certainprice, the
relative performanceimprovementonecanpurchasefor an additionaldollar is small
comparedto theimprovementthatis seenat thelowestprices.

Onesomewhat interestingobservation that may or may not be relatedis that one
rarelyseesIntel (desktop)CPUsselling(asopposedto beingoffered)at pricesabove
about$850.Outof 309datapointsin my pricehistory, only 18– about6%– aregreater
than$850andin many of thosecasesit wasquestionablewhetherthosepartswereeven
actuallyfor salein any volumegreaterthana half-dozenor so; mostprocessorsthat
ever soldat thatprice(Pentium60, 66, 100,120,and133;PentiumPro150,180and
200; PentiumII 300) only did so for oneor two quarters,immediatelyfollowing (a
premature?)introduction.Theonly two processorsthatheldsuchhigh pricesfor any
significanttime were the Pentium66 andthe Pentium100, eachof which remained
above$850for four quartersfollowing introduction,in May 1993andFebruary1994,
respectively. Interestingly,

� �ÖÕoqFE � is exactly thepoint at which � � @ � is onehalf of� ( � � @ q�E � � � � ¯ ­6w @ qFE � � � � ���6� E ¯ E×� � � EXº � � ��� S � D?�-� @ � ). The point at which� � @ � �¼� @ ¯ is around$1,700– out in thestratosphereof large-cacheXeons.
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Fromthis point, it is interestingto considerthelossin CPUpurchaseeffectiveness
whichwouldresultfrom changingaplannedpurchaseto useamorehighly-pricedCPU
thanoriginally planned.If a CPUcosting

� ) wasplanned,andthis planis changedto
usea CPUsellingat price

� � � � ) , thelossin effectivenesswill beÑ � � ���	�G��Ñ �`Ø ���	��� Ù ���� ) ���iÚÛ�!���� ��Ù ���� � ���iÚÛ�!���� (32)� �F�o�!���� Ù S� ) � S� � Ú (33)

To put this in someperspective, it is probablymore interestingto calculatethe
proportionof theeffectivenessthatis lost by makingthischange;this wouldbeÑo� � ���	�G�;Ño� Ø ���	�Ñ � � ���	� � �F��� ���� � )� � � )�`Ø �� Ô 1� � ���c�	� ���� (34)

� � )� � � )� Ø �� )� � �ÝÜÔ 1 � (35)

Note that this result is not time-dependent,i.e., that the proportionof purchase
effectivenesslost whenmoving from a less-expensive CPUto a more-expensiveCPU
is alwaysthesame,givenidenticalchoicesfor thetwo pricepoints(or approximately
thesame,differing only asa resultof momentarydeviationsfrom Intel’s normalprice
strategy). Notealsothattheterm � @ �F� is approximately0.00235,which is aboutequal
to S @ � ) for

� ) �ÞÕ ¯ ��E . Thusthis termis significantin this calculation.
As anexercise,it is interestingto ask,givena baseprice

� ) , at whatvalueof
� � is

one-halfof theeffectivenesslost. In sucha case,S� � � )� � � )�`Ø �� )� � � ÜÔ 1 � (36)��� S� ) � S� � �m� � S� ) � ��F� � (37)�� � � �� ) � S� ) � ���� (38)� � S� ) � �� � � (39)S� � � � �F��� � ) �� � ) � � � (40)� � � � � ) �F���� � � � ) �c� (41)

Table 11 containsthe result of this for a few valuesof
� ) . Note that beyond a

certainvalueof
� � , it is not possibleto losehalf thepurchaseeffectiveness,becauseof

theobservationmadein section6: thereis a lower boundon theeffectivenessof any
purchase.Thefirst valueof

� ) for whichit is notpossibleto halvetheeffectivenesscan
bededucedfrom equation31. This occurswhen �F� @ � ) �ß� , or

� ) ���F� @ � , which, as
mentionedpreviously, happenswhen

� ) �ÞÕ ¯ ��E .
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� ) � �
$150 $464
$200 $756
$300 $2,043
$400 $13,719

Table11: Prices(
� � � atwhichaCPUpurchaseloseshalf of it’seffectivenesscompared

to a purchaseatprice
� ) .
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