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Abstract

To understand the econom ¢ val ue of conputers, one nust broaden the
traditional definition of both the technology and its effects. Case studies
and firmlevel econonetric evidence suggest that: 1) organizationa
“investments” have a large influence on the value of IT investnments; and 2)
the benefits of IT investnment are often intangi ble and di sproportionately
difficult to measure. Qur analysis suggests that the |link between IT and

i ncreased productivity enmerged well before the recent surge in the aggregate
productivity statistics and that the current macroeconom c productivity
revival may in part reflect the contributions of intangible capita

accunul ated in the past.
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Conmput ers and Economic Growth
How do conputers contribute to business perfornance and econom ¢ grow h?
Even today, nost people who are asked to identify the strengths of conputers
tend to think of conputational tasks like rapidly multiplying | arge nunbers.
Comput ers have excelled at conputation since the Mark | (1939), the first
nodern conputer, and the ENIAC (1943), the first electronic conputer w thout
nmoving parts. During World War 11, the U S. government generously funded
research into tools for calculating the trajectories of artillery shells. The
result was the devel opment of sone of the first digital conputers with
remar kabl e capabilities for calculation -- the dawn of the conputer age.
However, conputers are not fundanentally nunmber crunchers. They are
symbol processors. The sane basic technol ogies can be used to store,
retrieve, organize, transmt, and algorithnmically transform any type of
informati on that can be digitized -- nunbers, text, video, nusic, speech
prograns, and engi neering drawings, to name a few. This is fortunate because
nost probl ens are not nunerical problens. Ballistics, code breaking, parts of
accounting, and bits and pieces of other tasks involve lots of calculation.
But the everyday activities of nmpst nmanagers, professionals, and information
wor kers involves other types of thinking. As conputers becone cheaper and
nore powerful, the business value of conputers is limted | ess by
conmput ational capability, and nore by the ability of nmanagers to i nvent new
processes, procedures and organi zational structures that |everage this
capability. As this formof innovation continues to devel op, the applications

of conputers are expected to expand well beyond conputation for the



foreseeabl e future.

The fundanmental economic role of conputers becones clearer if one thinks
about organi zati ons and markets as information processors (Galbraith, 1977;
Si non, 1976; Hayek, 1945). Most of our economic institutions and intuitions
energed in an era of relatively high comrunications costs, linmted
conput ational capability, and related constraints. Information technol ogy
(1'T), defined as conmputers as well as related digital comrunication
t echnol ogy, has the broad power to reduce the costs of coordination,
comuni cations, and information processing. Thus, it is not surprising that
the massive reduction in conputing and conmuni cati ons costs has engendered a
substantial restructuring of the econonmny. The majority of nodern industries
are being significantly affected by computerization.

Information technol ogy is best described not as a traditional capita
i nvestment, but as a "general purpose technol ogy" (Bresnahan and Trajtenberg,
1995). In nost cases, the economic contributions of general purpose
technol ogi es are substantially |arger than would be predicted by sinply
nmul tiplying the quantity of capital investnent devoted to them by a nornal
rate of return. |Instead, such technol ogies are econom cally beneficial nostly
because they facilitate conpl enentary innovations.

Earlier general purpose technol ogi es, such as the tel egraph, the steam
engi ne and the electric notor, illustrate a pattern of conplenentary
i nnovations that eventually lead to dramatic productivity inprovenents. Sone
of the conplenmentary innovations were purely technol ogical, such as Marconi's
"wirel ess" version of telegraphy. However, sonme of the npst interesting and

producti ve devel opments were organi zati onal innovations. For exanple, the



telegraph facilitated the formati on of geographically dispersed enterprises
(M1l gromand Roberts, 1992); while the electric notor provided industria
engi neers nmore flexibility in the placenent of nmachinery in factories,
dramatically inmproving manufacturing productivity by enabling workfl ow
redesi gn (David, 1990). The steam engine was at the root of a broad cluster
of technol ogi cal and organi zati onal changes that hel ped ignite the first

i ndustrial revolution.

In this paper, we review the evidence on how investnents in IT are
linked to higher productivity and organi zational transformation, with enphasis
on studies conducted at the firmlevel. Qur central argunment is twofold:
first, that a significant conmponent of the value of IT is its ability to
enabl e conpl enentary organi zati onal investnments such as business processes and
work practices; second, these investments, in turn, lead to productivity
i ncreases by reducing costs and, nore inportantly, by enabling firms to
i ncrease output quality in the formof new products or in inprovenents in
i ntangi bl e aspects of existing products |ike convenience, tineliness, quality,
and variety. ! There is substantial evidence fromboth the case literature
on individual firms and nulti-firm econonetric anal yses supporting both these
poi nts, which we review and discuss in the first half of this paper. This
enphasis on firmlevel evidence stenms in part fromour own research focus but
al so because firmlevel analysis has significant neasurenment advantages for
exam ni ng i ntangi bl e organi zati onal investnents and product and service
i nnovation associated with conputers.

Mor eover, as we argue in the latter half of the paper, these factors are

not well captured by traditional macroeconom ¢ nmeasurenment approaches. As a



result, the econonic contributions of conputers are likely to be understated
in aggregate | evel analyses. Placing a precise nunber on this bias is
difficult, primarily because of issues about how private, firmlevel returns
aggregate to the social, econony-w de benefits and assunptions required to
i ncorporate conplenmentary organi zational factors into a growth accounting
framewor k. However, our anal ysis suggests that the returns to conputer
i nvestment may be substantially higher than what is assunmed in traditiona
growt h accounting exercises and the total capital stock (including intangible
assets) associated with the conputerization of the econony nay be understated
by a factor of ten. Taken together, these considerati ons suggest the bias is on
the sane order of nmgnitude as the currently neasured benefits of conputers.

Thus, while the recent macroeconom c evi dence about conputers
contributions is encouraging, our views are nore strongly influenced by the
m creonomic data. The nmicro data suggest that the surge in productivity that
we now see in the macro statistics has its roots in over a decade of conputer-
enabl ed organi zati onal investnents. The recent productivity boom can in part
be explained as a return on this large, intangible and |largely ignored form of
capi tal
Case Exanpl es

Conpanies using IT to change the way they conduct business often say
that their investnment in I T conpl ements changes in other aspects of the
organi zati on. These conpl enentarities have a nunber of inplications for
under st andi ng the val ue of computer investnent. To be successful, firnms
typically need to adopt computers as part of a “systeni or “cluster” of

nmut ual Iy reinforcing organi zati onal changes (M I grom and Roberts, 1990).



Changi ng increnentally, either by making conputer investnments without

organi zati onal change, or only partially inplenmenting some organi zati ona
changes, can create significant productivity |osses as any benefits of
conputerization are nore than outwei ghed by negative interactions with

exi sting organi zational practices (Brynjolfsson, Renshaw and Van Al styne,
1997). The need for "all or nothing" changes between conpl enentary systens
was part of the | ogic behind the organi zati onal reengi neeri ng wave of the
1990s and the slogan "Don't Automate, Obliterate" (Hamrer, 1990). It may al so
explain why many large scale |IT projects fail (Kenerer and Sosa, 1991), while
successful firns earn significant rents.

Many of the past century's nmpost successful and popul ar organi zationa
practices reflect the historically high cost of information processing. For
exanpl e, hierarchical organizational structures can reduce conmuni cations
costs because they mininize the nunber of communications links required to
connect mnultiple econonmc actors, as conpared with nore decentralized
structures (Ml one, 1987; Radner, 1993). Sinmilarly, producing sinple,
st andardi zed products is an efficient way to utilize inflexible, scale-

i ntensi ve manufacturing technol ogy. However, as the cost of automated

i nformati on processing has fallen by over 99.9% since the 1960s, it is
unlikely that the work practices of the previous era will also the sane ones
that best |everage the value of cheap information and flexible production. In
this spirit, MIlgromand Roberts (1990) construct a nodel in which firns'
transition from"mass production"” to flexible, conputer-enabled, "nodern

manuf acturing" is driven by exogenous changes in the price of IT. Sinmlarly,

Bresnahan (1999), and Bresnahan, Brynjolfsson and Hitt (2000) show how changes



in IT costs and capabilities lead to a cluster of changes in work organization
and firmstrategy that increases the demand for skilled |abor

In this section we will discuss case evidence on three aspects of how
firms have transformed thensel ves by conbining IT with changes in work
practices, strategy, and products and services; they have transfornmed the
firm supplier relations, and the custoner relationship. These exanples
provi de qualitative insights into the nature of the changes, naking it easier

to interpret the nore quantitative econonetric evidence that follows.

Transform ng the Firm

The need to match organi zati onal structure to technology capabilities
and the chall enges of making the transition to an | T-intensive production
process is concisely illustrated by a case study of "MacroMed" (a pseudonym,
a large nedical products manufacturer (Brynjolfsson, Renshaw and Van Al styne,
1997). In a desire to provide greater product custom zation and variety,
MacroMed made a large investnment in conputer integrated manufacturing. These
i nvestments al so coincided with an enunerated |ist of other mmjor changes
i ncluding: the elimnation of piece rates, giving workers authority for
schedul i ng machi nes, decision rights, process and workfl ow i nnovati on, nore
frequent and richer interactions with custoners and suppliers, increased
| ateral communi cation and teamwrk and ot her changes in skills, processes,
culture, and structure (see Table 1).

However, the new systeminitially fell well short of nanagenent
expectations for greater flexibility and responsi veness. Investigation

reveal ed that line workers still retained nany el ements of the now obsolete



old work practices, not fromany conscious effort to underm ne the change
effort, but sinply as an inherited pattern. For exanple, one earnest and well -
i ntenti oned worker explained that "the key to productivity is to avoid
st oppi ng the machi ne for product changeovers." VWhile this heuristic was
val uable with the old equipnent, it negated the flexibility of the new
machi nes and created | arge work-in-process inventories. |Ironically, the new
equi pnent was sufficiently flexible that the workers were able to get it to
work rmuch Iike the old nachines! The strong conplenentarities within the old
cluster of work practices and within the new cluster greatly hindered the
transition fromone to the other

Eventual | y, managenent concluded that the best approach was to introduce
the new equi pnment in a "greenfield" site with a handpi cked set of young
enpl oyees who were relatively unencunbered by knowl edge of the old practices.
The resulting productivity inprovenents were significant enough that
managenent ordered all the factory w ndows painted black to prevent potentia
conpetitors from seeing the new systemin action. Wile other firns could
readily buy simlar conmputer controlled equiprment, they would still have to
make the nuch larger investments in organizational |earning before fully
benefiting fromthem and the exact recipe for achieving these benefits was not
trivial to invent (see Brynjolfsson, Renshaw, & Van Al styne, 1997 for
details). Simlarly, |large changes in work practices have been docunented in
case studies of IT adoption in a variety of settings (e.g. Hunter, Bernhardt,
Hughes and Skuratowitz, 2000; Levy, Beam sh, Mirnane and Autor, 2000; Ml one &

Rockart, 1992; Miurnane, Levy and Autor, 1999; Olikowski, 1992).



Changing Interactions with Suppliers

Due to problens coordinating with external suppliers, large firns often
produce many of their required i nputs in-house. General Mtors is the classic
exanpl e of a conpany whose success was facilitated by high I evels of vertica
i ntegration. However, technol ogies such as electronic data interchange (EDI),
i nt ernet-based procurenment systens, and other interorganizational information
systens have significantly reduced the cost, tinme and other difficulties of
interacting with suppliers. For exanple, firns can place orders with suppliers
and receive confirmations electronically, elimnating paperwork and the del ays
and errors associated wi th manual processing of purchase orders (Johnston and
Vitale, 1988). However, the even greater benefits can be realized when
i nterorgani zati onal systens are conbined with new nethods of working with
suppl i ers.

An early successful interorganizational systemis the Baxter ASAP
system which lets hospitals electronically order supplies directly from
whol esal ers (Vital e and Konsynski, 1988; Short and Venkatraman, 1992). The
system was originally designed to reduce the costs of data entry — a |large
hospital could generate 50,000 purchase orders annually which had to be
written out by hand by Baxter's field sales representatives at an estimated
cost of $25-35 each. However, once Baxter conputerized its ordering had data
avail abl e on levels of hospital stock, it took increasing responsibility for
the entire supply operation: designing stock room space, setting up conputer-
based i nventory systens, and providing automated i nventory replenishment. The
combi nation of the technology and the new supply chain organi zation

substantially inproved efficiency for both Baxter (no paper invoices,



predi ctable order flow) and the hospitals (elinination of stockroom managenent
tasks, |l ower inventories, and | ess chance of running out of itens). Later
versions of the ASAP system |l et users order from other suppliers, creating an
el ectronic marketplace in hospital supplies.

ASAP was directly associated with costs savings on the order of $10 to
$15 million per year, which allowed themto rapidly recover the $30 mllion up
front investnment and ~$3 million annual operating costs. However, mmnagenent
at Baxter believed that even greater benefits were being realized through
i ncremental product sales at the 5,500 hospitals that had installed the ASAP
system not to nmention the possibility of a reduction of |ogistics costs borne
by the hospitals thensel ves, an expense which consunmes as much as a 30% of a
hospi tal’s budget.

Comput er - based supply chain integration has been especially
sophi sticated in consuner packaged goods. Traditionally, manufacturers
promot ed products such as soap and | aundry detergent by offering discounts,
rebates, or even cash paynents to retailers to stock and sell their products.

Because many consumner products have | ong shelf lives, retailers tended to buy
massi ve anounts during pronotional periods, which increased volatility in
manuf act uri ng schedul es and di storted manufacturers view of their market. In
response, manufacturers sped up their packagi ng changes to di scourage
stockpiling of products and devel oped internal audit departments to nonitor
retailers' purchasing behavior for contractual violations (Cl enons, 1993).

To elimnate these inefficiencies, Procter and Ganbl e (P&3 pioneered a
program cal |l ed "efficient consumer response" (MKenney and Cl ark, 1995). In

this approach, each retailer's checkout scanner data goes directly to the

10



manuf acturer; ordering, paynents, and invoicing are fully automated through
el ectronic data interchange; products are continuously replenished on a daily
basis; and pronotional efforts are replaced by an enphasis on "everyday | ow

pricing." Manufacturers also involved thenselves nmore in inventory decisions

and noved toward "category managenent," where a | ead manufacturer would take
responsibility for an entire retail category (say, laundry products)
determ ning stocking levels for their own and other manufacturers' products,
as well as conplementary itens.

These changes, in conbination, greatly inproved efficiency. Consuners
benefited from | ower prices, and increased product variety, convenience, and
i nnovation. Wthout the direct conputer-conputer links to scanner data and
the electronic transfer of paynments and invoices, they could not have attai ned
the |l evel s of speed and accuracy needed to inplenent such a system

Technol ogi cal innovations related to the conmercialization of the
I nternet have dramatically decreased the cost of building electronic supply
chain links. Conputer enabled procurenment and on-1line narkets enable a
reduction in input costs through a conbination of reduced procurenent time and
nore predictable deliveries, which reduces the need for buffer inventories and
reduces spoil age for perishable products, reduced price due to increasing
price transparency and the ease of price shopping, and reduced direct costs of
pur chase order and invoice processing. These innovations are estimted to
| oner the costs of purchased inputs by 10% to 40% dependi ng on the industry
(Gol dnman Sachs, 1999).

Some of these savings clearly represent a redistribution of rents from

suppliers to buyers, with little effect on overall econom c output. However,
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many of the other changes represent direct inprovenments in productivity

t hrough greater production efficiency and indirectly by enabling an increase
in output quality or variety w thout excessive cost. To respond to these
opportunities, firns are restructuring their supply arrangenments and pl aci ng
greater reliance on outside contractors. Even General Mtors, once the
exenpl ar of vertical integration, has reversed course and divested its |arge
internal suppliers. As one industry analyst recently stated, "Wat was once
the greatest source of strength at General Motors -— its strategy of making
parts in-house -— has becone its greatest weakness" (Schnapp, 1998). To get
sonme sense of the nmagnitude of this change, the spinoff in 1999 of Del phi

Aut onptive Systems, only one of GMs many internal supply divisions, created a

separate conpany that by itself has $28 Billion in sales.

Changi ng Custoner Rel ationships

The Internet has opened up a new range of possibilities for enriching
interactions with custoners. Dell Conputer has succeeded in attracting
custoner orders and i nproving service by placing configuration, ordering, and
techni cal support capabilities on the web (Rangan and Bell, 1999). It coupled
this change with systens and work practice changes that enphasize just-in-tine
i nventory managenent, buil d-to-order production systens, and tight integration
bet ween sal es and production planning. Dell has inplenented a consuner-driven
bui |l d-to-order business nodel, rather than using the traditional build-to-
stock nodel of selling conputers through retail stores, which gives Dell as
much as a 10 percent advantage over its rivals in production cost. Some of
these savings represent the elimnation of whol esale distribution and
retailing costs. Ohers reflect substantially |lower |evels of inventory
t hroughout the distribution channel. However, a subtle but inportant by-

product of these changes in production and distribution are that Dell can be
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nore responsive to customers. VWen Intel releases a new m croprocessor, as it
does several tinmes each year, Dell can sell it to custonmers within seven days
conpared to 8 weeks or nore for sonme |ess Internet-enabled conpetitors. This
is a non-trivial difference in an industry where adoption of new technol ogy
and obsol escence of old technology is rapid, margins are thin, and many
conmponent prices drop by 3-4% each nonth.

O her firms have also built closer relations with their custonmer via the
web and rel ated technol ogies. For instance, web retailers |ike Amazon.com
provi de personalized recommendation to visitors and allows themto custom ze
nunmer ous aspects of their shoppi ng experience. As described by Denise Caruso,
“Amazon’s on-1line account nmaintenance system provides its custonmers with
secure access to everything about their account at any time. [S]uch
information flow to and from custoners woul d paral yze nost old-Iline
conpanies.” Merely providing Internet access to a traditional bookstore would
have had a relatively mnimal inpact w thout the cluster of other changes

i mpl enented by firns |ike Amazon

In increasingly ubiquitous exanple is using the web for handling basic
custoner inquiries. For instance, UPS now handles a total of 700,000 package
tracking requests via the Internet every day. It costs UPS 10¢ per piece to
serve that information via the Web vs. $2 to provide it over the phone
(Seybol d and Marshak 1998). Consuners benefit too. Because custoners find it
easier to track packages over the web than via a phone call, UPS estinmates
that 2/3 of the web users would not have bothered to check on their packages
if they did not have web access.

Large- Sanpl e Enpirical Evidence on IT, Organization and Productivity

The case study literature offers many exanples of strong |inks between

IT and investnments in conplenmentary organi zati onal practices. However, to
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reveal general trends and to quantify the overall inpact, we nust exani ne
these effects across a wide range of firnms and industries. In this section we
explore the results fromlarge-sanple statistical analyses. First, we exani ne
studies on the direct relationship between IT investnent and busi ness val ue.
We then consider studies that nmeasured organi zational factors and their
correlation with IT use, as well as the few initial studies that have |inked

this relationship to productivity increases.

I T and Productivity

Much of the early research on the rel ationship between technol ogy and
productivity used econony-level or sector-level data and found little evidence
of a relationship. For exanple, Roach (1987) found that while conputer
i nvestment per white-collar worker in the service sector rose several hundred
percent from 1977 to 1989, output per worker, as conventionally nmeasured, did
not increase discernibly. In several papers, Mrrison and Berndt exam ned
Bur eau of Econonmic Analysis data for manufacturing industries at the two-digit
SIC level and found that the gross marginal product of "high tech capital"”
(including conmputers) was less than its cost and that in many industries these
supposedl y | abor-saving i nvestnments were associated with an increase in |abor
demand (Berndt and Morrison, 1995; Morrison, 1996). Robert Sol ow (1987)
summari zed this kind of pattern in his well-known remark: "[Y]ou can see the
conput er age everywhere except in the productivity statistics."

However, by the early 1990s, analyses at the firmlevel were beginning
to find evidence that conputers had a substantial effect on firns'

productivity levels. Using data fromover 300 large firnms over the period
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1988-1992, Brynjolfsson and Hitt (1995, 1996) and Lichtenberg (1995) estimated
production functions that use the firm s output (or val ue-added) as the
dependent variable and use ordinary capital, IT capital, ordinary labor, IT

| abor, and a variety of dumry variables for tinme, industry, and firm? The
pattern of these relationships is sunmarized in Figure 1, which conpares firm
level IT investnent with multifactor productivity (excluding conputers) for
the firms in the Brynjolfsson and Hitt (1995) dataset. There is a clear
positive relationship, but also a great deal of individual variation in firns’
success with IT.

Esti mates of the average annual contribution of computer capital to
total output generally exceed $0.60 per dollar of capital stock, depending on
the anal ysis and specification (Brynjolfsson and Hitt, 1995, 1996;

Li cht enberg, 1995; Dewan and M n, 1997). These estimates are statistically
different fromzero, and in nost cases significantly exceed the expected rate
of return of about $.42 (the Jorgensonian rental price of conputers — see
Brynjol fsson and Hitt, 2000). This suggests either abnormally high returns to
investors or the existence of unneasured costs or barriers to investnent.
Simlarly, nost estimtes of the contribution of information systens |abor to
out put exceed $1 (and are as high as $6) for every $1 of |abor costs.

Several researchers have al so examined the returns to | T using data on
the use of various technol ogies rather than the size of the investnent.
Greenan and Mairesse (1996) natched data on French firms and workers to
nmeasure the relationship between a firm's productivity and the fraction of its
enpl oyees who report using a personal conmputer at work. Their estinmates of

conmputers' contribution to output are consistent with earlier estinmates of the
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conmputer’s output elasticity.

Ot her mcro-level studies have focused on the use of conputerized
manuf acturi ng technol ogi es. Kelley (1994) found that the npst productive
nmet al -wor ki ng plants use conputer-controlled machinery. Black and Lynch (1996)
found that plants where a | arger percentage of enployees use conputers are
nore productive in a sanple containing multiple industries. Conputerization
has al so been found to increase productivity in governnment activities both at
the process |evel, such as package sorting at the post office or tol
col | ecti on (Muhkopadhyay, Rajiv and Srinivasan, 1997) and at higher |evels of
aggregation (Lehr and Lichtenberg, 1998).

Taken col l ectively, these studies suggest that IT is associated with
substantial increases in output. Questions renain about the nechanisns and
direction of causality in these studies. Perhaps instead of |IT causing greater
output, “good firms” or average firms with unexpectedly high sales
di sproportionately spend their wi ndfall on conputers. For exanple, while
Dons, Dunne and Troske (1997) found that plants using nore advanced
manuf act uri ng technol ogi es had hi gher productivity and wages, they also found

that this was conmonly the case even before the technol ogi es were introduced.

Efforts to disentangle causality have been limted by the |lack of good
instrumental variables for factor investnment at the firmlevel. However,
attenpts to correct for this bias using available instrunmental variables
typically increase the estimted coefficients on IT even further (for exanple,
Brynjol fsson and Hitt, 1996; 2000). Thus, it appears that reverse causality

is not driving the results: with firns with an unexpected increase in free
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cash flow invest in other factors, such as |abor, before they change their
spending on I T. Nonethel ess, there appears to be a fair anopunt of causality
in both directions — certain organizational characteristics nmake | T adoption
nore |ikely and vice versa

The firmlevel productivity studies can shed sone |light on the
rel ati onship between I T and organi zational restructuring. For exanple,
productivity studies consistently find that the output elasticities of
conmput ers exceed their (neasured) input shares. One explanation for this
finding is that the output elasticities for |IT are about right, but the
productivity studies are underestimating the input quantities because they
negl ect the role of unmeasured conplenentary investnents. Dividing the output
of the whole set of conplenents by only the factor share of IT will inply
di sproportionately high rates of return for 1T.°

A variety of other evidence suggests that hidden assets play an
important role in the relationship between IT and productivity. Brynjolfsson
and Hitt (1995) estimated a firmfixed effects productivity nodel. This nethod
can be interpreted as dividing firmlevel |IT benefits into two parts; one part
is due to variation in firns' |IT investnents over tine, the other to firm
characteristics. Brynjolfsson and Hitt found that in the firmfixed effects
nodel , the coefficient on IT was about 50 percent |ower, conpared to the
results of an ordinary | east squares regression, while the coefficients on the
ot her factors, capital and |labor, changed only slightly. This change suggests
t hat unmeasured and sl owy changi ng organi zati onal practices (the "fixed
effect") significantly affect the returns to I T i nvestnent.

Anot her indirect inplication fromthe productivity studies cones from
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evi dence that effects of IT are substantially |arger when neasured over | onger
time periods. Brynjolfsson and Hitt (2000) exam ned the effects of IT on
productivity gromh rather than productivity |levels, which had been the
enphasis in nost previous work, using data that included nore than 600 firns
over the period 1987 to 1994. Wen one-year differences in IT are conpared to
one-year differences in firmproductivity, the neasured benefits of conputers
are approximately equal to their nmeasured costs. However, the measured
benefits rise by a factor of two to eight as longer tinme periods are
consi dered, depending on the econonetric specification used. One
interpretation of these results is that short-termreturns represent the
direct effects of IT investnment, while the |onger-termreturns represent the
effects of IT when conmbined with related investnents in organizational change.

Further analysis, based on earlier results by Schankermann (1981) in the R&D
context, suggested that these omitted factors were not sinply IT i nvestnents
that were erroneously nisclassified as capital or labor. Instead, to be
consistent with the econonetric results, the onmtted factors had to have been
accurmul ated in ways that would not appear on the current bal ance sheet. Firm
speci fic human capital and "organi zational capital" are two exanpl es of
omtted inputs would fit this description.4

A final perspective on the value of these organizational conplenents to

IT can be found using financial market data, drawing on the literature on
Tobin's q. This approach neasures the rate of return of an asset indirectly,
based on conparing the stock market value of the firmto the replacenent val ue
of the various capital assets it owns. Typically, Tobin's q has been enpl oyed

to nmeasure the relative value of observable assets such as R&D or physica
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pl ant. However, as suggested by Hall (1999a, 1999b), Tobin's g can also be
viewed as providing a neasure of the total quantity of capital, including the
val ue of "technol ogy, organization, business practices, and other produced

el ements of successful nodern corporation.” Using an approach al ong these
lines, Brynjolfsson and Yang (1997) found that while one dollar of ordinary
capital is valued at approxinately one dollar by the financial markets, one
dollar of IT capital appears to be correlated with between $5 and $20 of
addi ti onal stock market value for Fortune 1000 firnms using data spanni ng 1987
to 1994. Since these results largely apply to large, established firms rather
t han new hi gh-tech startups, and since they predate nost of the nassive
i ncrease in market valuations for technology stocks in the |ate 1990s, these
results are not likely to be sensitive to the possibility of a recent “high-
tech stock bubble.”

A nore likely explanation for these results is that IT capital is
di sproportionately associated with other intangible assets |ike the costs of
devel opi ng new software, popul ating a database, inplenenting a new business
process, acquiring a nore highly skilled staff, or undergoing a major
organi zational transformation, all of which go uncounted on a firm s bal ance
sheet. In this interpretation, for every dollar of IT capital, the typica
firmhas also accunul ated between $4 and $19 in additional intangible assets.
A related explanation is that firns nmust occur substantial "adjustment costs"
before IT is effective. These adjustnment costs drive a wedge between the
val ue of a conputer resting on the | oading dock and one that is fully
integrated into the organization.

The evidence fromthe productivity and the Tobin's q anal yses provides
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sonme insights into the properties of IT-related intangible assets, even if we
cannot neasure these assets directly. Such assets are large, potentially
several nmultiples of the measured IT investnent. They are unneasured in the
sense that they do not appear as a capital asset or as other conponents of
firminput, although they do appear to be unique characteristics of particular
firms as opposed to industry effects. Finally, they have nore effect in the
long termthan the short term suggesting that nmultiple years of adaptation

and investnment is required before their influence is nmaxin zed.

Direct Measurenment of the Interrelationship between IT and Organi zation
Sonme studi es have attenpted to nmeasure organi zati onal conpl enents
directly, and to show either that they are correlated with IT investnent, or
that firns that conbine conpl ementary factors have better economc
performance. Finding correlations between | T and organi zati onal change, or
bet ween these factors and nmeasures of econom ¢ performance, is not sufficient
to prove that these practices are conplenents, unless a full structural node
speci fies the production relationships and denmand drivers for each factor
At hey and Stern (1997) discuss issues in the enpirical assessnent of
conplenmentarity rel ati onshi ps. However, after enpirically evaluating possible
alternative explanati ons and conbining correlations with performance anal yses,
conplenmentarities are often the nost plausible explanation for observed
rel ati onshi ps between | T, organizational factors, and econonic perfornmance.
The first set of studies in this area focuses on correl ati ons between
use of IT and extent of organizational change. An inportant finding is that IT

i nvestment is greater in organizations that are decentralized and have a
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greater level or demand for human capital. For exanple, Breshahan
Brynj ol fsson and Hitt (2000) surveyed approximtely 400 large firnms to obtain
i nformati on on aspects of organizational structure |like allocation of decision
rights, workforce conposition, and i nvestnments in human capital. They found
that greater levels of IT are associated with increased del egati on of
authority to individuals and teans, greater levels of skill and education in
the workforce, and greater enphasis on pre-enploynent screening for education
and training. |In addition, they find that these work practices are correl ated
with each other, suggesting that they are part of a conplenmentary work
system5

Research on jobs within specific industries has begun to explore the
mechani sms Wit hin organi zati ons that create these conplenentarities. Draw ng
on a case study on the autonobile repair industry, Levy, Beam sh, Mrnane and
Aut or (2000) argue that conputers are nost likely to substitute for jobs that
rely on rul e-based deci sion maki ng whil e conpl ementi ng non- procedura
cognitive tasks. In banking, researchers have found that many of the skill,
wage and ot her organizational effects of conputers depend on the extent to
which firms couple conputer investnment with organizational redesign and ot her
manageri al deci sions (Hunter, Bernhardt, Hughes and Skuratow tz, 2000;
Mur nane, Levy and Autor, 1999). Researchers focusing at the establishnent
| evel have al so found conpl enentarities between existing technol ogy
infrastructure and firmwork practices to be a key determnant of the firnms
ability to incorporate new technol ogi es (Bresnahan and Greenstein, 1997); this
al so suggests a pattern of nutual causation between conputer investment and

or gani zati on.
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A variety of industry-level studies also show a strong connecti on
bet ween i nvestnment in high technol ogy equi prent and the demand for skilled,
educat ed workers (Berndt, Mrrison and Rosenblum 1992; Bernman, Bound and
Giliches, 1994; Autor, Katz and Krueger, 1998). Again, these findings are
consistent with the idea that increasing use of conputers is associated with a
greater demand for human capital

Several researchers have al so considered the effect of I T on macro-
organi zati onal structures. They have typically found that greater |evels of
investment in I T are associated with smaller firms and | ess vertica
i ntegration. Brynjolfsson, Ml one, Gurbaxani and Kambil (1994) found that
increases in the level of IT capital in an economnm c sector were associ ated
with a decline in average firmsize in that sector, consistent with IT | eading
to a reduction in vertical integration. Hitt (1999), exanining the
rel ati onship between a firmis IT capital stock and direct measures of its
vertical integration, arrived at simlar conclusions. These results
corroborate earlier case anal yses and theoretical argunments that suggested
that IT woul d be associated with a decrease in vertical integration because it
| owers the costs of coordinating externally with suppliers (Ml one, Yates and
Benj am n, 1987; Gurbaxani and Wang, 1991; Cl enpns and Row, 1992).

One difficulty in interpreting the literature on correlations between IT
and organi zati onal change is that sonme managers nmay be predi sposed to try
every new i dea and sonme nanagers may be averse to trying anything new at all
In such a world, IT and a "nodern" work organi zation m ght be correlated in
firms because of the tenperament of managenent, not because they are econonic

conplenments. To rule out this sort of spurious correlation, it is useful to
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bri ng measures of productivity and econonic performance into the analysis. |If
combining | T and organi zational restructuring is economcally justified, then
firms that adopt these practices as a system should outperformthose that fai

to combine IT investnent with appropriate organi zati onal structures.

In fact, firns that adopt decentralized organi zational structures and
work structures do appear to have a higher contribution of IT to productivity
(Bresnahan, Brynjolfsson and Hitt, 2000). For exanple, for firns that are
nore decentralized than the nedian firm (as neasured by individua
organi zati onal practices and by an index of such practices), have, on average,
a 13 percent greater IT elasticity and a 10 percent greater investnent in IT
than the median firm Firms that are in the top half of both IT investnent and
decentralization are on average 5 percent nmore productive than firns that
above average only in IT investnment or only the decentralized organization.

Simlar results al so appear when econonic performance i s neasured as
stock market valuation. Firms in the top third of decentralization have a 6
percent higher nmarket value after controlling for all other nmeasured assets;
this is consistent with the theory that organizati onal decentralization
behaves |i ke an intangi ble asset. Mreover, the stock market value of a dollar
of IT capital is between $2 and $5 greater in decentralized firns than in
centralized firms (per standard deviation of the decentralization neasure),
and this relationship is particularly striking for firnms that are
si mul taneously extensive users of |IT and highly decentralized as shown in
Figure 2 (Brynjolfsson, Hitt and Yang, 2000).

The weight of the firmlevel evidence shows that a conbi nati on of

i nvestment in technology and changes in organi zati ons and work practices
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facilitated by these technol ogies contributes to firns’ productivity growh
and mar ket val ue. However, much work remains to be done in categorizing and
nmeasuring the rel evant changes in organi zations and work practices, and

relating themto IT and productivity.

The Divergence of Firm Level and Aggregate Studies on IT and Productivity

VWi le the evidence indicates that IT has created substantial value for
firms that have invested in it, it has been a challenge to link these benefits
to macroeconomi ¢ performance. A mmjor reason for the gap in interpretationis
that traditional growth accounting techniques focus on the (relatively)
observabl e aspects of output, like price and quantity, while neglecting the
i ntangi bl e benefits of inmproved quality, new products, customer service and
speed. Simlarly, traditional techniques focus on the relatively observabl e
aspects of investnment, such as the price and quantity of conputer hardware in
the economy, and neglect the nuch | arger intangible investnents in devel oping
conpl ement ary new products, services, markets, business processes, and worker
skills. Paradoxically, while conmputers have vastly inproved the ability to
col l ect and anal yze data on al nnst any aspect of the econony, the current
conput er - enabl ed econony has becone increasingly difficult to nmeasure using
conventional nethods. Nonethel ess, standard growth accounting techni ques
provi de a useful benchmark for the contribution of IT to econom ¢ grow h.

Studies of the contribution of IT concluded that technical progress in
conmputers contributed roughly 0.3 percentage points per year to real output

growt h when data fromthe 1970s and 1980s were used (Jorgenson and Stiroh,
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1995; diner and Sichel, 1994; Brynjolfsson, 1996).

Much of the estimated growth contribution cones directly fromthe |arge
qual ity-adjusted price declines in the conputer producing industries. The
nom nal val ue of purchases of IT hardware in the United States in 1997 was
about 1.4 percent of GDP. Since the quality-adjusted prices of conputers
decl i ne by about 25 percent per year, sinply spending the sane nom nal share
of GDP as in previous years represents an annual productivity increase for the
real GDP of 0.3 percentage points (that is, 1.4 x .25 = .35). Arelated
approach is to l ook at the effect of IT on the GDP deflator. Reductions in
inflation, for a given amunt of growth in output, inply proportionately
hi gher real growth and, when divided by a neasure of inputs, for higher
productivity gromh as well. Gordon (1998, p.4) cal cul ates that "conputer
hardware is currently contributing to a reduction of U S. inflation at an
annual rate of alnmst 0.5% per year, and this nunmber would clinb toward one
percent per year if a broader definition of IT, including telecomunications
equi pnent, were used."

More recent growth-accounting anal yses by the same aut hors have |inked
the recent surge in neasured productivity in the U S. to increased investnents
in |IT. Using simlar nethods as in their earlier studies, Oiner and Siche
(this issue) and Jorgenson and Stiroh (1999) find that the annual contribution
of conputers to output growth in the second half of the 1990s is closer to 1.0
or 1.1 percentage points per year. Gordon (this issue) nakes a simlar
estimate. This is a large contribution for any single technol ogy, although
researchers have rai sed concerns that conputers are primarily an internediate

i nput and that the productivity gains disproportionately visible in conputer
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produci ng i ndustries as opposed to conputer using industries. For instance,
Gordon notes that after he makes adjustnents for the business cycle, capita
deepeni ng and other effects, there has been virtually no change in the rate of
productivity grow h outside of the durable goods sector. Jorgenson and Stiroh
ascribe a larger contribution to conmputer-using industries, but still not as
great as in the conputer-producing industries.

Shoul d we be di sappoi nted by the productivity performance of the
downstream firms?

Not necessarily. Two points are worth bearing in mnd when conparing
upstream and downstream sectors. First, the allocation of productivity
depends on the quality-adjusted transfer prices used. |If a high deflator is
applied, the upstream sectors get credited with nore output and productivity
in the national accounts, but the downstream firnms get charged with using nore
i nputs and thus have | ess productivity. Conversely, a |ow deflator allocates
nore of the gains to the downstream sector. |In both cases, the increases in
the total productivity of the econony are, by definition, identical. Since it
is difficult to compute accurate deflators for conplex, rapidly changing
i nternedi ate goods |ike conputers, one nust be careful in interpreting the
al l ocation of productivity across producers and users. "’

The second point is nore semantic. Arguably, downstream sectors are
delivering on the IT revolution by sinply nmaintaining | evels of neasured tota
factor productivity growh in the presence of dramatic changes in the costs,
nature and m x of internmedi ate conputer goods. This reflects a success in
costlessly converting technol ogical innovations into real output that benefits

end consuners. |If “nmutual insurance” mmintains a constant nominal | T budget
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in the face of 50% I T price declines over two years, it is treated in the
nati onal accounts as using 100% nore real IT input for production. A
comensurate increase in real output is required nerely to maintain the sane
measured productivity |level as before. This is not necessarily automatic
since it requires a significant change in the input m x and organi zati on of
production. In the presence of adjustnent costs and inperfect output
nmeasures, one m ght reasonably have expected nmeasured productivity to
initially decline in downstream sectors as they absorb a rapidly changi ng set
of inputs and introduce new products and services.

Regar dl ess of how the productivity benefits are allocated, these studies
show that a substantial part of the upturn in nmeasured productivity of the
econony as a whole can be linked to increased real investnents in conputer
har dware and declines in their quality-adjusted prices. However, there are
several key assunptions inplicit in econony- or industry-w de growh
accounti ng approaches which can have a substantial influence on their results,
especially if one seeks to know whether investnment in conmputers are increasing
productivity as nmuch as alternate possible investnments. The standard growth
accounti ng approach begins by assunming that all inputs earn “normal” rates of
return. Unexpected wi ndfalls, whether the discovery of a single new oi
field, or the invention of a new process which nmakes oil fields obsolete, show
up not in the growth contribution of inputs but as changes in the nmultifactor
productivity residual. By construction, an input can contribute nore to
output in these analyses only by growi ng rapidly, not by having an unusually
hi gh net rate of return.

Changes in nmultifactor productivity growth, in turn, depend on accurate
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measures of final output. However, nom nal output is affected by whether firm
expenditures are expensed, and therefore deducted from val ue-added, or
capitalized and treated as investnment. As enphasized throughout this paper
ITis only a small fraction of a much |arger conplenentary system of tangible
and i ntangi bl e assets. However, current statistics typically treat the
accurul ati on of intangible capital assets, such as new busi ness processes, new
production systens and new skills, as expenses rather than as investnents.

This leads to a | ower | evel of neasured output in periods of net capita
accurul ati on. Second, current output statistics disproportionately mss nany
of the gains that IT has brought to consuners such as variety, speed, and
conveni ence. We will consider these issues in turn.

The magni tude of investnment in intangible assets associated with
conputerization may be | arge. Analyses of 800 |large firns by Brynjol fsson and
Yang (1997) suggest that the ratio of intangible assets to |IT assets may be 10
to 1. Thus, the $167 billion in conputer capital recorded in the U 'S. nationa
accounts in 1996 may have actually been only the tip of an iceberg of $1.67
trillion of IT-related conplenentary assets in the United States.

Exam nation of individual |IT projects indicates that the 10:1 ratio may
even be an underestimte in nany cases. For exanple, a survey of enterprise
resource planning projects found that the average spendi ng on conputer
har dwar e accounted for | ess than 4 percent of the typical start-up cost of
$20.5 million, while software |licenses and devel opnent were another 16 percent
of total costs (Gormely et al., 1998). The renmi ning costs included hiring
outside and internal consultants to help design new business processes and to

train workers in the use of the system The tinme of existing enployees,
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i ncludi ng top managers, that went into the overall inplenmentation were not
i ncl uded, although they too are typically quite substanti al

The upfront costs were alnost all expensed by the conpani es undert aki ng
the inplenmentation projects. However, insofar as the managers who made these
expenditures expected themto pay for thenselves only over several years, the
non-recurring costs are properly thought of as investnents, not expenses, when
considering the inmpact on economic growh. |In essence, the managers were
adding to the nation’s capital stock not only of easily visible conputers, but
al so of less visible business processes and worker skills.

How mi ght these neasurenent problens affect econom c growh and
productivity calculations? In a steady state, it makes little difference,
because the anpbunt of new organi zational investnment in any given year is
of fset by the "depreciation" of organizational investnents in previous years.
The net change in capital stock is zero. Thus, in a steady state, classifying
organi zati onal investnments as expenses does not bias overall output growh as
long as it is done consistently fromyear to year. However, the economy has
hardly been in a steady state with respect to conputers and their conpl enents.

Instead, the U.S. econony has been rapidly adding to its stock of both types
of capital. To the extent that this net capital accunul ati on has not been
counted as part of output, output and output growth have been underesti mated.

The software industry offers a useful exanple of the inpact of
classifying a category of spending as expense or investnent. Hi storically,
efforts on software devel opnment have been treated as expenses, but recently
t he governnent has begun recogni zing that software is an intangible capita

asset. Software investnent by U. S. businesses and governnents grew from $10
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billion in 1979 to $159 billion in 1998 (Parket and G imm 2000). Properly
accounting for this investnent has added 0.15 to 0.20 percentage points to the
average annual growth rate of real GDP in the 1990s. While capitalizing
software is an inportant inprovenment in our national accounts, software is far
fromthe only, or even nobst inportant, conplenent to conputers.

If the wide array of intangible capital costs associated with conputers
were treated as investnments rather than expenses, the results would be
striking. According to sone prelimnary estimtes from Yang (2000), building
on estimates of the intangible asset stock derived from stock market
val uations of computers, the true growmh rate of U S. GDP, after accounting
for the intangible conplenments to I T hardware, has been increasingly
underesti mated by an average of over 1 percent per year since the early 1980s,
with the underestimate getting worse over tine as net |IT investnent has grown.

Productivity growm h has been underestinated by a simlar amount. This
reflects the large net increase in intangible assets of the U S. econony
associated with the conputerization that was di scussed earlier. Over tinme, the
econony earns returns on past investnent, converting it back into consunption

This has the effect of raising GDP gromh as conventionally neasured by a
commensurate amount even if the "true" GDP growt h remai ns unchanged.

While the quantity of intangible assets associated with IT is difficult
to estimate precisely, the central |esson is that these conpl enentary changes
are significant and cannot be ignored in any realistic attenpt to estinate the
overal |l economic contributions of IT.

The productivity gains frominvestnments in new I T are underestimted in

a second nmgjor way: failure to account fully for quality change in consunable
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outputs. It is typically much easier to count the nunmber of units produced
than to assess intrinsic quality -- especially if the desired quality may vary
across custonmers. A significant fraction of value of quality inprovenents due
to investnments in IT -- like greater tineliness, custom zation, and custoner
service -- is not directly reflected as increased industry sales, and thus is
implicitly treated as nonexistent in official econom c statistics.

These i ssues have al ways been a concern in the estimation of the true
rate of inflation and the real output of the U S. econony (Boskin et. al.
1997). If output msneasurenent for conputers were simlar to output
m smeasurenment for previous technol ogies, estimates of |ong term productivity
trends would be unaffected (Baily and Gordon, 1988). However, there is
evi dence that in several specific ways, conputers are associated with an
i ncreasi ng degree of misnmeasurenment that is likely to lead to increasing
underesti mates of productivity and econom c grow h.

The production of intangible outputs is an inportant consideration for
I T investnments whether in the form of new products or inprovenents in existing
products. Based on a series of surveys of information services managers
conducted in 1993, 1995 and 1996, Brynjolfsson and Hitt (1997) found that
custoner service and sonetinmes ot her aspects of intangi ble output
(specifically quality, convenience, and tineliness) ranked hi gher than cost
savings as the notivation for investnments in informtion services. Brooke
(1992) found that IT was al so associated with increases in product variety.

I ndeed, governnment data show nmany inexplicable changes in productivity,
especially in the sectors where output is poorly neasured and where changes in

quality may be especially inmportant (Giliches, 1994). Moreover, sinply
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renmovi ng anomel ous industries fromthe aggregate productivity growth

cal cul ation can change the estimate of U. S. productivity growth by 0.5% or
nore (Corrado and Slifrman, 1999). The problens with nmeasuring quality change
and true output growh are illustrated by selected industry-1level productivity
growt h data over different tinme periods, shown in Table 1. According to

of ficial government statistics, a bank today is only about 80 percent as
productive as a bank in 1977; a health care facility is only 70 percent as
productive and a | awyer only 65 percent as productive as they were 1977.

These statistics seemout of touch with reality. In 1977, all banking was
conducted the teller w ndows; today, custonmers can access a network of 139, 000
ATMs 24-hours a day, 7 days a week (Osterberg and Sterk, 1997), as well as a
vastly expanded array of banking services via the Internet. The nore than
tripling of cash availability via ATMs required an i ncrenental investnent on
the order of $10Bn conpared with over $70Bn invested in physical bank
branches. Conputer-controlled medical equipnent has facilitated nore
successful and less invasive nedical treatnment. Many procedures that
previ ously required extensive hospital stays can now be performed on an
out patient basis; instead of surgical procedures, many nedical tests now use
non-i nvasi ve i magi ng devi ces such as x-rays, MR, or CT scanners. Information
technol ogy has supported the research and analysis that has led to these
advances plus a wide array of inprovenents in medication and outpatient
therapies. A |awer today can access much wi der range of information through
on-|ine databases and manage many nore | egal docunents. In addition, sone
basic | egal services, such as drafting a sinple will, can now be perforned

wi t hout a | awyer using inexpensive software packages such as WI | maker.
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One of the nost inportant types of unmeasured benefits arises from new
goods. Sal es of new goods are neasured in the GDP statistics as part of
nom nal output, although this does not capture the new consumer surplus
generated by such goods, which causes themto be preferred over ol d goods.
Mor eover, the Bureau of Labor Statistics has often failed to incorporate new
goods into price indices until many years after their introduction; for
exanple, it did not incorporate the VCR into the consunmer price index unti
1987, about a decade after they began selling in volunme. This |leads the price
index to mss the rapid decline in price that many new goods experience early
in their product cycle. As a result, the inflation statistics overstate the
true rise in the cost of living, and when the nom nal GDP figures are adjusted
using that price index, the real rate of output growth is understated (Boskin
et al., 1997). The probl em extends beyond new high tech products, |ike
personal digital assistants and handhel d web browsers. Conputers enabl e nore
new goods to be devel oped, produced, and managed in all industries. For
i nstance, the nunmber of new products introduced in supermarkets has grown from
1,281 in 1964, to 1831 in 1975, and then to 16,790 in 1992 (Nakarmura, 1997);
the data managenent requirenents to handle so many products woul d have
overwhel med the conputerl ess supermarket of earlier decades. Consuners have
voted with their pocketbooks for the stores with greater product variety.

This collection of results suggests that |IT may be associated with
i ncreases in the intangible conponent of output, including variety, custoner
conveni ence, and service. Because it appears that the amount of unmeasured
output value is increasing with conputerization, this nmeasurenent problem not

only creates an underestimate of output |evel, but also errors in neasurenent
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of output and productivity growth when conpared with earlier tinme periods
whi ch had a smaller bias due to intangible outputs.

Just as the Bureau of Econom c Anal ysis successfully reclassified nany
sof tware expenses as investnments and is meking quality adjustnments, perhaps we
will also find ways to neasure the investment conponent of spending on
i ntangi bl e organi zational capital and to nmake appropriate adjustnments for the
value of all gains attributable to inproved quality, variety, conveni ence and
service. Unfortunately, addressing these problens can be difficult even for
single firms and products, and the conplexity and nunber of judgnents required
to address them at the macroecononmic |evel is extremely high. Moreover,
because of the increasing service conponent of all industries (even basic
manuf acturing), which entails product and service innovation and intangible
i nvestments, these problem cannot be easily solved by focusing on a limted
nunber of “hard to neasure” industries — they are pervasive throughout the
econony.

Meanwhi | e, however, firmlevel studies can overcone some of the
difficulties in assessing the productivity gains fromIT. For exanple, it is
considerably easier at the firmlevel to nmake reasonable estimates of the
i nvestnments in intangible organizational capital and to observe changes in
organi zations, while it is harder to formulate useful rules for neasuring such
i nvest ment at the nmacroeconomc |evel.

Firmlevel studies nay be | ess subject to aggregation error when firms
make different |evels of investnments in conputers and thus could have
different capabilities for producing higher value products (Brynjolfsson and

Hitt, 1996, 2000). Suppose a firminvests in IT to inprove product quality
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and consuners recogni ze and val ue these benefits. |If other firnms do not meke
simlar investnents, any difference in quality will lead to differences in the
equi li brium product prices that each firmcan charge. Wen an analysis is
conducted across firns, variation in quality will contribute to differences in
out put and productivity and thus, will be measured as increases in the output
el asticity of conputers. However, when firns with high quality products and
firms with low quality products are conbined together in industry data (and
subjected to the sanme quality-adjusted deflator for the industry), both the IT
i nvestment and the difference in revenue will average out, and a | ower
correlation between IT and (neasured) output will be detected. Interestingly,
Si egel (1997) found that the nmeasured effect of conputers on productivity was
substantially increased when he used a structural equation framework to
directly nodel the errors in production input measurenent in industry-Ieve

dat a.

However, firmlevel data can be an insecure way to capture the socia
gains frominproved product quality. For example, not all price differences
reflect differences in product or service quality. Wen price differences are
due to differences in market power that are not related to consuner
preferences, then firmlevel data will lead to inaccurate estimtes of the
productivity effects of IT. Simlarly, increases in quality or variety (e.qg.
new product introductions in supermarkets) can be a by-product of anti-
conpetitive product differentiation strategies, which may or may not increase
total welfare. Mreover, firmlevel data will not fully capture the val ue of
quality inprovenments or other intangible benefits if these benefits are

ubi qui tous across an industry, because then there will not be any inter-firm
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variation in quality and prices. Instead, conpetition will pass the gains on
to consuners. In this case, firmlevel data will also understate the

contribution of IT investnent to social welfare.

Concl usi on

Concerns about an IT “productivity paradox” were raised in the late
1980s. Over a decade of research since then has substantially inmproved our
under st andi ng of the relationship between |IT and economi ¢ performance. The
firmlevel studies in particular suggest that, rather than being paradoxically
unproductive, conputers have had an i npact on economc growh that is
di sproportionately |large conpared to their share of capital stock or
i nvestment, and that this inpact is |ikely to grow further in com ng years.

In particular, both case studies and econonetric work point to
organi zati onal conpl ements such as new busi ness processes, new skills and new
organi zational and industry structures as a nmgjor driver of the contribution
of IT. These conpl ementary investnents, and the resulting assets, may be as
much as an order of magnitude |arger than the investnments in the conputer
technol ogy itself. However, they go largely uncounted in our nationa
accounts, suggesting that conputers have made a much |arger real contribution
to the econony than previously believed.

The use of firmlevel data has cast a brighter light on the black box of
production in the increasingly |T-based econony. The outcone has been a
better understandi ng of the key inputs, including conplenmentary organizationa

assets, as well as the key outputs including the growing roles of new
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products, new services, quality, variety, tineliness and conveni ence.
Measuring the intangi ble conmponents of conplenentary systens will never be
easy. But if researchers and busi ness managers recogni ze the inportance of the
i ntangi bl e costs and benefits of conmputers and undertake to evaluate them a

nore preci se assessnent of these assets needn’t be beyond conputation

37



Acknow edgenent s

Portions of this manuscript are to appear in MS Review and in an edited

vol une, The Puzzling Rel ati ons Between Conputer and the Econony, Nathalie

Greenan, Yannick Lhorty and Jacques Mairesse, eds., MT Press, 2001.

The authors thank David Autor, Brad DeLong, Robert Gordon, Shane
Greenstein, Dale Jorgenson, Alan Krueger, Dan Sichel, Robert Sol ow, and Kevin
Stiroh and Tinothy Taylor for valuable comrents on (portions of) earlier

drafts. This work funded in part by NSF Gant |1S-9733877.

38



Ref er ences
Athey, S.; and S. Stern (1997), "An Enpirical Framework for Testing

Theori es about Conplenentarities in Organizational Design," Mneo, MT.
Attewell, P. and J. Rule (1984), "Conputing and Organi zati ons: Wat W

Know and What We Don't Know," Comrunications of the ACM 27(12): 1184-1192

Autor, D., L. F. Katz and A. B. Krueger. (1998) “Conputing |nequality:

Have Conputers Changed the Labor Market?” Quarterly Journal of Econom cs

Novenber .
Baily, M N and R J. Gordon (1988). The Productivity Sl owdown,

Measur enent |ssues, and the Expl osion of Conputer Power. in Brookings Papers

on Economic Activity. W C. Brainard and G L. Perry. Washington, DC, The

Brooki ngs Institution: 347-431.

Berman, E.; J. Bound; and Z. Giliches (1994), "Changes in the Denmand

for Skilled Labor within U S. Manufacturing Industries,” Quarterly Journal of

Econom cs 109 (May): 367-398.

Berndt, E. R and C. J. Morrison (1995), "High-tech Capital Fornmation

and Econonic Performance in U S. Manufacturing Industries: An Exploratory

Anal ysis," Journal of Econonetrics 65: 9-43.

Berndt, E£E. R, C. J. Mrrison and L. S. Rosenblum (1992), High-Tech
Capital, Econom c Performance and Labor Composition in U S. Mnufacturing
I ndustries: An Exploratory Analysis. MT Wrking Paper 3414EFA.

Bl ack, S.E. and L.M Lynch (1996), "How to Conpete: The | npact of
Wor kpl ace Practices and I T on Productivity,"

and US Departnment of Labor, Washington, D.C. Septenber.

Boskin, M chael J.; Dul berger, Ellen R ; Gordon, Robert J.; Giliches,

39

Harvard University, Canbridge, MA



Zvi; and Dal e Jorgenson(1997). "The CPI Commi ssion: Findings and

Recommendations."” Anerican Econonmic Review 87(2): 78-83.

Bresnahan, T., Brynjolfsson, E. and L. Hitt (2000) IT, Wbrkplace
Organi zation and the Demand for Skilled Labor: A Firmlevel Analysis, M neo,
M T, Stanford, and Wharton.

Bresnahan, T. F. and M Trajtenberg (1995), "GCeneral Purpose

Technol ogi es: ' Engines of G owh'?" Journal of Econonmetrics 65: 83-108.

Breshahan, T.F. and S. Greenstein (1997), “Technical Progress and Co-

Invention in Conmputing and in the Use of Conputers.” Brookings Papers on

Econom ¢ Activity: M croeconom cs (January): 1-78.

Bresnahan, T.F. (1999), “Conmputerization and Wage Di spersion: An

”

Anal ytic Reinterpretation,” Econonic Journal..

Brooke, G M (1992), "The Econom cs of Information Technol ogy:
Expl ai ning the Productivity Paradox," MT Sloan School of Managenent Center
for Information Systens Research Worki ng Paper No. 238(April).

Brynj ol fsson, E. (1993). "The Productivity Paradox of I|Infornation

Technol ogy, " Communi cati ons of the ACM 35(12): 66-77.

Brynj ol fsson, E. (1996), "The Contribution of Information Technology to

Consuner Welfare," Information Systens Research 7(3): 281-300.

Brynjol fsson, E., T. Malone, V. Gurbaxani, and A Kambil (1994), “Does

I nformati on Technol ogy Lead to Smaller Firns?” Managenent Science 40(12):

1628-1644. Brynjol fsson, E. and L. Hitt (1995), "Information Technol ogy as a
Factor of Production: The Role of Differences Anong Firns," Econom cs of

I nnovati on and New Technol ogy 3(4): 183-200.

Brynjol fsson, E. and L. Hitt (1996), "Paradox Lost? Firmlevel Evidence

40



on the Returns to Information Systems Spendi ng," Managenent Science 42(4):

541-558.
Brynjol fsson, E. and Hitt, L. (1997) "Breaki ng Boundaries,"

I nf or mati onweek (Septenber 22): 54-61

Brynjol fsson, E. and L. Hitt (2000), "Conputing Productivity: Are
Computers Pulling Their Wight?" Mnmeo, MT and Wharton

Brynjol fsson, E. and Yang, S. (1996), "Informati on Technol ogy and
Productivity: A Review of the Literature," in Zelkowitz, M, ed., Advances in
Conputers, Vol. 43.

Brynjol fsson, E. and Yang, S. (1997), "The Intangi ble Benefits and Costs

of Conputer Investnents: Evidence from Financial Markets," in Proceedi ngs of

the International Conference on Information Systens, Atlanta, GA. Revised

(2000) .

Brynjol fsson, E., A Renshaw and M V. Alstyne (1997), "The Matrix of

Change, " Sl oan Managenent Review, Wnter.

Brynjol fsson, E., Hitt, L. and S.K Yang (2000), "Intangi ble Assets:
How the Interaction of Information Systens and Organi zati onal Structure
Affects Stock Market Valuations," mnmeo, MT and Wharton. A previous version

appeared in the Proceedi ngs of the International Conference on |Infornation

Systens, Hel sinki, Finland (1998).
Corrado, C. and L. Slifrman (1999), “Deconposition of Productivity and

Unit Costs,” Anmerican Econonm ¢ Review 89(2): 328-332.

Clenons, Eric K, Thatcher, Matt E.; Row, Mchael C (1995),
I dentifying sources of reengineering failures: A study of the behaviora

factors contributing to reengineering risks, Journal of Managenent |nfornmation

41



Systens 12(2): 9-36.

Clenons, Eric K (1993), Reengineering the Sales Function: Reengi neering
I nternal Operations, Teaching Case, The Warton School

David, P. A (1990), "The Dynanp and the Conputer: A Historica

Per spective on the Modern Productivity Paradox," Anmerican Econom c Revi ew

Papers and Proceedings | (2): 355-361.

Dewan, S. and Mn, C K (1997), "Substitution of Information Technol ogy

for Other Factors of Production: A Firmlevel Analysis," Managenent Science

43(12): 1660- 1675.

Donms, Mark, Dunne, Tinothy, Troske, Kenneth R "Wbrkers, Wages, and

Technol ogy," The Quarterly Journal of Econonmics 112(1): 253-290.

Gal braith, J. (1977), Organizational Design, Reading, MA: Addi son-

Wesl ey.

Gordon, Robert J. (1998), "Monetary Policy in the Age of Information
Technol ogy: Conputers and the Sol ow Paradox," Working Paper, Northwestern
Uni versity.

Gol dman Sachs (1999), B2B: To Be or Not 2B? Hi gh Technol ogy G oup

Whi t epaper, Novenber, 1999.

Gormey, J., W Bluestein, J. Gatoff and H Chun (1998), “The Runaway
Costs of Packaged Applications,” The Forrester Report, Vol. 3, No. 5,
Canbri dge, MA

Greenan, N. and Mairesse, J. (1996), "Computers and Productivity in

France: Some Evi dence," National Bureau of Econonic Research Wrking Paper
5836, Novenber.

Giliches, Z (1994), "Productivity, R&D and the Data Constraint,"

42



Ameri can Economi ¢ Review 84(2): 1-23.

@l lickson, W and M J. Harper (1999), “Possible Measurenent Bias in

Aggregate Productivity Growmh,” Mnthly Labor Review 122 (2, February): 47-

67.
Gur baxani, V. and S. Whang (1991), "The Inpact of Information Systens on

Organi zati ons and Markets." Conmuni cations of the ACM 34(1): 59-73.

Hall, R E. (1999), The Stock Market and Capital Accumul ati on, NBER
Wor ki ng Paper No. 7180 (June).
Hall, R E. (1999b), Reorgani zati on, NBER Wbrki ng Paper No. 7181 (June).
Hamrer, M (1990), "Reengineering Wirk: Don't Automate, Obliterate."

Harvard Busi ness Revi ew (Jul y- August): 104-112.

Htt, L. (1996), Econonic Analysis of Information Technol ogy and

Organi zati on, Unpublished doctoral dissertation, MT Sloan School of

Managenent .
Htt, Lorin M (1999), “Information Technol ogy and Firm Boundari es:
Evi dence from Panel Data,” Information Systens Research 10(9, June): 134-

149. Hunter, Larry W, Bernhardt, Annette, Hughes, Katherine L., and Eva
Skuratowi cz (2000), “lIts Not Just the ATMs: Firm Strategies, Wrk
Restructuring and Workers’ Earnings in Retail Banking,” mineo, Warton
School . Johnston, H Russell, Vitale, Mchael R (1988), "Creating Conpetitive

Advantage with Interorgani zational Information Systens," MS Quarterly 12(2):

153- 165.

Jorgenson, Dale W and Kevin Stiroh (1995). "Conputers and Growth,"

Journal of Econonics of Innovation and New Technol ogy 3: 295-316.

Jorgenson, Dale W and Kevin Stiroh (1999) Information Technol ogy and

Growt h”. Anmerican Econonic Review, Papers and Proceedi ngs. May.

43



Kell ey, Maryellen R (1994), "Productivity and Information Technol ogy:

The El usive Connection," Mnhagenent Science 40(11): 1406-1425.

Kenmerer, C. F. and G L. Sosa (1991), "Systens Devel opnment Risks in

Strategic Information Systens," Information and Software Technol ogy 33(3):

212-223.
Levy, Frank; Beam sh, Anne; Mirnane, Richard J; and David Autor (2000),

“Conmputerization and Skills: Exanples froma Car Deal ership,” mnmeo, MT and
Har var d. Li chtenberg, F. R (1995), "The Qutput Contributions of Conputer

Equi pnrent and Personal: A FirmLevel Analysis," Econom cs of Innovation and

New Technol ogy 3: 201-217.

Lehr, W and F. R Lichtenberg, “Conputer Use and Productivity Growth in

Federal Governnent Agencies 1987-92,” Journal of Industrial Econom cs 46(2):

257-279.
Mal one, T. W; J. Yates, and R |. Benjam n (1987), "Electronic Markets

and El ectronic Hi erarchies,”" Comunications of the ACM 30(6): 484-497.

Mal one, Thomas W (1987), "Modelling Coordination in Organizations and

Mar ket s, " Managenent Sci ence 33(10): 1317-1332.

McKenney, J.L. and T.H Clark (1995), Proctor and Ganble: |nproving
Consuner Val ue through Process Redesign. Harvard Business School Case Study
9-195- 126.

MIlgrom P. and J. Roberts (1990), "The Econom cs of WMbdern

Manuf acturing: Technol ogy, Strategy, and Organization," Anmerican Econonic

Revi ew 80(3): 511-528.
Morrison, Catherine J. (1996), "Assessing the Productivity of
I nformati on Technol ogy Equi pnent in U S. Manufacturing Industries,” Review of

Economi cs & Statistics 79(3): 471-481.

44



Mukhopadhyay, Tridas, Rajiv, Surendra, Kannan Srinivasan (1997),
I nformati on Technol ogy | npact on Process Qutput and Quality," Managenent
Sci ence 43(12): 1645-1659.

Mur nane, Richard J.; Levy, Frank; and David Autor (1999),
“Technol ogi cal Change, Conmputers and Skill Demands: Evidence fromthe Back
O fice Operations of a Large Bank,” mnmeo, NBER Econom ¢ Research Labor
Wor kshop (June).

Nakamura, L. |. (1997), "The Measurenment of Retail Qutput and the
Retail Revol ution", paper presented at the CSLS Workshop on Service Sector
Productivity and the Productivity Paradox, Otawa, Canada, April.

Qiner, S, D. and Sichel, D E (1994), "Conputers and Qutput Growth

Revisited: How Big is the Puzzle?" Brookings Papers on Econom c Activity:

M croecononics (2): 273-334.

O likowski, W J. (1992). Learning from Notes: Organizational Issues in

Groupware | nplenentation. in Conference on Conputer Supported Cooperative

Work. J. Turner and R Kraut. Toronto, Association for Conputing Machinery:
362-369.

Osterberg, WIlliam P and Sandy A Sterk (1997), "Do nore banking offices

mean nore banking services?" Econonic Commentary (Federal Reserve Bank of

Cl evel and), 1-5.

Radner, R (1993), "The Organi zation of Decentralized |Infornmation
Processing,"” Econonetrica 62: 1109-1146.

Rangan, V. and M Bell (1998), Dell Online. Harvard Business Schoo
Case Study 9-598-116.

Roach, Stephen S. (1987), "Anerica's Technology Dilemma: A Profile of

45



the Information Economny," Morgan Stanl ey Special Econom c Study (April).

Schankerman, M (1981), "The Effects of Doubl e-Counti ng and Expensing on

the Measured Returns to R&D," Revi ew of Economics and Statistics 63: 454-458.

Schnapp, John (1998), "An Od Strategy is Backfiring at GM," New York
Times (July 12): section 3: 12.
Short, Janes E.; Venkatraman, N. (1992), "Beyond Busi ness Process

Redesi gn: Redefining Baxter's Busi ness Network," Sl oan Managenent Revi ew

34(1): 7-20.

Seybol d, Patricia and Marshak, Ronni, Custoners.com How to Create A
Profitabl e Business Strategy for the Internet & Beyond, Tines Books.

Si egel, Donald (1997), "The Inpact of Computers on Manufacturing
Productivity Growth: A Multiple-Indicators Miltiple-Causes Approach,” Review

of Economics & Statistics 79(1): 68-78.

Si nmon, Herbert A. (1976), Adninistrative Behavior, New York: The Free

Press, 3" Edition.

Solow, R M (1987), "We'd Better Watch Qut," New York Tinmes Book Review,

(July 12): 36.

Vitale, M and Konsynski, B. (1988), Baxter Healthcare Corp.: ASAP
Express, Harvard Business School Case 9-188-080.

Wl son, Diane D. (1995), "IT Investnment and Its Productivity Effects: An
Organi zati onal Sociol ogi st's Perspective on Directions for Future Research,"”

Econom cs of Innovation and New Technol ogy (3): 235-251.

46



Table 1
Work practices at MacroMed as described in the corporate vision statenent.
I ntroduction of computer-based equi pment was acconpani ed by a an even | arger

set of conplenentary changes.

Principles of “old” factory

Desi gnat ed equi pnment

Large WP and FG i nventories
Pay tied to anount produced
Keep line running no matter what
Thorough final inspection by QA

Raw mat eri al s nade i n-house

Narrow job functions

Areas separated by machine type
Sal ari ed enpl oyees meke deci si ons
Hourly workers carry them out

Functional groups work
i ndependent |y

Vertical comunication fl ow

Several managenment | ayers (6)

Principles of the “new’ factory

Fl exi bl e Conmput er - based equi pnment

Low i nventories

Al'l operators paid sanme flat rate
Stop line if not running at speed
Operators responsible for quality

All materials outsourced

Fl exi bl e job responsibilities
Areas organized in work cells
Al'l enpl oyees contribute ideas
Supervisors can fill in on line

Concurrent engineering

Line rationalization

Few management | ayers (3-4)
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Tabl e 2 Annual (neasured) productivity growh for selected industries,

Cal cul ation by Gordon (1998) based on dividing BEA gross output by industry
figures by BLS hours worked by industry for conparable sectOrsS

| ndustry 1948-1967 | 1967-1977 | 1977-1996
Depository Institutions .03% .21% -1.19%
Heal t h Services . 99% . 04% -1.81%
Legal Services . 23% -2.01% -2.13%

Source: Partial reproduction from Gordon (1998, Table 3).
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Figure 1: Productivity versus IT Stock (capital plus
capitalized | abor) for Large Firms (1988-1992) adjusted
for industry
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1. For a nore general treatnent of the literature on IT value see reviews by
Attewell and Rule (1984); Brynjol fsson (1993); Wlson (1995); and
Brynj ol fsson and Yang (1996). For a discussion of the problens in economc
measur enent of conputers contributions at the macroeconomc |evel see Baily
and Gordon (1988), Siegel (1997), and Gullickson and Harper (1999).

2. These studies assunmed a standard form (Cobb-Douglas) for the production

function, and neasured the variables in logarithns. |In general, using
different functional forns, such as the transcendental |ogarithm c (transl og)
production function, has |little effect on the neasurenent of output

el asticities.

3. Hitt (1996) and Brynjolfsson and Hitt (2000) present a fornmal analysis of
this issue.

4, Part of the difference in coefficients between short and long difference
specifications could also be explained by measurenent error (which tends to
average out sonewhat over |longer tine periods). Such errors-in-variables can
bi as down coefficients based on short differences, but the size of the change
is too large to be attributed solely to this effect (Brynjolfsson and Hitt,
2000) .

5. Kelley (1994) found that the use of programmble manufacturing equi pnent is
correlated with several aspects of human resource practices.

6. It is worth noting that if the exact quality change of an internedi ate good

is msnmeasured, then the total productivity of the econonmy is not affected,

only the allocation between sectors. However, if conputer-using industries

take advantage of the radical change in input costs and quality to introduce

new quality levels (or entirely new goods) and these changes are not fully

reflected in final output deflators, then total productivity will be affected.
In periods of rapid technol ogi cal change, both phenonena are common.
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