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Abstract

The rate of technological progress in the microprocessdusiry was higher during
1990-2000 when compared to 1971-1989. The accelerati@cimblogical progress during
1990-2000 was followed by a slowdown during 2001-2008. mpl® explanations for the
acceleration and the slowdown by testing and verifying typdtheses, (i) the acceleration
was caused by an increase in the innovation rate in the apstsemiconductor equipment
industry (ii) the slowdown was caused by a decrease in thenteal efficiency of using
the upstream innovations in microprocessor industry. fibeease in the innovation rate in
the semiconductor equipment industry during 1990-2008 aca®mpanied by an increase
in R&D efficiency. A possible explanation for the increasethe innovation rate is that it
was the outcome of efforts undertaken by SEMATECH, a goventrsupported industrial
research consortia established in 1988 to coordinate R&Rdrsemiconductor equipment
industry.



1 Introduction

A number of studies seeking to explain the increase in priddtycgrowth in the US economy
during the second half of 1990s credit a central role to aelacation in technological progress
in the microprocessor industry during this pelﬂ'od‘.he cause of the acceleration has been de-
bated in many academic, industrial and policy for{mhe rate of technological progress in the
microprocessor industry slowed down after 2000. This ppprides explanations for the accel-
eration and slowdown by testing two hypotheses, (i) thelacagon was caused by an increase in
the rate of innovation in the upstream semiconductor egeignmdustry (ii) the slow down was
caused by a decrease in the technical efficiency of using ihesvations in the microprocessor
industry.

Jorgenson (2001) suggests an explanation closely relategpiothesis (i). He suggests that
the acceleration was caused by a decrease in the produetioyttie semiconductor industry
from 3 years to 2 years. An increase in innovation rate in #maisonductor industry results
in a decrease in product cycle time, as shown in seétidn 6thisnpaper. The slowdown has
been relatively less explored. Aizcorbe, Oliner, and Si¢h@06) suggest that the cause of the
slowdown could not have been a reduction in product cycle imthe semiconductor industry.
Flamm (2007) suggests hypothesis (ii), the slowdown oeclipecause the technology for using
the innovations generated by the semiconductor equipmeéuastry hit engineering problems that
are insurmountable with the current state of technical kadge in the microprocessor industry.

The studies above characterize the rate of technologioglkess in terms of the rate at which
price per quality unit has declined for microprocessorbhis approach however has the limi-
tation, as noted in Aizcorbe, Oliner, and Sichel (2006) aadB Fernald, Fisher, and Kimball
(2006), that changes in prices bought about by changes immgmand competitive conditions
can be mistakenly inferred as changes in the rate of tecgiwalloprogress. To overcome this,
| characterize the rate of technological progress in terfriseogrowth of a technological vari-
able, microprocessor performarnt@erformance is a measure of how fast a microprocessor can
execute software programs. Technological progress in fbeoprocessor industry is reflected
as increases in performance. Nordhaus (2001) gives aelbtddscription of the use of perfor-
mance as a measure of technological progress in computidgc@mpares it with the hedonic
price based approach.

Figure[1 shows the performance of microprocessors prodigedbdo main microprocessor
companies, INTEL and AMD, during 1971-2008. The rate of texdtbgical progress, measured
as the growth rate of performance, shows an increase in 2090followed by a decrease during
2001-2008. Figurkll brings out that fact that the accelamati the decline in price per quality
unit, noted in Jorgenson (2001), Aizcorbe, Oliner, and 8li¢R006) and Flamm (2007) in 1990s

1 Jorgenson (2001) was the first to point out the importanceiofaprocessor industry. See also Oliner and
Sichel (2002) and Gordon (2001)

2 See for example the proceedings of the workshop on Measaridgustaining the New Economy, organized
by the Board on Science Technology and Economic Policy.

3 The price per quality unit is estimated using hedonic resioes.

4 Performance is the commonly used measure for comparingpriccessors in computer science . It is the
reciprocal of the time that the microprocessor takes to@ees given set of programs.



was not caused by a decline in prices alone. There was anlyindetechnological shift that
allowed the both INTEL and AMD to increase microprocessafgrenance at a quicker pace
during 1990s. Tablgl1 shows the magnitude of the increaseointly rate of performance and
compares it with the growth rate of price per quality unitldees mentioned in Aizcorbe, Oliner,
and Sichel (2006). It can be seen from Figure 1 that the aet&la in growth of performance
was more pronounced for AMD than for INTEL, and the data inl@8bshows that the increase
in growth rate of price per quality unit declines was alsdleigfor AMD. This observation has
led Aizcorbe (2005) to suggest another possible cause éoadheleration. She suggests that an
increase in competition from AMD might have lead INTEL to elerate the rate of technological
progress of its microprocessors. The results in this papbcate however, that it was unlikely
that competition was the main driver behind the increaseawth rate of performance of INTEL
microprocessors during 1990-2001.
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Figure 1: The Acceleration and Slowdown for INTEL and AMD.

With this characterization of technological progress indhd propose a model of growth of
microprocessor performance that can be used to test theypailieses above. The model builds
upon the notion in Aizcorbe and Kortum (2005) that repeatizption of higher quality vintages
of semiconductor equipment is the driver of technologicabpess in the microprocessor indus-



Table 1: RATE OF TECHNOLOGICAL PROGRESS IN MICROPROCESSO®USTRY

Company Annual Performance Growth Rate(%)

1971-1989 1990-2000 2001-2008

INTEL 28.4 50.2 22.9

AMD 10.9 65.4 18.5
Source: Author

Annual Hedonic Price Index Decline Rate(%)

1988-1994 1994-2001 2001-2004

Industry 30.0 63.1 28.2
Source: Aizcorbe, Oliner, and Sichel (2006)

tryE The focus in Aizcorbe and Kortum (2005) is on predicting tfiea of changes in the arrival
rate of new vintages on the evolution of prices. Hence theyrag that new vintages arrive in a
deterministic and continuous fashion, which leads the opi@cessor firm to adopt new vintages
continuously. In the model in this paper, new vintages areecording to a Poisson process,
hence adoption occurs at discrete random intervals, arte#tat allows the data on adoption
intervals to be used to infer changes in the arrival rate of viatages.

The model in this paper is closely related to models thatarplhe effect of uncertainty
on the timing of adoption of new technology, including Balead Lippman (1984), Dixit and
Pindyck (1994), Doraszelski (2004), and especially Fatduisman, and Kort (1998). The re-
sult in this paper that adoption of a new vintage occurs whenag behind the frontier reaches a
threshold value is common in all these models. While thedacuhese papers is to theoretically
understand how uncertainty associated with technologicagjress and market conditions affect
the timing of new technology adoption, the focus in the auirpaper is empirical, to use the the-
oretical predictions of the technology adoption model ferithe causes of changes in adoption
pattern and the rate of technological progigss.

This paper is closest in spirit to Griliches (1957), who usesodel of technology adoption

5 Sectiori2 elaborates on this link between technologicaji@ss in the microprocessor industry and the adoption
of new vintages of semiconductor equipment.

8 For a good survey of models of technology adoption, see H@Q@2).

7 A macroeconomic model that is similar to the one in this pag®arente (1999).



to understand the causes of variation in hybrid corn adopgettern across different states in
the US during 1932-1956. In a similar vein, this paper use®deahof technology adoption to
understand the causes of an acceleration and slowdowndbatred in the rate of technolog-
ical progress in the microprocessor industry during 190Q& One important difference with
Griliches (1957) is that this paper explicitly incorpomateow the efficiency of usage of the new
technology influences the adoption pattern and the reguléite of technological progr%sl.n
that respect the model in this paper shares many featureshegitnodel of General Purpose Tech-
nologies in Bresnahan and Trajtenberg (1995). The focusasriahan and Trajtenberg (1995) is
on how the institutional arrangements between the innogatector and the using sector affects
the rate of technological progress and welfare. This papsracts from institutional considera-
tions and focuses on how changes in the technical efficiemtywwhich the using sector uses the
innovations affects the steady state rate of technologicajress.

The model developed in this paper implies that in steady $ket mean rate of technological
progress in the microprocessor industry is determined ko garameters, the rate of innova-
tion in the upstream semiconductor equipment industry hadedchnical efficiency with which
microprocessor firms use these upstream innovations. Hpusrp tests the hypotheses that the
acceleration in 1990-2000 was the shift to a new steady statsed by an increase in innova-
tion rate in the semiconductor equipment industry and tbedbwn in 2001-2008 was the shift
to a new steady state caused by a drop in technical efficiehaging these innovations in the
microprocessor industry.

| use the implications of the model to statistically testttoe shifts to new steady states. The
model implies that in steady state the time intervals betvgemicroprocessor firm’s adoption of
new vintages of semiconductor equipment would follow a gandistribution, the scale parame-
ter of the gamma distribution being the reciprocal of the @tinnovation in the semiconductor
equipment industry. The test for equality of scale paramietgamma distributions suggested
by Shiue and Bain (1983) accepts the hypothesis that theseawaange in the innovation rate
in the semiconductor equipment industry during 1990-2068mwcompared to 1971-1989. To
test hypothesis (ii), | use the implication of the model tthet choice of performance that max-
imizes profit when using a given vintage of semiconductoriagent, depends on the on the
technical efficiency with which the microprocessor firms cge innovations embodied in new
vintages. This allows technical efficiency of a micropr@medirm to be estimated from the data
on performance and vintage of semiconductor equipment usé€thow (1963) test for change
in the estimated technical efficiency, accepts hypothésibét there was a decrease in technical
efficiency of using the innovations during 2001-2008.

A unique contribution of this paper is that it uses the imgiicns of the technology adop-
tion model together with empirical estimates of the paramseto quantitatively decompose the
changes in the rate of technological progress into cortabs from changes in the innovation
rate in the upstream industry generating the innovatiomlsciianges in technical efficiency in
the downstream industry in using these innovations. Themeosition reveals that almost all
of the increase in the rate of technological progress forENTicroprocessors was caused by

8 Griliches (1957) mentions the importance adaptabilitynofovations in hybrid corn made in Corn Belt states
to other states as a determinant of the adoption patternefdesrto it as "Corn Beltiness” of different states.



the increase in innovation rate in the semiconductor egeigrmdustry. For AMD, there was
an improvement in technical efficiency also, which explaumy the acceleration was more pro-
nounced for AMD. The slowdown was caused almost fully by therdase in technical efficiency
of using the upstream innovations, for both INTEL and AMDeTR&D expenditure data of firms
in the semiconductor equipment industry reveal that theease in innovation rate in 1990-2008
was accompanied by an increase in R&D efficiency in the inglusience, a possible explanation
is that the increase in innovation rate was the outcome oftsfindertaken by SEMATECH, a
government supported industrial research consortia whashestablished in 1988, and has since
spearheaded efforts to coordinate R&D activity and acatdennovation in the semiconductor
equipment industry.

This paper makes four contributions. First, in contrast twstrmodels of technological
progress, this paper quantitatively characterizes tdolgizal progress in purely technological
terms, devoid of influence of prices. This provides a muchroée foundation for isolating the
causes of shifts in the rate of technological progress, byoweng the confounding effect of
changes in prices bought about by changes in demand and tiowepsonditions. Second, this
paper provides an example of a method for detecting changesadvation rate in an upstream
industry based on changes in observable adoption pattetine downstream industry. Third, this
paper develops a model of the microprocessor industry, evteshnological progress is driven
by adoption of new vintages of capital equipment. The modellme modified to apply to other
products where adoption of new capital equipment drivebrtelogical progress. Fourth, this
paper weaves together a coherent explanation for the aatielfeand subsequent slowdown in
technological progress in the microprocessor industoynfamong the various suggestions that
have been put forward in the literature.

| now turn to a brief description of the connection betweerhtmlogical progress in the
microprocessor industry and innovations in the semicotmi@muipment industry.

2 Technological Progress in the Microprocessor Industry - Tie
link to the Semiconductor Equipment Industry

A microprocessor can be thought of as a combination of a ledsotronic component, a transis-
tor, and a method of organizing these transistors to perfgparations like word processing or
animatior] The performance of a microprocessor can increased eithactsasing the speed of
operation of the individual transistor or by organizingrthim a more efficient wayl. The speed
of operation of each individual transistor is limited bysige, smaller transistors are faster. The
minimum size of each transistor is in turn limited by the gwyabf the semiconductor capital
equipment used in manufacturing the microprocessor. lathavs in the semiconductor equip-
ment industry lead to capital equipment that can make sntadlesistors. Microprocessor firms
like INTEL and AMD purchase this higher quality equipmentarses them to produce higher

9 The method of organizing the transistors is calleddisignor microarchitectureof the microprocessor.
10 For a very good technical description of how smaller transisand better microarchitecture determine the
performance of the microprocessor, see Ronen, Mendelson, I, Pollack, and Shen (2000)



performance microprocessors. The ability of the higherdityjuaemiconductor equipment to
make smaller transistors confers another important beteefiticroprocessor firms. If the size
of the individual transistor is small, then more of them canput on a given area, allowing
microprocessor firms to implement new designs that increas®rmance. Innovations in the
semiconductor equipment industry thus confers twin bengfithe microprocessor indus@.

The evolution of microprocessor industry towards fastesroprocessor traces the repeated
adoption of higher quality vintages of semiconductor cdmguipment. Each vintage of semi-
conductor capital equipment is marked by the size of thelsstdtansistor feature that it allows
the microprocessor industry to mdkeThus the notion of vintage of capital has a precise physi-
cal interpretation here, that of length. Since these lengta really small, they are usually quoted
in microns (), which is a millionth of a meter. The leading microprocessmn, INTEL, has
adopted fourteen such vintages during 1971-2008, 82, 3u, 1.5, 1, 0.8u, 0.6, 0.35,
0.25¢, 0.184, 0.134, 0.09, 0.065: and 0.04%. Figure[2, plots the different vintages of semi-
conductor capital equipment that INTEL and AMD have adoztgdinst the date of adoption.
The dates marked on the x-axis are the dates of adoption fide

In the progression through these fourteen vintages from-P®08, the minimum feature size
has decreased by a factor of oin Figure[2, it stands out that the time interval between the
adoption of new vintages has become shorter on average 588tk This is the reduction in
technology cycle that has been noted in Jorgenson (2002go/ie, Oliner, and Sichel (2006)
and Flamm (2007), and it forms the basis for hypothesis (ihis paper.

In what follows | will use the lettef to refer to each vintage of semiconductor equipment as
well as its physical interpretation, the minimum featurzesiThe physical interpretation allows
me to use as a measure of the quality of the semiconductor capitapegemt, a lowef implying
a higher quality.

3 The Model

The model is in continuous time. | develop the model in a fexges starting with a description
of the semiconductor equipment industry.

3.1 The Semiconductor Equipment Industry

The semiconductor equipment industry consists of a largel®u of firms which manufacture
different types of optical, electrical, mechanical, an@mical machinery that microprocessor

1 For a more elaborate description of how additional transistonfers benefits to microprocessor firms, see Intel
(2005).

12 The minimum feature size is referred tolm@widthin the industry.

13 | use the date on which INTEL (or AMD) released the first chipnofactured with that vintage as the date of
adoption of the vintage.

14 To express in more practical terms, the innovations in sengactor capital equipment have allowed micro-
processor industry to go from manufacturing transistorthef%th the size of a human hair to aroug@o—oth of
it.



Adoption of Vintages of Semiconductor Equipment
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Figure 2: INTEL's Adoption of new Vintages of Semiconduc@apital Equipment

manufacturers like INTEL and AMD require in their produmt From the point of view of
technological progress in the microprocessor industm, rntost important function that these
companies serve is that they undertake the R&D necessaramuoifacture the next vintage of
machines with a smallet. Hence | lump all these companies together as the semictarduc
equipment industry, and assume that this industry undestdie R&D necessary to red

This R&D generates innovations that follow a Poisson pregéth parametek. Each innovation
reduced by a fixed factors, whereé < 1. The highest quality vintage (i.e smallé3tavailable

at timet is denoted by the functiof(t). | now turn to a description of the demand side of the
model.

15 Some of the important firms in this industry are Applied Matks; Tokyo Electron, Nikon, Canon, ASML,
Terdayne and Advantest. VLSI Research, a market reseagelmiaation focussing on the semiconductor industry
estimates the total revenue for the equipmentindustry@v260 be 57.5 billion dollars, 67% of which was accounted
for by the top 15 companies. US companies accounted for 4A%eakvenues of the top 15 companies, Japanese
companies for 37% and European companies for 14%. See Swhictor-International (2008)

16 The semiconductor equipment industry also has a sepaeasifatation under the North American Industrial
Classification System (NAICS Code 333295) which makes itvenient to obtain the data on R&D expenditure
done by the industry.



3.2 Demand in the Microprocessor Industry

Consumers care only about the performance of microprocess@ssume a stationary inverse
demand curve, given by,

—— = Do[m(@)y(t)] " 1)

Herep(t) is the price of microprocessor sold at tihen(t) is the performance of the micropro-

cessor and(t) is the number of microprocessors demanded. The price pétyquiit is %

andm(t)y(t) is the total number of quality units demanded. The basicrapson behind the de-
mand structure is that total quality units demanded has stannhelasticityy, in price per quality
unit. One obvious abstraction in this demand specificatotne absence of dynamic decision
making by forward looking consumers. It is unlikely that ange in dynamic decision making
process by consumers could have been a cause of the adoelarad slowdown, so | ignore this
aspect of demaritl. | now describe the technology side of model.

3.3 Technology in the Microprocessor Industry

| use three equations to capture technology in this industmg objective of this more elaborate
than usual description of technology is to be able to forteutasts for the hypotheses (i) and
(). Performancen depends on the vintage of semiconductor equipmgeand on the number
of transistors used'.

[e7

T

Here « is the technical efficiency of the microprocessor firm. It immaasure of the effec-
tiveness of the microprocessor firm’s method of organizimg transistors towards increasing
microprocessor performance. Technical efficiengyhas a practical interpretation here, it is a
measure of the quality of design developed by the micromsmefirm. Highera means that
the design is of a higher quality, it can be used to make arfasieroprocessor with the same
vintage of capital equipment)and the same number of transistdry.(The test for hypothesis
(i), is implemented as a test for a shift in the valuenofluring 2001-2008. The fact that is

. 1 . . .
proportional to- arises from the fact that smaller transistors are fasteduBlag/ by a given

factor increases the speed of each transistor by the satoe feor a technical description of the
relatio)rlEbetweerﬁ andm, see Ronen, Mendelson, Lai, Lu, Pollack, and Shen (2000pckeB
(1999

17 See Gordon (2009) for a model of dynamic decision making apthcement cycles in the microprocessor
industry.

18 “Every new process generation brings significant improvesian all relevant vectors. Ideally, process tech-
nology scales by a factor of 0.7 all physical dimensions efas (transistors) and wires (interconnects) including
those vertical to the surface and all voltages pertainintpeéodevices [4]. With such scaling, typical improvement
figures are the following: 1.4 1.5 times faster transisttws; times smaller transistors...”, Ronen, Mendelson, Lai,
Lu, Pollack, and Shen (2000). The names “process genetati@h“process technology” in the above quote are

10



| assume that unit cost of producing a microprocessdras remained constant across differ-
ent vintages. A central fact of this industry is that a frastof microprocessors that are produced
are defective because of manufacturing imperfections.rAroonly used formula gives the frac-
tion of good microprocessors in any given numbera®, wheresS is the physical size of the
microprocessor and is a parameter that captures the degree of manufacturingfﬂqmion@
Hence the total variable cost of producingood microprocessors is

VC(y,S) = cye’® (3)

The marginal cost of producing a microprocesse#fs and is determined primarily by physical
size SB4. The third equation connects the equatidds (2) and (3),tifils in the missing link
between performance of the microprocessor and the vartaikeassociated with its production.
The link arises in a natural way in this setting, as the retethip betweefi’ andS. For a given
vintage/, the size of each transistor is proportionalg—]go Hence if the size of the microprocessor

is S, the number of transistors that can be put on it using vintagachines is given by

S
= @

Equation[(4) links performance to cost and brings out thelémmental technology constraint
facing a firm in making increasing the performanaeof its microprocessors. As equatidd (2)
shows, for a given vintage of semiconductor equipnieatfirm can increase: only by increas-
ing the number of transistofs that it is using in the microprocessor. But as shown in equati
(), for fixed ¢ increasingl’ increasesS, because the microprocessor need to be of larger size
to fit the additional transistors in. But increasifigncreases the variable cost of producing the
chip VC as shown in equationl(3). Hence increasimgimply by increasing’ leads to rapidly
escalating variable cost of production, and is not a viaptea for the firm. The only other way
to increasen is to decreasé, i.e. by adopting higher quality vintages of semiconductgpital
equipment.

But adopting a new vintage of semiconductor capital equigineenot costless either. The
rapidly increasing fixed cost of adopting a new vintage haslveell documented in a number of
source€ To capture this, | assume that moving to a smdlliewolves a fixed cost;'(¢), which

T:T(]

terms used in the semiconductor industry to refer to newag@tof semiconductor equipment. The reference men-
tioned in the above quote is Borkar (1999), who has a very glesdription of how reducingaffects the different
properties of the transistor including its speed. Bork&9@) states that reducirfdoy a given factor reducegelay
timeby the same factor, which is the same as increasing speeahsistor by the same factor.

19 The manufacturing imperfections arise because of conttinimby dust particles. The larger the microproces-
sor the higher is the probability of it getting contaminalgddust, hence the fraction of defective microprocessors
increases with siz&. The parameter is called as thelefect densityn the semiconductor industry, and captures
the susceptibility to contamination by dust particles. Tdvenula for fraction good microprocessors (which is called
yield) used in this paper,~*, is called the Poisson yield equation. See Berglund (1986} tlescription of yield
models in the semiconductor industry.

20 “Cost is primarily determined by the physical size of the mfactured silicon die”, Ronen, Mendelson, Lai,
Lu, Pollack, and Shen (2000pie is the term used in the semiconductor industry to refer to aufeactured chip.

21 INTEL has estimated the cost of adoption next vintage ofteapiguipment (0.032) to be 7 billions dollars.
See Intel (2009)
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is increasing ag becomes smaller. This fixed cost is intended to capture teeafduilding

a new fabrication plant, which often happens when there avietage is adopted, the cost of

overcoming the manufacturing difficulties in getting a mooenplicated production process to

work, and the cost of developing the new microprocessogddsibe used with the new vintage.
Equations[(R) and {4) can be combined as a single equation,

o S
m =moly' sy )
This equation is the technology constraint facing a miawopssor firm. |1 now turn to a descrip-

tion of the profit maximizing problem facing a microprocesfan.

3.4 Microprocessor Firm’s Problem

| assume that the market for microprocessors consists drdysmngle firm facing the demand
curve in equation[{1). The data on AMD and INTEL microprocessshow that the optimal
policies implied by this formulation are in agreement whk thoices that both AMD and INTEL
have made in the p@. The explanations of the acceleration and slowdown providetiis
paper are based on these optimal policies and hold equalljov&MD and INTEL. Moreover
| provide evidence in sectidd 7 that competition between Al INTEL is unlikely to have
been the cause of the changes in growth rate of performamcthellight of these arguments,
modeling the industry as a duopoly would only complicatedhalysis without providing any
additional help in finding explanations of the acceleratod slowdown.

| assume that the microprocessor firms sells only the highesity microprocessor. As soon
as a better product is made, the entire production is movédsmew product. This assumption
helps focus on the factors that determine the rate at whichopiocessor performance is grow-
ing. Given the Poisson arrival rateof innovations to semiconductor equipment that reduiog
a factord, the microprocessor firm has to decide on the time path obpegnce of micropro-
cessors and the number of microprocessors to be manufd@teach point in time. Increasing
performance shifts the demand curve outward, increasegahiable profits (if marginal costs
were not to change, which will be true as shown below).

The problem of the microprocessor firm is:

22 The technology constraints mentioned in sedfioh 3.3 amedfay both AMD and INTEL. In the plausible case
that INTEL faces a demand curve of the type in equafidn (1)AMD faces a residual demand curve of the same
type, the profit maximizing problem faced by INTEL and AMD adentical, except for parameter values. This
might explain why the optimal relationships implied by thedsl have been satisfied by the decisions that both
INTEL and AMD have made in the past.
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max 0

m) w04 B / e [p(t)y(t) — cy()e” D] dt — Y " e I C(U(y))

subject to p(t) = D, (m(t)y(t))%zl

0(t) > 0(t), £(0) given

The term in the outer square brackets is the present disedwatue of net profits, which is
the difference between the present discounted values s grofits (the integral in the objective
function) and sum of fixed cost of adopting each vintage. Téwuence{r;}° are the times
at which the firm decides to adopt the next vintage. The firastaint is the demand curve in
equation[(ll), the next one is the technology constraint iragqgn [%) and the last simply states
that the firm can at best be using the best vintage (smd)lesirrently available. | restriof > 1
to make the firms’s problem well defined.

The optimal choice ofn andy depend only on the current value &f Hence | solve the
problem by first solving the static problem of choosingndy for a given/ and then embedding
this solution back into the problem, to solve the dynamidpem of choosing the optimal times
{Tj};";o at which to adopt new. Substituting the constraints into the objective functibrtan
be seen that the solution to the static problem is as follaMsng an optimal path ofn andy,
the following condition has to hold.

oS*(l) =« (6)

The left hand side of the equation is the elasticity of vdeadost with respect t& and the
right hand side is the elasticity of revenue with respec$toThis optimality condition is the
outcome of the tradeoff explained in sectién [3.3). Indreas increasesn and hence allows
the firms to increase units sold(or increase price), thus increasing revenue. But increasing
S also increases the variable cost because it results in amiigittion of microprocessors being
defective. The firm chooses to balance these tradeoffs, resulting in equatidn (6) abdbve
equation implies that optimal size $§ = %, independent of. Substituting the solution fo$ in
equation[(¥%) gives the optimal value Bfas
: 5
() = Ty% (7)

HenceT grows at twice the rate at whidhdecreases. Substituting this in equatidn (2), gives the
optimal performance as
T* g [e% *

CS— @)

72 Mol /1+20

i.e. performance grows at+ 2« times the rate at whichdecreases. The terith- 2o shows the
twin benefits from a smallef, mentioned in section 3. The exponént represents the indirect

m*(¢) = myg
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benefit of smallef onm through7’, and the exponeritrepresents the direct benefit of smaller
onm. The optimal number of microprocessors to prodydé) is,

9)
wherer, andy are given by
S*a 1 mOTOO‘ K
mo= (0-n2s) ()
¢ = (1+20)(n—1)

Substituting the solutions fon andy into the demand equationl (1) gives the optimal price as

p(l) = # [ce”™ ] = p* (10)
i.e. price of a microprocessor is a constant markup over gagimal cost of production, the term
inside square brackets being the marginal cost of produciidie solutiong* andy*(¢), gives

the revenue along the optimal pathr&s) = 77%- As expected for a constant elasticity demand

curve, the variable (gross) profits is a constant fractjaf revenue, and is given by*(¢) = %
Using the optimal static policies in equatioh$ (6)1(10% gnoblem can be rewritten as

max
(WA, FE

o)

/ et g(z(;g, dt =3 e mo(U))

subject to 0(t) > 0(t)

| solve the problem using dynamic programming. The dynamigmmming problem is most

conveniently expressed by choosing the state variablésths frontier technology, and = %

which captures how far the firm is behind the frontier. Notatth < 1, since the firm can

adopt a vintage no smaller thdnSince the innovation arrival is Poisson, the probabilitpioe

innovation arriving in a small interval of timat is AAt, and the probability of more than one

innovation is approximately zero. Hence the value funcsibould satisfy the Bellman equation
— ﬂ'O

V(é,x):@m + e (1= NAYV (L, x)

The first term on the right hand side is the profit that the firoehees in a small interval of time
At, the second term is the discounted expected payoff afterWith probability1 — AA¢ no
innovations arrive in which case the firm’s value remain¥ ét, ). With probability \At one

+ M\t Max {V(é[, 5x), V(60,1) — C(&Z)} ]
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innovation arrives, in which case the firm has to choose batwet adopting this innovation and
getting valuel/ (6¢, =) or adopting it and getting a valué(s/, 1) — C(57).

Now | assume thaf’(¢) is homogeneous of degreep. While there is no direct empirical
evidence for this, if this were not true then the factor by efti shrinks would systematically
vary over time, something which is not seen in the data (setos8). This implies/ (, z) is
homogenous of degreeyp in 7, and hencé/ (I, z) = [=¢V (1,2) = {~?v(z) , whereV (1, 1) =
v(z). The dynamic program can thus be expressed with a singke &aible,x. Re-writing
with the single state variable, and taking the lidhit — 0, the Bellman equation simplifies to

1

— g
pv(x) = 2919 + A 5o

Maz{v(dz),v(1) —C(1)} —v(z)

The left hand side of the equation is the payoff to owning th@,fiwhich is the sum of the
instantaneous payoff and the change in value which occarsirinovation arrives, an event with
hazard)\ (taking account of the option to adopt). The optimal polisyta adopt a new vintage
when the lag behind the frontier, reaches a threshold values (see Propositionl1 for proof).
The threshold value* satisfies the following equation,

p(v(1) = C(1)) = moa™* + A(éi@ (1) = C(M)] = [o(1) = C(D)]) (11)

Equation[(I1) is the value matching condition mentionedikitand Pindyck (1994) and Farzin,
Huisman, and Kort (1998). The firm adopts at the point whegevidiue to adopting is equal to
the value to waiting. The value to adopting immediately is lft hand side of the equation,
the firms jumps to the frontier but it has to pay the fixed ¢ggt). The term on the right hand
side is the value to waiting which is the sum of instantang@ay®ff and the change in value that
occurs if an innovation arrives at that moment in time. Equmafl1) can be rewritten to give the

threshold value:* as s
x*:{<p“_%)<w)}“’ (12)
o

: . 1 . . . = . . :
Equation[(1R) requires > )\(6_@ — 1) Since each innovation shrinkdy ¢, this implies that it
is optimal to adopt at eveny*“th innovation, wherex* is the smallest integer such thef < z*,
1 *
o _ [
In(6)
Hence scale factor is constafit, . It is easy to summarize the dynamic policy using the simple
diagram below. The possible valueswdrel, d, 62, ..., 6" ~1. Starting fromz = 1, the value of
x decreases 6, §2,.., as the equipment sector produces its stream of inrmm&tWhen the*th
innovation arrives, the firm adopts this antbecomes equal to one again, and this cycle repeats.

| summarize the results above. The microprocessor firm adeyaryn*th innovation made
by the semiconductor equipment sector and hémused by the firm scales repeatedly by the same

23 If discount factorp is not high enough, then discounted net profits are incrgasiar time and there will be no
solution to the firm’s problem.
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factoré™ . Even ad decreases, the firm chooses to manufacture chips ofsimelependent of,

increasing transistor courif’{ and performancen) in proportion tog% andg(Tlm) respectively.

The firm chooses to charge a constant pric@er microprocessor, while increasing the number
of units producedy) in proportion togl@, wherep = (1 + 2a)(n — 1). Revenue and the variable

(gross) profits also increase in proportionzka

This concludes the development of model. The next sectiseshe predictions from the
model for the empirical application, to test hypothesesufil (i) and investigate the causes of
the acceleration and slowdown in technological progresfoi® going into the tests, | briefly
describe the dataset that has been created for this papdryarify the predictions of the model
against data.

4 Data

The empirical part of this paper uses a new dataset of theopriacessor industry that has been
created using data from a variety of sources. A detailedrgesm of the dataset and the different
sources is given in section_(10). The dataset contains tamessof characteristics of all INTEL
and AMD desktop and laptop microprocessors, starting wWiehfirst microprocessor in 1971.
There is a total of 588 microprocessors for INTEL and 457 ftAR] The dataset contains the
following characteristics for each microprocessor - paichame, date of release, performance
(m), vintage (), transistors ), and size §). The date of adoption of a vintage by a firm is
taken to be the date of release of the first microprocessog tisat vintage, by the firm. The next
section compares the model’s prediction to the data.

5 Empirical Verification of Predictions of the Model

The model also predicts thdt andm, should increase asdecreases, whil§ and the scaling

factor £ should not grow (or decline) with In addition, the model predicts thatshould grow

twice as fast ag. Figure[5 shows the evolution @f with ¢ for INTEL and AMD. As predicted,

24 Among these, 135 microprocessors are in the low value categrbich INTEL sells under the name Celeron
and AMD under the name Sempron. These are usually defedive which are sold at a low price. Hence | omit
these microprocessors in this paper. This leaves a totéB®fdicroprocessors for INTEL and 351 for AMD. The
server processors manufactured by INTEL and AMD have alsa ladt out since functionally they are very different
from desktop and laptop microprocessors.
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T increases ag decreases, and the slope is 2.34 for INTEL and 2.48 for AMDselto the
predicted value of 2. Figuig 6 plots the evolutiomofvith ¢. In line with the predictions of the
modelm increases aé decreases. However, the slope of the curves can be seen haubgirtg
over time, a point that becomes important in the explanaifdahe acceleration and slowdown in
sectiorly.

Figure[T show the evolution of with ¢ for INTEL and AMD. The sizeS increases till
around? = 1.0p and then flattens out. The behavior®ffter¢ = 1.0u is consistent with the
prediction of the model. The discrepancy before., which corresponds roughly to the period
before 1985, arises from the fact that the defect densiisee equationl3) increased during the
period before 1985. As mentioned in secfiod 3.3s a measure of the degree of manufacturing
imperfections present in the process of making the micimgssor. During the early years of
the semiconductor industry in 1970s and 1980s, semicoadgompanies learned to reduce
the manufacturing imperfections by controlling the enmireent in the production facility, and
as a resulv decreased during this peri. The sizeS that maximizes profits increases @s
decreases (see equatidn 6), and this explains the incre&seritil early 1990s. Figurgl8 plots
the quantitys S against vintagé. As can be seen from the figure, this quantity does not show
any systematic variation with vintage Although the parameter increased till late 1980s, |
will ignore this variation in the model. An increasedrwould imply thatm should have been
growing at a faster rate during the period 1971-1989 tha®2a0, and hence could not have
been the cause of the acceleration. The cause of the ateiensore than compensated for

the decrease in growth of after 1990. Figurels|9 shows how the scaling faétmaries with/

for INTEL and AMD. The scaling factors also do not show anytegsatic variation withy as
predicted by the model.

The model makes one more testable prediction, that the priecessor firm should adopt
only occasionally, and should skip some innovations. IuFé@), | plot the vintages adopted by
INTEL and AMD (solid horizontal lines). The dotted lines aeme of the vintages for which
semiconductor equipment was sold by some of the leadingcesmhiictor equipment producers
(ASML, Nikon, GCA, SVGL, Parkin-Elmer and Ultratech), bueve not used by INTEL. As can
be seen from the graph, there were quite a number of vintaeshweither INTEL or AMD
adopted, in line with the prediction of the modi. Having verified that the predictions of the
model are in agreement with the data, | turn to using the mtodelst the two hypotheses.

6 The Hypotheses Tests

| use the implications of the model to test the two hypotheBesm equation {8) it follows that
the mean growth rate of, which | denote byj,,, is (1+ 2«)g,, Whereg, is the mean growth rate

25 For a good description of changesdrin US semiconductor companies during 1970s and 1980s, Sewir@)4
ham (1990).

26 The dotted lines are not the exhaustive list of all vintagisey correspond to only those vintages for which
| could obtain data. The data for these were obtained fromviiesites of semiconductor equipment companies or
from industry reports.
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Figure 3: INTEL, AMD do not adopt all vintages.

of /. Since/ follows a Poisson process with rateand stepsizeé, g, = —\1n(d), where | have
put the negative sign becauéés decreasing over timér(0) is negative). This gives the mean
growth rate ofm as

gm = (1 +2a)A1n(9) (13)

The first terml + 2« can be thought of as the contribution made by the micropsmrem
(INTEL or AMD) to the growth of microprocessor performanaeldhe second termin(J) can
be thought of as the contribution made by the semiconducfoipenent companies. The two
hypotheses are in qualitative agreement with the predistad the model, since an increase\in
causes an increasegp, (hypothesis (i)) and a decreaseiincauses a decreasegin (hypothesis
(ii)). I now describe the statistical tests for the two hypexes.
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6.1 Test of Hypothesis (i)

Let \; be the innovation rate during 1971-1989 andduring 1990-2008. Then the null hypoth-
esis and alternate hypotheses &Aie: \» = \; andH; : A\, # \; respectively. The test is based
on the distribution of the time intervals between the adoptif consecutive vintages. Lair, be
the k" adoption interval, i.e. the time interval for which the firpesates with théth vintage of
semiconductor equipment. Then the optimal policy impliesgt A7, is the time required fon*
events to happen, the events being generated accordingiiesoR process with rate parameter
A. It follows thatA7, ~ G(n*, %), whereG is the gamma distribution with p.d.f given by

g(1) = o (TF)(”n;) -

The first parameter of the gamma distribution (shape paenit equal ton*, the adoption
policy of the firm. The second parameter (scale parametequsl to%. The idea is to test for
the equality of the scale parameter in two samples, the &rapte containing adoption intervals
ATy, that occurred during 1971-1989 and the second sample ocargdahose that occurred during
1990-2008. The procedure of the test however, would depeiibe the adoption policy* has
changed between the two periods, and specifically whethevould change in response to a
change in\.

As mentioned in sectionl 5, the factor by whi¢lhas scaled do not show any tendency in
data to grow or decline witli. The factor by whicl? scales corresponds &~ in the model,
hence data suggests the shape paraméter equal across all periods. In consonance with the
data, the model also predicts that will change in response ta only if the change in\ is
sufficiently large, i.e there are intervals bfover whichn* does not change (see Propositidon 2
for proof)27 Since the data suggests that there was no changeand since the model implies
that it is possible that* does not change in response to changg, ihwill assume that* has
remained the same across the two periods. Hence the hyotlaesbe verified using a test for
the equality of the scale parameters in two samples undastenption that the shape parameter
has not changed.

| use the test suggested in Shiue and Bain (1983). Consiadesamples of sizé&V; and /N,

. 1 1 .
drawn from gamma distributions (n*, )\—) andG(n*, )\—) respectively. Then, undéf,
1 2

Ar
SN R0t Ny, 20 Ny) (14)
ATQ

whereA7; andAT; are the means of the adoption intervals from the two samgéesFroposition

4 for proof). The test statistit%% is easily calculated. Note that the ratgsand A, do not enter

the parameters of th distribution.

*

27 If X increases ana* does not change, then the expected time interval betweeptiads, n—, would de-

crease, i.e on average the firm would adopt more frequentlg dbservation is in agreement with the reduction in
technology cycle mentioned in Jorgenson (2001).
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Table 2: RESULT OF TEST FOR HYPOTHESIS (i)

Samplel Sample2 N; N, Distribution F-Statistic p-value

1971-1989 1990-2000 4 9 F(32,72) 2.085 0.0052

1990-2000 2001-2008 5 4  F(40,32) 1.024 0.477

The data for the test is shown in Talplel 14. | use the data froiy INTEL for this test.
AMD was a laggard in this industry in early years, especiadlgdoption of new vintages. The
adoption lags for AMD are unusually large in the earlier geaspecially when compared with
INTEL's adoption or with industry reports of when the vintdlgecame available. In total, INTEL
made fourteen adoptions of semiconductor equipment. Tbetexh dates, and the adoption
intervals calculated from these dates, are shown in the.tdlfle value of,* is needed to know
the distribution of the test statistic. | use the maximunelittood estimate of:*, using the
data pooled from both samples. In the problem for maximitireglikelihood that the adoption
intervals come from a gamma distribution, the first orderdition with respect to\ implies that
the following condition has to hold at the maximum,

~

n*
AT

whereA7 is the mean adoption interval in the pooled sample (see Biti@u3 for proof). The
fact thatn* is an integer greatly simplifies the estimation. For integdues ofn* = 1,2,3..,
the value of) is calculated using equation {15). With these values*adnd )\, the value of the
likelihood is calculated. Thé:*, \) pair, that gives the maximum value of likelihood is the MLE
estimate. This procedure gives = 4, implying that INTEL adopts every fourth innovation that
the semiconductor equipment industry produces.

The result of the test is in the first row of Talile 2. Hypothddisa p-value 0f0.0052 and
is rejected even at a 1% significance level. The second rowsslioe result of the test with
observations in 1990-2000 and 2001-2008 as the two sampleshypothesis that there is no
change i\ between 1990-2000 and 2001-2008 has a p-valweid and cannot be rejected.

Estimating\ using equatior(15) for the three periods separately, gives 0.92, A, = 1.90
and \; = 1.92. Thus innovation rate in the semiconductor industry moenttoubled after
1990. The change in the innovation rate can be compared atiheiduction in the technology
cycle from 3 years to 2 years mentioned in Jorgenson (200kg ekpected adoption interval
(technology cycle) in this model is the mean of the gammailigion G(n*, i), which is equal

A= (15)

to % Using the estimated value aof = 4, and\ = 0.9 for the period 1971-1989, the mean

adoption interval is 4.4 years. Similarly, with = 1.90, the mean adoption interval for 1990-
2008 is 2.1 years. In agreement with Jorgenson (2001), theti@d interval has shortened. The
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adoption interval of 4.4 years during 1971-1989 is largantthe 3 years mentioned in Jorgenson
(2001). One possible explanation for this is that the firstpers of semiconductor equipment
during the years 1971-1989 was DRAM producers and not miocgssor producers, and the 3
year cycle mentioned in Jorgenson (2001) could reflect tioptamh cycle followed by DRAM
producers. In the later years, microprocessor firms adagitdte same time, if not earlier, than
DRAM producers. Hence the estimateis possibly slightly higher than 0.9. This explanation
can be checked with the data on DRAM production, and pointa fmssible future area of
research.

The analysis above confirms that there was an increase irateeof innovation\ in the
semiconductor equipment industry. But the analysis do¢gpravide an explanation of what
might have caused the increase\inl postpone an explanation to sectidn 7, and move on to the
test of hypothesis (ii).

6.2 Test for Hypothesis (ii)

Let o be the technical efficiency of the microprocessor firm duti®g1-2000 andv, during
2001-2008. Then the null and alternate hypothesestare a; = a3 and H; : as # o
respectively. | use the relationship implied by the modéMeenm, ¢ anda for the test. Equation
(8) implies thatx can be obtained from the regression

Inm =ag+a;Inl (16)

asa = C”T_l. The hypothesis is tested using the test suggested in CHas8) Tor detecting
changes in estimates of linear regression. Applying Ch@63) to the regression equatidn(16)
implies that the test statistic

RSS, — (RSS, + RSS,)
k

RSS, + RSS,
N1—|—N2 — 2%k

is distributedF'(k, N1+ Ny —2x k) whereRS S, is the residual sum of squares from the regression
using the data from both sample8SS; and RSS, using only from sample 1 and sample 2
respectivelyk is the number of regressors which is equal to 2 here,/éndnd V; are the sizes
of sample 1 and sample 2 respectively. Table 15 shows thetu#ts used for the test. For each
vintage/, there are a number of microprocessors produced, and hesreei$ a dispersion of..
| use the average performance of all microprocessors intagenfor the test. The application
of the Chow test requires the errors to be homoscedasticl emwffirm this with the Breusch-
Pagan test. The square of residualsfrom the regression in equatidn {16) (using data from both
samples together) is regressed on a constanirefid he coefficient onn ¢ is not significant, for
both INTEL and AMD, and hence errors are homoscedastic anav@st is applicabl@

The p-values for the test are shown in Table 3, the first rotNiGrEL and second row for
AMD. For INTEL H, has a p-value of 0.036 and is rejected at a 5% significancé. |

28 The t-statistic orin ! for INTEL is -1.47 and for AMD is -0.98

21



Table 3: RESULT OF THE TEST FOR HYPOTHESIS (ii)

Company Samplel Sample2 N; N, Distribution F-Statistic p-value

INTEL 1990-2000 2001-2008 5 4 F(2,5) 6.95 0.0359
AMD  1990-2000 2001-2008 7 4 F(2,7) 83.03 0.0001
INTEL 1971-1989 1990-2000 5 5 F(2,6) 2.38 0.1739
AMD  1971-1989 1990-2000 3 7 F(2,6) 43.62 0.0003

AMD the hypothesis is rejected even at a 0.1% level. The third fourth rows show the result
of the same test, but between periods 1971-1989 and 199D-20@ hypothesis that there was
no change iy between 1971-1989 and 1990-2000 cannot be rejected forlINit & 5% level,
while it is strongly rejected for AMD. The values of estimated for INTEL and AMD for the
three periods are shown in Table 4.The estimates are sigmifier both AMD and INTEL for all
three periods. As can be seen from Table 4, between 19902@DP001-2008; dropped from
0.78 t0 0.19 for INTEL and from 1.35 to 0.02 for AMD.

Table 4: ESTIMATES OFv

Period INTEL AMD
aq a R? aq a R?

1971-1989 -2.10 0.55 0.92 -0.76  -0.12 0.71
(0.37) (0.5)

1990-2000 -2.56 0.78 0.98 -3.70 1.35 0.99
(0.22) (0.12)

2001-2008 -1.38 0.19 0.99 -1.048 0.02 0.94
(0.06) (0.11)

Having verified that the technical efficieney, decreased for both AMD and INTEL during
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Table 5: ESTIMATES OR\ and«

Variable Company 1971-1989 1990-2000 2001-2008
0] (1 (1)

o) INTEL 28.4 50.2 22.9
gm AMD 10.9 65.4 18.5
A Equipment o 1.92 1.90
Industry
INTEL 0.66 0.77 0.17
@ AMD 0.01 1.35 0.02

2001-2008, | provide an explanation for the decrease in sestion.

7 Explanations for the Acceleration and Slowdown

The test for hypothesis (i) confirms that there was an ineréas during 1990-2008, and the
test for hypothesis (ii) confirms that there was a decreasg dluring 2001-2008. Equatioh ([13)
shows that the former could have caused the accelerationhandtter could have caused the
slowdown. But to what extent where these the only causes® Mgportantly, what caused the
increase i\ in 1990-2008 and the decreaseniiin 2001-20087? | answer these two questions in
this section.

The starting point of the analysis is the expressiorngfpabove. For two time periodsand

t,

I, At 1+ 20

Imy ()W) (1 —0—204t/) (17
sinced is assumed to be the same across all periods. The changeaithgabe across two periods
is the product of two terms. The first ten&? is the contribution of semiconductor equipment
companies, because of changes in the mnovatlon rate iretheegnductor equipment industry.
The second tern%%g‘; is the contribution of the microprocessor company, becafiskange
in technical efficiency of using the innovations. The estesacfa and ) for the three periods,
in conjunction with equatiorf (17) can be used to quantityidlecompose the changesgn.
| reproduce in Tabl€l5 the growth ratgs in the data, together with the estimates)oénd o
for the three periods. In the following sections, the suipsdy Il and Il refers to time periods
1971-1989, 1990-2000 and 2001-2008 respectively.
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Table 6: CONTRIBUTIONS TO ACCELERATION IN GROWTH OF MICRORICESSOR
PERFORMANCE

INTEL AMD
Acceleration (data) ?qu” 1.79 6
Contribution of Equipment. Co. )S\—III 2.08 2.08

Contribution of Microprocessor. Co.ll—fr%%é—flf 1.09 3.62

7.1 Explanation for the Acceleration

Tablel6 shows the decomposition of the increasg,inusing the estimates in Takle 5.

Comparing 1973-1989 to 1990-2000, increased by a factor of 1.79 for INTEL. The contri-
bution from semiconductor equipment industry increased factor 0f2.08 and the contribution
from INTEL increased by factor of.09. Hence, the contribution to the acceleration of perfor-
mance growth for INTEL was overwhelmingly from the semicocidr equipment industry, and
very little was accountable to improvements in INTEL's teidal efficiency. The two contribu-
tions taken together account for more than tti& factor increase in performance seen in the
data, and this discrepancy must be taken to be the resulttiré&not taken into consideration
in this model. Specifically, as noted in sectidn 6, the preseasf possible adoption lags during
1971-1989 would mean that the actual innovation Aatis lower than the estimated value, which
might account for the discrepancy above. In contrast to INTiEcrease in AMD’s technical ef-
ficiency also contributed to the increase in growth of perfance.

To investigate the cause of increase\jr look at the R&D expenditures of the semiconductor
equipment companies over the time period 1971-2008. ThéhNanerican Industry Classifi-
cation System (NAICS) classifies the semiconductor equipmmanufacturing industry under a
separate six digit code with the name “Semiconductor MaafyiManufacturing” (NAICS Code
333295@ The R&D expenditures of big publicly listed companies in ITA code 333295 is
available from the COMPUSTAT databas@he conclusion that emerges from the R&D expen-
ditures of these companies is that the efficiency of R&D instimiconductor equipment industry
was higher during 1990-2008 when compared to 1971-1989.eTa gneasure of efficiency of
R&D in the equipment industry, | assume that innovation fiorcin the semiconductor equip-

29 This industry code does not contain microprocessor matwrias like INTEL and AMD, or manufacturers of
other kinds of semiconductor chips, which are classifieceutdAICS Code 334413 - Semiconductor and Related
Device Manufacturing

30 While the data for North American companies are availabtefiothe years of interest (1971-2008), the data
for the rest of the world is available only from 1989 onwards.
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Table 7: R&D EFFICIENCY IN THE SEMICONDUCTOR EQUIPMENT INDSTRY

Companies 15} Annual R&D Growth Rate (%)

1971-1989 1990-2008 1971-1989 1990-2008

US Companies in NAICS Code 333295 2.29 0.99 25.9 19.6
(0.57) (0.21)

All Companies (US + International) 2.29 1.08 25.9 22.1
in NAICS Code 333295 (0.57) (0.20)
All Companies in NAICS Code 333295 + 2.28 1.09 27.1 19.0
Top Semiconductor Equipment companies (0.57) (0.20)

not included in NAICS Code 333295

ment industry can be represented by
1

R(¢) = Ro; (18)
whereR(¢) is the R&D expenditure that the semiconductor equipmentsig has to incur to in-
vent vintage’ equipment. Herg is a measure of efficiency of R&D, a lower value®implying
a higher efficiency. One could think of linking this function with the Poisson asgtion made
in the model, but here | take a simpler approach because sdtge¢hat can be derived from
this approach are conclusive. | estimate the following &qugor 1971-1989 and 1990-2008
separately:

ImR=0F,—F3Int (19)

The estimates are in the second and third columns in Tablé&é& fifst row lists the estimate
for 5 using R&D for US companies only and the second row include®Ri&ne by international
companies alséd As can be seert went down during 1990-2008 when compared to 1971-1989.

One possible criticism of this approach is that some firm$siengemiconductor equipment
industry that were leaders in research are not included itO$Acode 333295, either because
semiconductor equipment manufacturing was only one geofitheir entire business or because

31 A lower value of 3 means that a smaller proportional increase in R&D is needgddaduce the same propor-
tional reduction ir¢

32 Data is available for this subset for US companies for th@enange 1971-2008 and for international com-
panies from 1989 onwards. Since the data for these compargesvailable only from 1989 onwards, | removed
the observations for the year 1989 and 1990 since this wdbkhwise presume that the companies that were added
during these years did not exist before that.
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they were listed under some other cate@ry?o investigate whether the above considerations
are important, | complied a list of the leading semiconduetpuipment manufacturers for every
year (1971-2008) using data from magazines and reports$aay on this industry. The main
source is a list of top 10 revenue earners in semiconductopegent industry released annually
by VLSI research, a leading market research firm focussinthersemiconductor industry. If
the revenue from semiconductor equipment manufacturinthiese firms were more than 20%
of total revenues then, | added the firm to the ones listed uN#¢CS code 3332981 The
estimates ofs for this bigger list of firms is shown in the third row of tabl&s can be seen, the
result that R&D efficiency increased during 1990-2008 haldsng this period as well. Sinae
decreased by roughly the same factor, the above resultghoply the R&D growth was higher
during 1971-1989 when compared to 1990-2008. This is coafirm the last two columns in
Table[7, which gives the average annual R&D growth ratesenrttustry for the two periods.

The observation that efficiency of R&D in the semiconductguipment industry has in-
creased has been documented in many other sources as walygetheson (2005) and Schaller
(2004)). This result suggests that to find the cause of isereéa\ during 1990-2008, one must
look for an explanation that hinges on an increase in R&D iefficy. Specifically this rules out
competition and demand shock in the microprocessor inglasticauses for increase M The
mechanism by which a competition or demand shock in the divears microprocessor industry
would lead to an increase mwould presumably be one in which the semiconductor equipmen
firms increase their R&D expenditure growth to take advamtaiythe profit opportunity pre-
sented by the competition or demand shock in the micropsacesdustry. The above analysis
shows that the increase Mwas not accompanied by an increase in R&D growth, it was aecom
panied by an increase in R&D efficiency. There was in fact aedse in R&D growth, which
suggests that this could not have been the mechanism at work.

The most plausible explanation is that the increase in R&[Riehcy in the semiconductor
equipment industry resulted from the efforts of SEMATECH jredustrial research consortia es-
tablished in 1988 with support from the US government. Comee with the loss of dominance
of US firms in the semiconductor industry during 1980s, thegd®ernment supported (through
an annual subsidy) the formation of SEMATECH to accelenmat@vation in US semiconductor
firms. SEMATECH focused on R&D in the semiconductor equiptmedustry, and started is-
suing Technology Roadmaps stating the technologicaldyarto be overcome to create the next
vintage of semiconductor equipment, the possible solstiand the timeline for the semicon-
ductor industry to move to the next vintage. The roadmapguido be a success in the industry,
and turned out to be a point of coordination for R&D among tiieent firms in the indus-

33 These include companies like Perkin-Elmer, Schlumbeigaion, Nikon and Canon which were important
innovators in semiconductor equipment manufacturingstrgubut are not included in NAICS code 333295 because
they are big industrial conglomerates spanning many im@sstand companies like Teradyne, Kulicke& Soffa and
Advantest which are wholly focussed on manufacturing sendactor equipment but are listed in other categories
because of the functionality of the machines they produce.

34 This led to companies like Perkin-Elmer, Nikon, Teradyneliéke Soffa and Advantest being added to the list,
but companies like Schlumberger and Canon were kept out.ré@mue from semiconductor operations of some
companies were not available for all years. For the earkary| had to rely on data for two years, 1988 and 1989,
which were available from VLSI Research (1990).
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try. In a survey of technical professionals in the semicatoluindustry, Schaller (2004) finds
that 85% of respondents agreed that the technology roadhegpcontributed to a more regu-
lar, more predictable, and even accelerated pace of iniooMirough deliberate coordination of
precompetitive R&D and related industry resources.” Sené2004) concludes that "technology
acceleration was cited most often as the definitive cortiobwf the Roadmap process”. The
R&D coordination activities undertaken by SEMATECH stand as the most plausible cause
of increase in\ during 1990-2008. However, further research needs to be tiofind a direct
cause and effect link between activities of SEMATECH andnicesase in innovation rate in the
semiconductor equipment indus@y.

While the increase in innovation rate in equipment industplains all of the increase in
growth of performance for INTEL, it only explains part of wrf AMD. The increase in tech-
nical efficiency was a major cause of acceleration in AMD’d@@enance growth. A plausible
explanation for the increase im relates to the interpretation of as a measure of the quality
of design in a microprocessor. AMD started as a second saarmgany to INTEL, with legal
right to copy and manufacture INTEL's chi@However, INTEL refused to share the design of
its chips with AMD beginning with the 80386 chip in 1986. Thvas followed by a long legal
battle between AMD and INTEL. During this time, AMD had fallbehind INTEL in terms of
improvements to the design of its microproces%rfhe early 1990s saw the settlement of the
legal disputes in a series of court rulings, giving AMD thghtito use 80386 and 80486 designs.
With the legal problems solved, and being behind INTEL indbality of its designs, AMD was
able to release in a quick succession a series of chips tHaddied new designs. This increase
in design quality stands out as a possible explanation ®irtbrease in technical efficieney
seen in AMD microprocessors during 1990s.

Although the increase in innovation rate in the semiconoluejuipment industry almost
fully explains the acceleration in technological progressINTEL microprocessors in 1990s,
one caveat has to be added regarding its contribution teaserin price per quality unit declines.
The growth rate of microprocessor performance increasdddbgr of 1.79 (or 79%) for INTEL,
while the decline in price per quality unit mentioned in Adzbe, Oliner, and Sichel (2006)
increased by a factor of 2.10 (or 110%). There is a 31% difiegdoetween the changes in these
two measures, and it is possible that the difference is chbgahe result of decline in prices
holding performance (quality) fixédd. This could have been due to INTEL reducing its prices
because of competition from AMD, as suggested in Aizcorlﬁ)@&@

35 The improvements in the performance of US semiconductoipetgnt companies after the establishment of
SEMATECH has been noted by authors, for example Macher, Mgwaad Hodges (1998) and Flamm (2007). But
these authors also point out that a cause and effect redaijpbetween these events is yet to be clearly established.

36 IBM, the major customer of INTEL during most of 1970s and 19@@uired INTEL to have a second supplier
as a pre-condition to purchasing INTEL microprocessors.

37 For example, AMD could start selling microprocessors witk 80386 design only in 1991, while INTEL had
begun selling them in 1985.

38 This is in line with observations in Flamm (2004) and Congi@sal Budget Office (2002) that increase in the
rate of technological progress alone cannot explain thee@se in price per quality unit declines seen in 1990s.

39t could also be that AMD’s price per quality unit decline wasich higher than INTEL's and since the price
per quality unit declines mentioned in Aizcorbe, Olinerd&ichel (2006) is a composite of INTEL's and AMDS's,
the aggregate microprocessor price index declines woukdgdher than that of INTEL's.
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Table 8: CONTRIBUTIONS TO SLOWDOWN IN GROWTH OF MICROPROCE&SR PER-
FORMANCE

INTEL AMD

Slowdown (data) ggm# 2.17 353
mrr

Contribution of Equipment Co. Viis 1.01 1.01

Alr

Contribution of Microprocessor Co.%cé—flf 1.90 3.56

7.2 Explanation for the Slowdown

| start with the decomposition of change in growth rate inaiun (17). As can be seen from
Table[8, for both INTEL and AMD, there was hardly any chang¢hi@ innovation rate in the
equipment industry, and the decreasgjinwas caused entirely by a decline in the technical
efficiencya. Given the decomposition in Takile 8, the most plausibleanquion of the slowdown

is the one suggested in Flamm (2007). He argues that thengxstbck of microprocessor design
knowledge in 1990s was the outcome of research going batkyears, and had been entirely
imported and absorbed into the microprocessor industinguine decade of the 1990s. Absent
the knowledge to produce new innovations in design, micogssor performance was unable to
grow at the rate at which it had done previously.

In early 2000s, microprocessors with new designs introdibage NTEL hit a well publicized
problem, the microprocessors generated a large amountabfduging their operation which
affected their proper functioning. Since then INTEL hasratmmed the pattern of design inno-
vations that it had followed in the past. The current designd followed by microprocessor
firms INTEL and AMD is the multicore approach. This uses thditohal transistors provided
by new vintages of semiconductor equipment in the most dpessible way, by replicating a
processor design as many times as are possible on a single This approach however can
speed up the execution of only those programs that are syadlgifivritten to take advantage of
the parallel processing capability offered by the presericeultiple cores. Many software pro-
grammes however, are not written this way, and rewritingeregpplications to take advantage of
the multicore design is difficult or in some cases impossilblge situation is summed up in the
words of an analyst, “Running advanced multicore machin#staday’s software is like putting
a Ferrari engine in a go-cart” (see Barker (20@))[he drop ina during 2001-2008, captures
this effect, the additional transistors that INTEL and AME2 aising in its new microproces-
sors is not making as much contribution to speeding up theutiam the software programs as

40 For a detailed technical description of the problems of thpiag software for multicore processors, see
Asanovic, Bodik, Demmel, Keaveny, Keutzer, Kubiatowiceel. Morgan, Necula, Patterson, Sen, Wawrzynek,
Wessel, and Yelick (2008)
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they previously used l This explains the slowdown in growth of microprocessor perfance
during 2001-2008.

8 Conclusion

Four conclusions emerge from this study. First, for INTEE #tceleration in growth of perfor-
mance of microprocessors during 1990-2000 was driven diwiaslly by increase in innovation
rate in the semiconductor equipment industry. For AMD, theeteration in growth of per-
formance was the combined effect of increase in innovat&e of semiconductor equipment
industry and increase in the technical efficiency with whAd¥D used the innovations.

Second, the R&D efficiency in the semiconductor equipmetistry was higher during the
period of the acceleration when compared to earlier yeatss Juggests that the increase in
innovation rate might have been the result of activitiesautaken by a government supported
industrial research consortia, SEMATECH, to coordinatdlR& the semiconductor equipment
industry. In January 2009, major US companies focussingattety technology approached
the US government to seek subsidies to establish an R&D cimm$o accelerate technology in
the battery industry. Advancements in battery technolagycatical to the automobile and re-
newable energy industries, and the companies have set SENMIATas a model to follow. The
findings in this paper suggest that SEMATECH may have plapedhportant role in accelerating
technological progress in the semiconductor industryoib{s to an interesting research agenda
to understand why SEMATECH was successful in the semicdodudustry and whether con-
sortia similar to SEMATECH can have a similar impact in otimelustries.

Third, for both INTEL and AMD, the slowdown in technologiqadogress during 2001-2008
was caused by a decrease in the technical efficiency of usanghtovations generated by the
semiconductor equipment industry. Since the inabilityeaeyate new innovations to design has
affected both INTEL and AMD in a similar fashion, it is unlilgehat policies for engendering
more competition in the microprocessor industry can rethenindustry to its previous growth
path of technological progress.

Fourth, innovation in the semiconductor equipment ingusas been the main workhorse al-
most wholly driving technological progress in the microggesor industry since 2001. However,
further innovation in the semiconductor equipment indugrbecoming ever more difficult as
the industry approaches the physical limit to reducing ike ef the transistor. If innovations
in this industry slowdown, then it will accentuate the exigtproblems in the microprocessor
industry.

41 Hardware and software companies have launched many afiamv@rcome the problem of writing software that
can be parallelized. In March 2007, Intel and Microsoft ammzed they would fund a Universal Parallel Computing
Research Center (UPCRC) and invited the 25 top Computen&idepartments to submit proposals. University
of California, Berkeley was selected as the winner and theifig of $10 million has resulted in the U.C. Berkeley
Parallel Computing Laboratory, or Par Lab, a multidiscipliy research project for exploring the future of parallel
processing.
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9 Mathematical Appendix

Proposition 1 The optimal policy of the firm is to wait until the ratfdalls belowz*, where

{les-2) (25

Proof. The Bellman equation in"11 can be rewritten as

™ o, 1 A
= A T o Maw {v(02),0(1) = C(1)} — v(@)

v(x)

wherex € (0, 1]. Consider operatof, that maps functions defined 06, 1] as

T 1 A
= 3 T R [Mazx{f(6x), f(1) = C(1)} — f(x)]

T(f(x))

T'(.) maps continuous functions to continuous functions. Moeeavis easily seen from Black-
well’'s conditions thafl" is a contraction mapping. Hence by contraction mappingrdradhere
exists a unique(x) that solves the Bellman equation above. MoreoVemaps weakly increas-
ing functions to strictly increasing functions, henge) is strictly increasing (see Stokey, Lucas,
and Prescott (1989)). Hence, there exists a vafuguch that

Sincew(.) is an increasing functiony(6z*) < v(1) — C(1), sinced < 1. Substituting this in
Bellman equation gives

) = To__ e L az {v(ox"), [v(1) —
o) = I s Man (o6a), (1) ~ C(1)])
T e LA _

W)= C(1) = T () - C)
which gives )
A AN (v@)=C)\ 1~

c={ =) ()

n

Proposition 2 There are intervals ok over whichn* does not change.

Proof. The adoption policy:* depends on the threshold lag behind the technology frontier
at which the firm would adopt. Equation{12), which gives tlhére ofz*, however cannot be
used to investigate how* would change with\, because the valug1) depends or\. Hence,
| use an alternative idea to characterize hotmdepends om\. The optimal policyn* should
give maximum expected present discounted value to the firangrall possible positive integers
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n = 1,2,3... The expected present discounted value of adopting evé&rinnovation can be
calculated as follows.
Let { A7}, , be the adoption intervals under the optimal policy. Thenithadoption with
i—1
vintage/; = (6"")"fo, occurs at timer;, = ZAm. Then if the firm follows the policy of

k=0
adopting every:ith innovation, the net profit of the firm in thiéh adoption interval (i.e the profit
from operating theth vintage equipment), discounted back to the beginninchefibdustry

(t=0)is:
(n _ e—pTi ATi e—pt ﬂ-O . C(].) }
ILi(n,A) = {/0 <5m[0)go dt (5m‘g0)x0

—pZATk
e

5nwg0 {WO (1—e™) - 0(1)}

Let I, (n) be the present discounted value of surplus obtained underdlicy of adopting
everynth innovation. Then

Meo(n,A) = Y T(n)
1=0
[ i—1 7
[e'e) P ATk [e%S) 4 Z ATk
1 0 A o 1 o
= — | — 1 PATO k=0 — —(C(1 — i k=0 _
| p Lmer] ; prie ( p ( )) — o ( p )

|
S -
Nk
[o%)

3
~
AS

®

e

i

o
= |

|

[o%)

3

~
6

®

o

i

o
2
—_
SN~—

|
(]
[o%)
S|
AS)

™

=

i

o
R
= |3
N———

Then

E{ll} (n,\) = ZE{H} (n,\)
i—1 i—1 i
o0 _PZATk 00 1 _PZATk

1 1 0 — — =1 [ —
- E Zanwp k=0 ]_;WC’(l)E[e k=0 ]_26"*“" <?) Ele k=0 ]
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The variables\ri are independent draws froR(n*, 1). It follows that

_ g
ZATk ~ T'(n*i, X)
To evaluate the above expectations, | use the following lamm

Lemma 3 If A7; ~ T'(n*, 1), thenE [e 727 ] = (L)"

p+A
Proof.
o) n* n*—1_-—\T
E[e_pAﬂ = / e_”t)\ AT ¢ dAT
0 F(Ovn*)
- n*_lf AR AT A
I'0,n%) p+ X Jy
B ( A )“*(n*_m_( A )
— \p+A 00,n%)  \p+A
]

These imply that

E{Tlo(n, N} =) E{TL(n, )}

=0
> 1 A\ XK1 A\ X1 A\
> sy Yt (5s) w5
i:05 $p \p+A z:15 4 p+A i:O(S ?\ p p+A

Evaluating the sums of geometric series, the above expressiluces to

{1- (m)}—‘)—f 7ix) oW

D
1—(5L

E

E{lleo(n, \)} =

= -

gp
Hencen* should satisfy

. argmaz o (T (n, )}

n = n

and the value of. that solves the problem above is the optimal valtielt is easy to verify that
the maximand evaluated at is the optimal value of the firnz}lav(l). Since optimal policy is
0
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to adopt every:*the adoption, the following equations should hold, Sineefthm adopts a new
linewidth at everyn*th innovation, the following equations must hold

(p+Nv(l) = m+ 5%11(5)
(p+Nv(d) = 06%m + 5%’(1(52)

<p+)\)v(5n*—2> = 5(n*—2)s07ro_|_6%v(5n*—1)

(p+ Nee™ ) = 50 Demy 4 2 [u(1) — C(1)

Repeatedly substituting from the last to the first gives,

= E{lls(n", A)}

Hence to investigate how* changes with\ it is enough to see how thethat solves the above
problem changes with. It can be seen from the above expression thétl..(n, )} is increas-
ingin \ as long as

1 0

o
I
The above condition is intuitive. The net profit from adogtithe left hand side, should be
greater than the present discounted value of the infinigastrof profits the firm gets if it never
adopts, which is the right hand side. The diagram belowtilaies how the optimal changes
with \. Each curve is the maximand in the above problem for a givels can be seen from the
graph, there is a range of valugg$or which a givenn is optimal. When\ increases beyond this
range, the optimat jumps up by one.
|

Proposition 4 Consider two samples of si2g and N, drawn from gamma distributiona (n*, Ail)
andG(n*, 712) respectively. Then

AT

A—é ~ F(2n*Ny, 2n* N,) (20)
if(A1 = A2)
Proof. Consider two samples of sizZé and N, drawn from gamma distributions (n*, A%) and
G(n*, Aiz) respectively. Let;;, j = 1,2, 3..NV;, be random variables representing draws from the
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Variation of n* with A
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Figure 4: Variation of.* with \

two distributionsi € {1, 2}. Then from the scaling property of the gamma distributibyy; ~
N,

G(n*,2). From the property of sum of gamma distributed variab]ﬁez ANiTij ~ G(n"N;, 2).
j=1
But G(n*N;,2) is the same ag?(2n*N;), the chi-square distribution withn*N; degrees of
N;
freedom. Hence » M\7; ~ x%*(2n*N;). Since the ratio ofy? variables (normalized by the

j=1
degrees of freedom) follows dndistribution,

Ny
2 Z )\1’7'1]'/N1
= ~ F(2n* Ny, 2n* V)

No
2 Z >\2T2j/N2
j=2
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Under the null hypothesis of; = \,, the above equation reduces to
Ny
> 7/
j=1
N2
> /N
j=1

~ F(2n*N1, 2TZ*N2)

or equivalently,

R0 Ny, 20 Ny) (21)
T2

Proposition 5 If {Ar;}Y are N independent draws from the gamma distributian; ~ G (n*, 1),

then the maximum Iikelihood estimateandr* should satisfy\ = A”% whereAT7 is the mean

Zﬂ

of the observations)\7 = N

Proof. Let {An}f\io representN observations on adoption intervals witkr, ~ G(n*, 1).
Using the p.d.f for gamma distribution, the probabilitytttieeseN observations are drawn from
G(n*, 1) is

N N * * _
" ATZ_n 16—)\Aﬂ-
The log-likelihood function is then

L(n*,\) = Z{—ln[F(O,n*)]+n*ln(>\)+(n*—1)ln(ATi)—)\Ti}
= —N[[(0,n")] + Nn*In(}) + (n* = 1) Y In(A7) — )\ZATZ

Letn*, \ be the MLE estimates. Then

oL . =

which glvesN)\ ZZ A7, = 0 and hence\ = %”* . Hence the MLE estimates can
2i=1 AT

be calculated by a simple procedure. For every pOSItIVEjBTtﬁ find the optimal\ using the

condition above. Then choose the;, \) pair that maximizes the likelihood function abowe.
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10 Data Appendix

10.1 Description of the Dataset

The dataset constructed in this paper spans the time pediot-2008. The data contains time
series of characteristics of all INTEL and AMD desktop anpttdg microprocessors, starting
with the first microprocessor in 1971. There is a total of 58&aprocessors for INTEL and 457
for AMD. These contain desktop and laptop microprocessmdycred by INTEL. Among these,
135 microprocessors are in the low value category, whichBN$ells under the name Celeron
microprocessors. These are usually defective parts wheek@d at a low price. Hence | omit
these microprocessors in this paper. This leaves a totab®iicroprocessors for INTEL and
351 for AMD.

The dataset contains the following characteristics fohaatcroprocessor - product name,
date of release, performanee) vintage (), transistorsT), and size §). The date of adoption of
a vintage by a firm is taken to be the date of release of the fitsbprocessor using that vintage,
by the firm. The data for all variables except is available for each microprocessor. Tdble 9
gives the number of microprocessors in each market segarahthe number of microprocessors
in each category for which data for is available. Table11 lists all the data sources and pravide
an abbreviation for each source. Tablé 12 lists the spedifi sburces for each variable.

Table 9: MICROPROCESSORS IN THE DATASET

INTEL AMD
Category Total m Available Total m Available
Desktop microprocessors 204 173 251 168
Laptop microprocessors 249 120 97 20
Total 453 293

Table[10 breaks up the microprocessors in the dataset bygent
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Table 10: MICROPROCESSORS IN THE DATASET BY VINTAGE

INTEL AMD

Vintage  Total m Available Total m Available

10.000x 2 2 0 0
6.000u 1 1 1 1
3.000u 5 5 6 4
1.500u 6 6 3 3
1.000p 5 4

0.8004 9 9 5 4
0.7004 5 5
0.6004 9 9

0.5004 5 5
0.3504 22 20 5 5
0.2504 24 15 20 17
0.1804 37 33 49 30
0.130u 83 54 81 37
0.0904 67 49 89 39
0.0654 125 58 69 29
0.045. 58 23 7 6
Total 440 293 345

10.2 Construction of the Performance Data Series

Since performance: is the most important time series used in this paper, | desdts con-
struction in detail. The main source for performance daBREC. The SPEC numbers are not
available for all microprocessors, hence | use two additi@ources - MIPS rating and SYS-
MARK rating from BAPCO. In addition, the SPEC standard itdeds undergone 4 revisions,
SPEC-1992, SPEC-1995, SPEC-2000 and SPEC-2006. SPECias®2goerformance num-
bers, SPECINT and SPECFP. The former is a performance neefsunteger Operations and
the latter for Floating Point Operations. These differaitngs were converted into a single
standard, SPEC-00, according to the procedure below.

First, the SPECINT and SPECFP ratings for each microprocegss combined in the ratio
4:1 to arrive at a single SPEC rating. The ratio 4:1 has beggesied as good weights for the
mixture of integer and floating point operations used onayer The SPECINT and SPECFP
numbers are however highly correlated and hence the weidlghtet have much effect on the
growth rate of the weighted series.
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Table 11: ABBREVIATION FOR DATA SOURCES

Source Abbreviation

INTEL microprocessor Quick Reference Guide, at (http://) INT-QR

Standard Performance Evaluation Corporation, at (Kttp:/ SPEC

BAPCO, at (http://) BAPCO

Market Research Reports from INSTAT CAHNERS INSTAT

Dataset from Semiconductor Marketing Associates SMA

Dataset from IC Knowledge IC-KNOWLEDGE

CPU World , at (http://) CPU-WORLD

Sandpile , at (http://www.sandpile.org) SANDPILE

Dataset from Prof.Mark Horowitz and Francois Labontehtp(/) HOROWITZ-LABONTE

O©oOo~NOUlh,WNPE

Table 12: DATA SOURCES FOR EACH VARIABLE

Variable Symbol 2 Source

List of Microprocessors - INT-QR, CPU-WORLD, SANDPILE.

Date of Release : - INT-QR, CPU-WORLD, SANDPILE.

Performance SPEC, BAPCO, HOROWITZ-LABONTE, ANAND-TECH
Vintage: INTEL-QR, HOROWITZ-LABONTE, INSTAT, IC-KNOWLEDGE.
Transistors: INTEL-QR, HOROWITZ-LABONTE, INSTAT, SANDPILE

Size: HOROWITZ-LABONTE, INSTAT, SANDPILE, CPU-WORLD.
Defect Density IC-KNOWLEGE

SRV R

Second, for each pair of ratings that were used in close ¢e0b time, like SPEC-92 and
SPEC-96 or MIPS and SPEC-92, there is a usually a set of mimrepsors for which data for
both the ratings are available. | used the data from this comset of microprocessors to find
conversion factors between the two ratings. The conveffsictor | used was the average of the
ratio between the performance numbers in both standartisd@ame microprocessor. The ratios
are usually the same across microprocessors, indicatigjtis procedure is fairly accurate. The
conversion factor between the series are listed in Table 13.

The conversion numbers between the SPEC ratings in this pegelose to the ones reported
in Nordhaus (2001), who converts different measures inttaadards he defines as MSOPS
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Table 13: CONVERSION FACTORS

Standard 1 Standard 2 Conversion Factor
MIPS SPECINT-92 0.78
SPECINT-92 SPECINT-95 0.02
SPECINT-95 SPECINT-00 9.80
SPECINT-00 SPECINT-06 160.15
SPECFP-92 SPECFP-95 0.02
SPECFP-95 SPECFP-00 10.00
SPECFP-00 SPECFP-06 174.47
BAPCO SYSMARK -02 SPEC-00 3.49
BAPCO SYSMARK -04 SPEC-00 6.91
BAPCO SYSMARK -07 SPEC-00 19.35
BAPCO MOBILEMARK - 02 SPEC-00 7.01
BAPCO MOBILEMARK - 07 SPEC-00 11.85

(Millions of Standardized Operations per Second).
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Table 14: DATA FOR TEST OF HYPOTHESIS (i)

Period Vintage. Microprocessor Date of Adoption  Adoption Interval(in years)
10p 4004 15 November 1971 -
611 8080 1 April 1974 2.378
1971-1989 3u 8085 1 March 1976 1.918
1.5u 286 - 10 1 Feb 1982 5.926
1p 386-DX 33 10 April 1989 7.192
0.84 486-DX 50 24 June 1991 2.206
0.6/ 486-DX4 100 7 March 1994 2.704
1990-2000 0.35u Pentium 120 27 March 1995 1.055
0.254 Pentium Il 333 26 Jan 1998 2.838
0.18u Pentium IIl 650 25 Oct 1999 1.745
0.13u Pentium Il 1133 30 June 2001 1.682
0.094 Pentium 4 HT 3.2E 1 Feb 2004 2.592
2001-2008 0.065u Pentium D 940 16 Jan 2006 1.959
0.0451 Core 2 Duo E8500 20 Jan 2008 2.011
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Table 15: DATA FOR TEST OF HYPOTHESIS (ii)

Period Vintage{) Performance)

INTEL AMD
104 0.009
61 0.09 0.09
1971-1989 3y 0.08 0.09
1.50 0.58 0.27
1p 2.45
0.84 7.96 1.4
0.7p 3.19
0.6 25.03
0.54 10.62
1990-2000 0.35u 63.70 3291
0.30 52.17
0.25. 162.48 151.15
0.181 411.71 418.03
0.13u 1057.34 1081.56
2001-2008 09 1530.35 1603.27

0.0654 2290.01 1974.06
0.0454 3395.16 3428.33
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Figure 5: Transistors increase at twice the rate at whigbcreases.

(a) INTEL

INTEL: Transistor Evolution with Vintage (slope=2.34)
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Figure 6: Performance increase</atecreases.
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INTEL: Performance Evolution with Vintage
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Figure 7: Size does not show any systematic trend ith

(a) INTEL

INTEL: Evolution of Size with Vintage
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Figure 8: Size does not show any systematic trend ith

(a) INTEL

INTEL: (Defect Density x Size) and Vintage
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Figure 9: Factor by whicli scales does not show any systematic variation Wwith

(a) INTEL

INTEL: Scaling Factor Evolution
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