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Abstract

This paper extends the neoclassical growth model to incorporate non-rival software cap-
ital in order to study the aggregate implications of software-specific technical change. Over
the past decades, software prices have fallen sharply while software has become an increas-
ingly important factor of production. Unlike traditional capital, software is non-rival: a given
software stock can be used by many firms at once. Consequently, the flow of software ser-
vices used in final-good production can exceed the software capital produced by the software
providers. Relative to a baseline in which software is modeled like traditional rival capital, a
software productivity shock has a larger effect on output. The strength of this amplification
increases with the importance of software in production and the response of the software user
base, but is attenuated by software specificity. Our main growth accounting exercise implies
that software-specific technical change and the scale effects from non-rival software capital
account for 21% of growth in output per worker between 1997 and 2024 when software is
fully shareable. Modeling software as rival would miss nearly half of the contribution from
these channels. Finally, we use the model to discuss the measurement of software capital in

the national accounts.



1 Introduction

Software production has become dramatically more efficient over the past three decades. As a re-
sult, the relative price of software fell by 80 percent, while software investment rose to 2.4 percent
of GDP by 2024 (Figure 1). These improvements are analogous to investment-specific techni-
cal change in traditional capital (Greenwood et al., 1997), but software differs in a fundamental
respect: it is non-rival. Once produced, the same piece of software can be used by many firms
simultaneously. This distinction is increasingly salient in light of recent advances in artificial intel-
ligence (AI), where a common underlying model can be deployed across many users. Motivated by
this distinction, we ask how non-rivalry alters the aggregate impact of software-specific technical

change.

To answer this question, we extend the neoclassical growth model to incorporate non-rival
software capital. As in the standard investment-specific technical change mechanism, an increase
in software productivity lowers the cost of producing software capital and therefore the rental
price of software services, increasing software use and adoption. Non-rivalry creates a feedback
through the size of the user base. As more firms adopt software, the user cost of the underlying
software stock is spread across more users, further lowering the rental price and inducing additional
adoption and software use. Through this feedback loop, non-rivalry amplifies the aggregate effects

of software-specific technical change.

Figure 1: U.S. software investment share and price index
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Notes: Panel (A) plots private fixed investment in software divided by nominal GDP from 1987 to 2024. Panel (B)
plots the price of software relative to consumption, normalized to one in 1987.

To fix ideas, consider Microsoft Excel. Once a version is developed, it can be sold simulta-
neously to many users. In contrast, traditional capital is rival: if 10 firms want a robot arm, then

10 robot arms must be produced.! The benefits of non-rivalry, however, are limited by the speci-

I'This distinguishes the non-rivalry of software from the non-rivalry of ideas. A robot-arm producer can reuse its



ficity of software. If software is highly tailored to one firm’s needs, then the fact that it can be
used simultaneously by another firm matters less. For example, if one firm uses Excel primarily
for accounting and another for regression analysis, Microsoft must support different features for
different users (e.g., pivot tables, macros, and other tools). Meeting more heterogeneous needs

requires a larger and more complex software product than if all users had perfectly aligned needs.

Section 2 shows a simple extension of the neoclassical growth model in which software cap-
ital is non-rival but subject to specificity. A continuum of monopolistically competitive software
producers accumulate software capital and rent it to final-good firms. Software is non-rival but
excludable: each producer holds exclusive rights to its variety and charges firms for its use, even
though the same software can serve multiple firms simultaneously. The extent of this reuse is lim-
ited by the specificity of firms’ software needs. We capture this feature by requiring each software
producer to maintain a stock at least as large as a CES-type aggregator of the software demanded

by each of the endogenous mass of M final-good firms.

The key mechanism is the distinction between the stock of software capital produced by soft-
ware firms and the flow of software services used by final-good firms in production. In equilibrium,
software services exceed the underlying stock by a factor of MP, where p governs the degree of
specificity (we sometimes refer to the opposite of specificity as shareability). This generates ag-
gregate scale effects. When an increase in the labor force expands the number of software users, a

given software stock can be reused more broadly, causing output per worker to rise.

Non-rivalry amplifies the impact of software-specific technical change. The strength of the
amplification depends on the degree of specificity and on how strongly the number of users, M,
responds to the productivity shock. When software is highly specific, it behaves like traditional
rival capital, and the effect of the shock is governed by software’s share in production. When
software is less specific, the expansion of the user base allows the same software capital to provide

more services, increasing the effect on output relative to a model that treats software as rival.

We then quantify the importance of software-specific technical change for U.S. growth be-
tween 1997 and 2024. Specifically, we decompose growth in output per worker into contributions
from software-specific technical change, investment-specific technical change, labor-force growth,
and residual Hicks-neutral productivity growth. Section 4 extends the model for the quantitative
analysis and describes its calibration, while Section 5 presents the main results. Together, software-
specific technical change and the scale effects generated by non-rival software capital account for
21% of growth between 1997 and 2024 when software is fully shareable. The rival benchmark

misses almost half of this contribution.

ideas in each unit it produces, but it still must physically produce as many robot arms as it intends to sell.



Finally, Section 6 discusses the measurement of software in the national accounts. Software
non-rivalry creates two distinct economic objects: the software capital stock produced by software
producers and the software services used by final-good firms. For traditional rival capital, these
two objects coincide. With non-rival software, however, the same stock can serve multiple users,
allowing software services to exceed the underlying capital stock. We describe the BEA’s current
methodology for measuring software capital and show how applying this methodology affects the

growth accounting in our model.

Related Literature. Our paper relates first to the literature on investment-specific technical
change. Greenwood et al. (1997) and Fisher (2006) show how improvements in the production of
capital goods, reflected in declining relative prices, contribute to capital deepening and economic
growth. We study the analogous force for software, but depart from the standard framework by
allowing software capital to be non-rival. Non-rivalry introduces a reuse margin: improvements in
software-producing technology expand adoption, which in turn allows a given underlying software
stock to generate services for a larger set of users. Our emphasis on adoption and diffusion also
connects to work on information technology and general-purpose technologies (Greenwood and

Jovanovic, 1999; Jovanovic and Rousseau, 2005).

Second, our paper relates to the literature on intangible capital and productivity measurement
(Corrado et al., 2009; McGrattan, 2020). Relatedly, Crouzet et al. (2023) study the implications
of partial non-rivalry in intangible capital for aggregate growth. We focus specifically on software
and distinguish between the underlying software stock and the flow of services generated through
reuse. This distinction matters for growth accounting because gains from reuse can appear as
either capital deepening or measured TFP, depending on how software is measured. Our analysis
also speaks to recent debates over the productivity effects of Al. Like software more generally, an
underlying Al model is at least partly non-rival, so its aggregate effects may depend not only on
improvements in the technology itself but also on the scale of its adoption and reuse (Brynjolfsson
et al., 2021).

2 The Neoclassical Growth Model with Non-Rival Software

In this section, we develop a model to study the implications of software-specific technical change.
The model stays close to the neoclassical growth model, but considers software as a distinct form

of capital that is non-rival.

Because of the non-rivalry, the same software capital stock can be used by many final-good

firms at the same time. The economy’s ability to benefit from this non-rivalry is limited by the



specificity of firms’ software needs. If each firm requires a different type of software, the gains

from sharing are muted.

2.1 Model Environment

There is a unit mass of monopolistically competitive software producers. They accumulate soft-

ware capital over time and rent it to final-good firms.

There is a mass M; of perfectly competitive identical final-good firms that produce a homo-
geneous final good. Because software is non-rival, a given stock can be deployed across these
firms, so M; plays a central role in shaping the aggregate effects of non-rivalry. M; is determined

endogenously through free entry.

A representative household supplies labor L;. It owns the physical capital stock and the soft-
ware and final-good firms, and receives their profits. Each period, it chooses investment in physical

capital. Time is discrete and infinite.

2.2 Final Good Firms

Final goods are produced by an endogenous mass M; of identical perfectly competitive firms.
Operating a final-good firm requires a fixed cost (f.) each period, paid in units of the final good.
Conditional on operation, a final-good producer (i) combines labor (/;;), rival traditional capital

(kit), and non-rival software (s;;) according to the decreasing-returns-to-scale technology, given by
— 0 7.0 06\ .
Vit =2t (lil ki s ) , where ogt+os+oy=1, n<l. (1)

The software input is in turn a CES aggregate of a continuum of software varieties indexed by
J€l0,1]:
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where € > 1 is the elasticity of substitution across software varieties.

Taking the wage (wy), the rental rate of traditional capital (rf), and the rental rates of soft-

ware varieties ({rj.t} jelo,1]) as given, profit maximization of final good firms implies the following



demand for software variety j:
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is the rental-rate index for the software bundle. Throughout, we use the final good as the numeraire

and normalize its price to one.

2.3 Software Producers

Software is produced by a unit mass of monopolistically competitive software producers. Each
software firm produces a distinct variety of software, indexed by j. In each period, software
producer (j) creates new software by converting final goods IJS-, to software with software-specific
productivity g;. We assume there is time-to-build, so the newly created software can only be used

in the next period. Software producers accumulate their software stock according to

sjr+1 = (1= 06)sj + g1}, “4)

where & is the depreciation rate of software to software producers.

In each period, software producers rent their capital stock s, to all final-good firms with a

rental rate rj-t,

be written as M, r;tsi it

and collect revenue féwt r}‘-tsi jrdi. With symmetric final-good firms, their revenue can

Software is non-rival so the same unit of software capital can serve multiple final-good firms
simultaneously. The extent to which software producers can supply the same capital to many firms,
however, depends on the specificity of firms’ software needs. If each final-good firm has entirely
specific requirements, the software producer must create different code for each firm, limiting the
gains from non-rivalry. By contrast, when firms’ needs overlap, the same code can serve multiple

firms.

The key deviation from previous literature is the resource constraint of software, which cap-

tures both the non-rivalry and the specificity of software:

M L l1—p p
St > (/0 Sijtp dl) = Sitht ) (5)

where the second equality follows from the assumption that final-good firms are identical. The
resource constraint says that in order for the software producer to satisfy the demand of the final-

good firms, the software stock they produce, s;, must be greater than a CES-like aggregate of the



software that each firm demands of variety j, s;;.

The parameter p governs the degree of specificity. As p — 1, software becomes fully shareable:
the same unit can serve every final-good firm. The producer therefore needs to supply only enough
software to meet the largest firm’s demand, so s j; = max;{s; j,}. When p = 0, by contrast, software
is fully firm-specific and effectively behaves like rival traditional capital. The producer must supply
a separate unit to each firm, implying s = s;;;M; when final-good firms are identical. Software

remains technologically non-rival, but full specificity eliminates any effective reuse across firms.

The software producer’s problem is dynamic. Each chooses its software investment (Ijs-t) and

the rental rate of software (rj.t) in each period to maximize its discounted stream of profits:

_max Z A (M,r;ts,-j; —Ijs-t) ) (6)

{Ijtvsj,l+l 7rjt} =0
subject to the software demand in Equation (A.3), software accumulation in Equation (4), and the
resource constraint in Equation (5). Because software firms are owned by households, A; is the

household discount factor implied by their Euler equation that we specify later.

The marginal costs of software. In this model, there are three distinct notions of marginal cost,
which help clarify how software non-rivalry operates. The first is the user cost of expanding the
software stock. Let x; denote the steady-state user cost of one additional unit of software capital,
sj. Because producing an additional unit of 5,41 costs 1/¢° units of the final good, the user cost is

1 ( 1
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q° B
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marginal cost of producing
one additional unit of s,

The second is the intensive-margin marginal cost of increasing the software services provided

to all existing customers, s; ;:
Kj
MP’

The intensive margin marginal cost is equal to the user cost of an additional unit of software divided

Mci = @)

by MP. In other words, the user cost of the software stock is shared across customers, with the
extent of cost sharing governed by p. When p = 0, software is fully specific, so the cost cannot be

shared and MC};“ = kj. When p = 1, the user cost is shared equally by the M final-good firms.

The third is the extensive-margin marginal cost of supplying a unit of software to an additional

firm:
MCY = (1—p)MC}.



When p = 1, software is fully shareable and the marginal cost of serving an additional customer is
zero: the existing code can simply be supplied to the new user. When p < 1, serving a new cus-
tomer requires some additional software capital because the needs of the new firm do not overlap

completely with those of existing customers.

When p =0, all three marginal costs coincide. Accumulating another unit of software capital,
providing more software to an existing customer, and serving an additional customer all have the

same marginal cost.

The software rental rate. Each software producer takes the number of users, aggregate output,
and the aggregate software rental-rate as given because its individual pricing decision does not
affect aggregate variables. Its pricing decision therefore operates only along the intensive margin
and does not internalize the extensive-margin response of the user base. Standard CES pricing then
implies that, in steady state, producer j charges a markup over its intensive-margin marginal cost:
E .
s int
rj——g_lMCU. ®)
Within each period, the producer takes its existing software stock as given. Because € > 1,
revenue is decreasing in the rental rate along the demand curve. The producer therefore lowers its
rental rate until demand exhausts its available software capacity. Intertemporally, it chooses how
much software capital to accumulate so that the Euler equation holds:

1 A e—1 1-46
ST | M | ©

q; A € qi+1
The left-hand side is the current marginal cost of producing one additional unit of next-period
software capital. The right-hand side is its discounted marginal benefit, consisting of the marginal
rental revenue generated next period and the continuation value of the undepreciated software

capital.

In steady state, combining Equation (9) with final-good firms’ demand for software and the

binding capacity constraint yields the software stock
e—1 noyiM
e 1(1_ '
qs (ﬁ 1 + 6S>

Because aggregate output is Y = y;M, the software stock is proportional to aggregate output. The

steady-state accumulation equation, Equation (4), then implies that software investment by pro-



ducer j is

L= ijs,-. (10)

2.4 The Household Problem

A representative household has preferences
Y B'logC, (11)
t=0

where C; denotes consumption and 3 € (0, 1) is the discount factor. The household supplies labor
L; inelastically and owns the physical capital stock, the final-good firms, and the software pro-
ducers. It receives wage income, rental income from physical capital, and aggregate profits from
software producers, IT{. Final-good firms earn zero profits. Each period, the household converts
final goods (I¥) into new physical capital with investment-specific productivity g*. The physical

capital stock evolves according to
Kip1 = (1-8)K +q;1f, (12)

where J, is the depreciation rate of physical capital.

The household chooses consumption (C;) and physical investment (I¥) to maximize its prefer-

ence, subject to the budget constraint:
Cr+1F = wL, + K, + 1T, (13)

and capital accumulation equation (12). The associated Euler equation is
1 Ct k 1 - 6k
—=Bf—\rngy+—F. (14)
@ "Ga\" 4

In steady state, with g€ = g* and C; | = C;, this implies the standard rental rate for physical capital:

1 /1
rk:?(g—l—i—&(). (15)



2.5 General Equilibrium

Free entry. The mass of final-good firms M; is pinned down by free entry. Producing requires
paying a per-period fixed cost f., and there is an unbounded mass of potential entrants. Entry

continues until the free-entry condition holds:

i = (1= 1)yie = fe- (16)

Because varieties are symmetric and we normalize their measure to one, the price index collapses
to the common rental rate, R} = ri, for all j. Likewise, each firm chooses the same quantity of each
variety, so the CES aggregate satisfies s;; = s;j; for all j. In other words, the total software input
s;+ equals the per-variety quantity rented by firm 7, and the bundle price index equals the price of

an individual variety.

Given the population L, fixed costs f,, production parameters {1, oy, 04, 0y,z}, elasticity of
substitution across software varieties €, software production parameters {¢*}, depreciation rates
{8, 8}, investment productivity ¢¥, discount factor B, and software specificity p, a steady-state

general equilibrium is a set of prices {r*, R*,w} such that:

The mass of final-good firms M satisfies the free-entry condition in Eq. (16).

Software producers optimize; software investment satisfies Eq. (10) and the software rental
rate satisfies Eq. (8).

Final-good firms choose inputs optimally according to Eq. (1).

Households optimize, and the physical-capital rental rate satisfies Eq. (15).

Labor, software, capital, and final-good markets clear.

3 The Implications of Non-Rival Software Capital

3.1 Software Capital Versus Software Services

In this economy, the non-rivalry and shareability of software generates aggregate increasing returns

to scale. Consider the stock of software capital. Aggregate software capital evolves according to

St — (1 - 55)5171 +qtsflllk‘gfl'
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We drop the j subscript because the mass of software firms is normalized to one, so S; = fol sjipdj=
St
By contrast, let X; denote total software services, the effective software input summed across
final-good firms. X; is given by
Xi = siM;
Y, (17)

MmP

= StMtp

where the second equality uses the software-capacity constraint, S; = s,-tMtlfp .

Thus, software services exceed the software capital stock by the factor MP. Non-rivalry am-
plifies the effective amount of software that can be used in production, and this amplification is
increasing in market size M;, with strength governed by the degree of specificity p. If p = 0, then
X; = §; and there is no amplification. If p — 1, then X; = S;M,, meaning the software stock is fully

shareable across firms, and the software services grow proportionally with the market size.

Aggregate output. The aggregate production function can be written in two equivalent ways that

highlight the amplification from software non-rivalry:

Y; :Mtht [KtakStasLta[}na y=1-n+omnp,

1— O v 0 7 041N . ) (13)
Y, =M, "z [K*X*L"]" since X, = M!S,

The first line shows that output increases with the mass of firms M;. In a standard setup without
non-rival software, the elasticity of output with respect to M; is 1 — 1. With software, the elasticity
becomes ¥ =1 —1n + o;np. In other words, the elasticity depends on the degree of specificity but
multiplied by the software share 0. The non-rivalry only matters to the extent that software is an
important factor of production.

The second line rewrites aggregate output in terms of software services X;. The gap between
the stock of software capital S; and the flow of services X; is what generates the additional scale
effects. Writing aggregate output in terms of X; yields a factor M,l_n, which is the usual scale

effect in models with decreasing returns at the firm level.

We next discuss two implications of non-rival software capital. First, software non-rivalry
generates aggregate scale effects. Second, it amplifies the effects of software-specific technical

change.
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Figure 2: Scale Effects from Non-Rival Software
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3.2 Non-rival software capital generates scale effects

The first implication is that software non-rivalry generates aggregate scale effects of the type em-
phasized by Romer (1990) and Jones (1995). Because software can be reused, a larger economy

can obtain more software services from a given stock of software capital.

To illustrate the scale effects, Figure 2 shows comparative statics with respect to the labor
force, L. Panel (a) shows software capital, S, with solid lines and software services, X, with
dashed lines. When p = 0, software capital and software services coincide, so the two black lines
are indistinguishable. When p > 0, however, software services grow faster than the underlying

software stock, and the gap between them is larger for higher values of p.?

Panel (b) shows the corresponding response of output per worker. When p = 0, software cannot
be reused across firms, so there are no aggregate scale effects. Output per worker is independent of
L, and the black line is flat. When p > 0, output per worker rises with the size of the labor force,

and this response becomes stronger as p increases.

The elasticity of output per worker with respect to the labor force is

dlog(¥ /L) op

dlogL.  1—ox—ox—0oxp’

The scale effect is increasing in both the software share, o, and the degree of shareability, p. In the
denominator, 1 — o, — o captures the amplification generated by traditional-capital and software

deepening, while the term —op captures the additional amplification generated by the expanding

2This is true as long as M > 1. Software shareability increases services only when there are multiple users. This
condition holds in all our calibrations. The elasticity of output per worker with respect to L, however, does not depend
on the level of M.
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Figure 3: The Impact of a Software Productivity Shock
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number of software users, M. Appendix A provides the full derivation.

3.3 Non-rival software capital amplifies software-specific technical change

Next, we look at the impact of a software-specific technical change shock, or a shock to ¢°, when
software is non-rival and non-specific.

Figure 3 presents comparative statics with respect to software-specific productivity, ¢°.

Panel (a) shows the responses of software capital, S, and software services, X. An increase in
q° allows software producers to create more software capital from a given amount of investment.
The resulting increase in output further raises software investment and, in turn, the software stock.
This feedback operates for all values of p, but is stronger when software is more shareable. When
p =0, software services coincide with the software stock, so the two black lines are indistinguish-
able. When p > 0, software services grow faster than the underlying stock because the additional
software capital can be reused across users. Consequently, as Panel (b) shows, output per worker
responds more strongly to ¢° at higher values of p. Thus, software non-rivalry amplifies the effects

of software-specific technical change.

The elasticity of output with respect to software productivity, ¢°, is

dlog(Y /L) _ Ol (19)
dlogg* l—o—os—agp

The effects of software-specific technical change are therefore stronger when software accounts

for a larger share of production, as given by o, and increasing in shareability, p.

Where does this amplification come from? To identify the underlying channels, log-differentiate

13



the aggregate production function in Equation (18) with respect to ¢°:

dlogY dlog$S dlogK
—= oM 041
dlogq* dlogg* dlogg*
direct effect and software deepening  capital deepening (20)
(U —ntamp) 2loeM
Q n - S n p a log qs

scale elasticity user-base response
The first two terms capture software and traditional-capital deepening. Because investment in both
types of capital is proportional to output, the initial increase in output raises both capital stocks,
further increasing output. The final term captures the response of the user base, dlogM/dlogg®,
multiplied by the elasticity of aggregate output with respect to the number of users. An increase
in M raises output through both the traditional span-of-control channel, 1 — 7, and the reuse of
non-rival software, o1 p. The latter channel is stronger when software represents a larger share of

production and is more shareable.

Because K and M are proportional to Y, and S is proportional to ¢°Y, substituting these relation-
ships into Equation (20) yields the analytical expression in Equation (19). Appendix A provides

the full derivation.

The key takeaway is that non-rivalry amplifies software-specific technical change only when
higher software productivity increases the number of users, M.> This is intuitive because, by
its nature, non-rivalry allows the same software capital to be shared across many users. As the
user base expands, a given software stock can be used more broadly and therefore provides more
software services. If the number of users does not respond, this additional amplification channel is
absent. The same logic governs the response of output to L. A larger labor force generates scale

effects from software non-rivalry to the extent that it expands the number of software users.

3.4 Efficiency

To assess the efficiency of the decentralized equilibrium, we compare its steady-state output and
allocation of resources with the first-best allocation chosen by a social planner. The planner maxi-
mizes household utility in Equation (11) subject to the economy’s production technologies and re-

source constraints. We provide the planner’s problem and its optimality conditions in Appendix ??.

The decentralized equilibrium features two sources of inefficiency. First, final-good firms do

3In the simple model, the response of M is sensitive to the denomination of the fixed cost. We relax this feature in
the quantitative model by introducing an explicit adoption margin.
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not internalize the benefits of their entry for software sharing, leading to insufficient entry relative

to the planner’s allocation:

mMP 1-n YP

S —— 21
MP 1—n+naspYP< @

The additional term (1) ;) in the denominator captures the social benefit of entry from expanding
the software user base. As more firms enter, a given software stock can serve more users, lowering

the equilibrium software rental rate.

Second, monopolistically competitive software producers charge a markup over the marginal
cost of providing software services, leading to underinvestment in software capital. In steady state,

the ratio of software capital in the decentralized equilibrium to that in the planner’s allocation is

P g—1YP
S_P:TW<1' 22)

These two distortions result in lower aggregate output in the decentralized equilibrium:

N S
I-n+noasp I—oy —os—osp

yb 1-n n e—1\%
v () (%) =" =

The output gap widens as software becomes more shareable (higher p). Greater shareability
strengthens the positive externality from firm entry and amplifies the aggregate consequences of
software underinvestment due to monopolistic competition. Thus, while software non-rivalry am-
plifies the benefits of software-specific technical change, it also magnifies the output losses from

inefficient firm entry and software investment.

4 Quantifying the Impact of Software-Specific Technical Change

In this section, we quantify the impact of software-specific technical change and the scale effects
implied by non-rival software capital. Before outlining the specific exercise, we first enrich the
simple model presented in Section 2 along two dimensions to make it appropriate for the quantita-

tive exercise. We then describe the calibration of the model to match the data in 1997.

We use the model for growth accounting, similar to the exercise in Greenwood et al. (1997).
Specifically, we ask how much growth in output per worker can be attributed to software-specific

technical change ¢°, investment-specific technical change g*, labor force growth L, and a residual
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Hicks-neutral productivity shock A.

4.1 Quantitative Model

The simple model presented in Section 2 made two strong assumptions that we relax in the quan-
titative model. First, we introduce an explicit adoption margin. Final-good firms choose between
a technology that uses software and one that does not. As discussed in Section 3, the response of
the number of software users is central to the amplification of software-specific technical change.
In the simple model, the number of users, M, changes only through firm entry, and the strength of
this response depends on how the fixed cost is denominated. The quantitative model instead allows

the number of software users to respond directly through firms’ adoption decisions.

Second, we allow software to be reused both across and within firms. In the simple model,
the gains from non-rivalry arise only because the same software can be used by multiple firms.
In practice, software can also be used simultaneously by multiple employees within a firm. The

quantitative model incorporates both the across-firm and within-firm dimensions of software reuse.

The full economic environment for the quantitative model is given in Table 10. In this section,

we describe the two main changes.

Adding an Adoption Margin. The first extension adds an explicit software-adoption decision.
Final-good firms choose between two technologies: a traditional technology that uses capital and

labor and a software technology that also uses software. Their production functions are

n
i =iy (k) Be+Br=1,
Q o\ "N

¥e = Azl (ky*sif L) o+ o+ oy =1,
where s;; is the same software bundle defined in the simple model. The relative productivity of the
adoption technology and non-adoption technologies are given by z* and 7", respectively. Because
software is more expensive than traditional capital, for anyone to adopt, the adopter technology
must be more productive than the non-adopter technology, z{' > z}'. We include a common Hicks-
neutral productivity term, A;, in both technologies. In the quantitative exercise, this term allows us
to distinguish the contribution of Hicks-neutral productivity growth from those of the other forces

driving aggregate growth.

Firms differ in their fixed costs of adoption, f{* ~ G, which are denominated in units of labor.

A firm adopts when the resulting increase in gross profits exceeds its adoption cost:
' —a > wff,
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where 7/ and 7]' denote gross profits under the adopting and traditional technologies. The mass of

¢ —m
M! = M,G <¥) .

Wy

adopters is therefore

The free-entry condition must now account for both the endogenous technology choice and the

heterogeneous adoption cost:
E, [max {7, ' — wy )] = wi fo

We now denominate the fixed cost f. in units of labor.*

The aggregate software share is

rSX[ Y4
A =L =noa-L.
t Y, n 7

It depends on both the software share within adopting firms, N, and the share of aggregate
output produced by adopters, Y*/Y;. In the simple model, all firms use software and the aggregate
software share is fixed at 1 ¢;. Introducing adoption allows the importance of software in aggregate

production to increase over time, consistent with the evidence in Figure 1.

Within-Firm Non-Rivalry. The second extension allows software to be reused within the firm.
In the simple model, a given piece of software can be shared across firms but not across workers
within a firm. We relax this assumption so that the same piece of software code can serve multiple
workers. Specifically, the software producer must hold a stock sufficient to accommodate a nested

CES-type aggregate of software use per worker. The resource constraint becomes:

. lfpl l_Pm
Me 19 /.. \ Top 1=pm
t .
St > / / (i> dl di ,
a
0 0 li

where p; governs the extent of reuse across workers within a firm and p,, governs reuse across

firms.

As in the simple model, we assume that adopting final-good firms are identical. If we further

“This prevents the mass of firms from becoming unbounded as the economy grows, a problem that can arise when
entry costs are denominated in units of the final good; see Klenow and Li (2025).
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impose p; = pm = P, the capacity constraint simplifies to

Sijt 1—
iz e H'*,
~~~ adopter labor
software per worker
where L{ = M{'[{ is total employment among adopting firms. Aggregating across software vari-
eties, the relationship between the software stock produced by software firms, S;, and the software

services used in final-good production, X;, becomes

The two models generate quantitatively similar amplification of software-specific techni-
cal change. In the simple model, amplification depends on the response of the mass of firms,
dlogM/dlogq®. In the quantitative model, it instead depends on the response of total adopter
employment, dlog L?/dlog¢*. Adopter employment can increase either because more firms adopt
software or because existing adopters hire more workers. The latter intensive margin is quantita-
tively small in our exercise, reflecting the Cobb—Douglas production structure and our assumption
that Hicks-neutral productivity, A;, affects adopters and non-adopters proportionally. Although
introducing within-firm reuse has only a modest quantitative effect, we add it because it removes
the restrictive assumption that software cannot be shared across workers and to show how the same

CES structure can capture both dimensions of non-rivalry.

4.2 Calibration

We next describe the model’s calibration before turning to the growth-accounting exercise in Sec-
tion 5. We calibrate the model’s initial steady state to match the 1997 data. Our objective is to
quantify the effects of software-specific technical change, represented by changes in ¢°, and to
examine how those effects vary with the degree of software specificity, p. Because p directly af-
fects the software rental rate, and therefore the model’s steady state, changing p while holding the
remaining parameters fixed would also change the initial calibration. We therefore recalibrate the
model to the same 1997 targets for each value of p and then apply the same sequence of shocks to

each calibrated economy.

Table 1 presents the full calibration for p = 0. The corresponding calibration tables for p = 0.5
and p =1 are reported in the appendix.

We next describe the calibration of the individual parameters. We set §; equal to the average
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Table 1: Calibration with p =0

Param. Description Value | Source Data Model
B Discount factor 0.960 | - - -

O Depreciation k 0.132 | BEA 0.132  0.132
O Depreciation sw 0.330 | BEA 0.330  0.330
n DRTS 0.850 | Profit share, Barkai 0.150  0.150
B Non-adopter labor exponent 0.561 | BEA labor and software shares 0.605  0.605
o Adopter labor exponent 0510 | B—a - -

B, Capital exponent 0439 | 1-p - -

Ol Software share adopters 0.051 | BEA agg. sw share 0.022  0.022
Za Productivity adopters 1.175 | Rel. adopter emp., ACES 1.400 1.400
fe Fixed cost 0.003 Production/software firm count, BDS 81.132 81.132
g ISTC 1.467 | K/Y, BEA-BLS 3.160  3.160
qs SW-STC 0.543 | X/Y, BEA-BLS 0.024  0.024
Uq Mean of log adoption cost -6.324 | Adoption share, ACES 0.400  0.400
Oy Sd of log adoption cost 0.896 | SW-share—r* log slope -0.731  -0.731

Notes: z,, L, and the mass of software-producing firms are normalized to one.

depreciation rate for equipment, weighting the depreciation rate of each asset by its current-cost
capital stock. The asset-specific depreciation rates are taken from Caunedo et al. (2023), who in
turn gets them from the BEA. We set the software depreciation rate to d; = 0.33, the rate used
by the BEA for own-account software. We view own-account software as the closest empirical
counterpart to the software capital accumulated by software producers through the law of motion

fors;.

We set the final-good firms’ decreasing-returns parameter to 1 = 0.85. Under free entry, this

implies a profit share of 1 — 1 = 0.15, consistent with the profit share estimated by Barkai (2020).

We calibrate the software, traditional-capital, and labor shares jointly. The software share
parameter, ¢, is chosen to match the aggregate software share. Because the aggregate software
share also depends on the fraction of firms that adopt software and the relative size of adopters, o

must be determined jointly with the parameters governing these two margins.

We assume that adopters and non-adopters have the same traditional-capital share oy = fB.
The labor shares are then the residuals, §; = 1 — B, and oy = 1 — o — ;. Conditional on «, this
leaves one free parameter, B, which we choose to match the aggregate labor share. This restriction
implies that adopters’ software share comes at the expense of their labor share rather than their
traditional-capital share. Adopters therefore have a lower labor share than non-adopters, while
both groups have the same traditional-capital share. As the fraction of adopting firms increases,

the aggregate software share rises and the aggregate labor share falls.

In the national accounts, some software expenditures are capitalized, while others are treated
as intermediate expenses. In the model, however, the software share should include all payments

for software services, regardless of their accounting treatment. We therefore correct the aggregate
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software share from the BEA-BLS Industry-Level Production Account to reflect these additional
expensed software payments. Specifically, we use the BEA input—output tables to estimate inter-
mediate purchases from software-producing industries.’> Let ES" denote these expensed software
purchases. The adjusted aggregate software share is then

, WX, +Ep
Adjusted SW Share, = —————
juste are, VA, T EP

where r7X; is measured compensation to capitalized software. 1, adjusts the measured capital pay-
ments for the profit share.® Labor compensation is unchanged in levels, but its share is computed
using the software-inclusive denominator: Avff]’sz . These adjustments increase the measured soft-
ware share from 0.015 to 0.022 in 1997 and from 0.033 to 0.045 in 2024. This is a strong as-

sumption, since we treat all intermediate purchases assigned to the detailed software-producing

industries as payments for software services, but it allows us to capture expensed software use that

is omitted from measured software capital compensation.

The calibrated value of o is 0.051. This is a crucial parameter for the impact of software-
specific technical change. Importantly, this parameter is the same across all calibrations of p.

Thus, the amplification from non-rivalry is not driven by differences in o.

We assume that the fixed costs of adoption follow a lognormal distribution, log f ~ A" (U, C4).
We normalize the productivity of non-adopters to 7" = 1 and jointly choose the relative produc-
tivity of adopters, z%, and the mean log adoption cost, U,, to match the relative size of adopting
firms and the fraction of firms that adopt. We normalize the mass of software producers to one
and choose the fixed cost of final-good firms, f., to match the ratio of non-software firms to
software-producing firms in the Business Dynamics Statistics. We define software producers as
firms in NAICS 5112 (Software Publishers) and NAICS 5415 (Computer Systems Design and
Related Services); all other firms are classified as final-good producers.

A key parameter is o, the standard deviation of log adoption costs. This parameter governs
how strongly the fraction of adopting firms responds to a decline in the price of software. As

discussed in Section 3, the change in the number of software users is a key margin for the ampli-

SWe define software-related intermediate purchases using the detailed BEA Use Table industries corresponding
to software publishers (code 511200); data processing, hosting, and related services (518200); custom computer
programming services (541511); computer systems design services (541512); and other computer-related services,
including facilities management (54151A). We map these detailed industries to the annual BEA summary industry
codes 511, 514, and 5415.

%The BEA-BLS TFP framework assumes that labor and capital compensation add up to value added. Capital
compensation is generally calculated as a residual after subtracting labor compensation. We therefore treat pure profits

as part of measured capital compensation. To remove the target profit share, we scale software and traditional-capital
Xt Ky —(1-n) VA"
rXi+riK, ’

payments proportionally by L, =
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Figure 4: Relative Price of Own-Account Software
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fication of software-specific technical change from non-rivalry. We do not have direct evidence
that identifies the structural distribution of adoption costs. Moreover, even estimates for particular
technologies would not necessarily map cleanly into our framework because the adoption margin
in our stylized model is intended to capture broader changes in production that raise the software

share and reduce the labor share over time.

We therefore calibrate o, to match the historical relationship between the aggregate software
share and the software rental rate. Specifically, we estimate a time-series regression of the log
software share on the log software rental rate. The rental rate is measured using a Tornqvist index
that combines the rental rates of pre-packaged, vendor-customized, and own-account software. For
the model counterpart, we perturb software productivity, ¢*, and numerically calculate the change
in the log software share relative to the change in the log software rental rate. We choose o, so

that this model-implied elasticity matches its empirical counterpart.

Finally, we choose ¢° and ¢* to match the empirical ratios of effective software capital and
traditional capital to output, X /Y and K/Y, respectively. We measure traditional capital using
the BEA-BLS non-software productive-capital stock. As with the software share, we adjust the
software stock from the BEA-BLS to account for intermediate payments. Effective software capital
includes both capitalized software and a stock-equivalent measure of expensed software, X; =
X + ES /1S, where r! is the rental rate for pre-packaged software. Both ratios use software-

inclusive value added, VA, 4 E}", expressed in 2017 consumption dollars in the denominator.

5 Growth Accounting

In this section, we use the model to attribute aggregate growth between 1997 and 2024 into contri-

butions from software-specific technical change, ¢°, investment-specific technical change, ¢*, labor
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Table 2: Decline in p® vs. r*

Software
p YGAgs  YAp; YoAr

00 102.5% -50.6% -50.6%
0.5 102.5% -50.6% -59.6%
1.0  102.5% -50.6% -68.8%

Data - -50.6% -75.8%

force growth, L, and residual Hicks-neutral productivity growth, A. We start by examining the im-
pact of software-specific technical change in isolation before looking at the full growth-accounting

exercise in Section 5.2.

5.1 Software-Specific Technical Change

We start by looking at the impact of a software-specific technical change shock in isolation.
Software-specific technical change refers to improvements in the efficiency with which the final

good can be converted into software capital, given by ¢°.

We identify changes in g; using the decline in the relative price of own-account software invest-
ment shown in Figure 4. This follows the approach of Greenwood et al. (1997), who use the relative
price of new equipment to identify investment-specific technical change. We use the own-account
software price because it most closely corresponds to the cost of producing the new software cap-
ital accumulated by software producers. In contrast, the rental rate r; is the endogenous price paid
by final-good firms for software services. The own-account price index is constructed partly from
input costs, including the compensation of software developers, and therefore more closely maps

to changes in the cost of producing new software capital.’

The relative price of own-account software fell by 51% between 1997 and 2024, implying that
the productivity of producing new software capital approximately doubled. In the quantitative

model, the steady-state software rental rate is

1 1
e #(F-1+8)
e @y

The response of the rental rate therefore depends on the degree of specificity, p. Table 2 reports

the exogenous change in the software investment price and the resulting endogenous change in the

"It actually averages the cost of inputs and the pre-packaged software series, making it imperfect for our exercise,
but the best available.
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Table 3: Growth in S vs. X
p  Alog(X/L) Alog(S/L) pAlogL®

0.0 108.5% 108.5% 0.0%

0.5 135.4% 115.2% 20.2%

1.0 168.1% 122.2% 45.9%
Alog(X /L) = Alog(S/L)+ p AlogL®.

Table 4: Growth Accounting: Software Specific Technical Change

Contribution to growth in Y /L (pps) Contribution to X /L (pps)

p  %A(Y/L) TFP K/L X/L | Stock S/L Reuse
00 475% 007 175 2.93 2.93 0.00
05 6.19% 0.14 2.26 3.79 3.22 0.57
1.0 807% 027 292 4.88 3.55 1.33

rental rate for each value of p.

When p =0, software is fully specific and the rental rate moves one-for-one with the investment
price, p; = 1/¢;. Both fall by 51%. When p > 0, the increase in adopter employment, LY, further
reduces the rental rate, causing it to fall by more than the investment price. Although this moment
is not targeted, the model with p = 1 generates a 69% decline in the rental rate, close to the 76%
decline in the rental rate of pre-packaged software observed in the data. Software non-rivalry
therefore provides a mechanism through which the market rental rate of pre-packaged software
can fall more sharply than the cost of producing own-account software, even though the underlying

technology for producing them is the same.

Table 3 shows the impact of the software-specific technical change shock on software services
X versus the software capital stock S. With no reuse, p = 0, the two are the same. As software

productivity approximately doubles, both S/L and X /L increase by approximately 109 log points.

When p > 0, the software stock grows somewhat more. The larger decline in the rental rate
encourages adoption, raises the aggregate software share, and increases demand for software ser-
vices, inducing software producers to accumulate additional software capital. Consequently, S/L
increases by 122 log points when p = 1, compared with 109 log points when p = 0. The larger
difference, however, comes from reuse. Because X; = S;(L{)P, growth in adopter employment
allows a given software stock to provide more services. When p = 1, X/L increases by 168 log

points, of which 46 log points are attributable to the growth in the reuse term.

Finally, Table 4 presents the decomposition of growth in output per worker into contributions
from TFP, traditional-capital deepening, and software deepening. The contributions of K/L and

X /L are the standard capital-deepening terms, adjusted to account for differences between adopters

23



Table 5: Calibration of full shock

Param. Description Value ‘ Target Data
qy/qy, SW-STC 2.025 Decline in rel. price of O.A. SW  0.494
4~ /q5  1STC 1.063 Decline in rel. price of capital ~ 0.941
Ly/Ly Growth in labor force 1.233 Labor force growth 1.233
Ar/Ao Residual productivity 1.185-1.221 | Growth in Y /L 1.531

and non-adopters. TFP is measured as the residual after accounting for traditional-capital and soft-
ware deepening. It therefore captures both the direct productivity gains associated with adoption,
the effects of reallocating capital, software, and labor between adopters and non-adopters, and the
traditional span-of-control effect from the decreasing-returns-to-scale production function. Ap-

pendix B.1 provides the precise definition of each component.

The software-specific technical-change shock increases output per worker by 8.07% when p =
1, compared with 4.75% in the rival benchmark, p = 0. The rival benchmark therefore understates
the effect of software-specific technical change by 3.32 percentage points, or approximately 70%.
When p = 1, software services account for 4.88 percentage points of output growth, with 3.55
percentage points arising from growth in the software stock and 1.33 percentage points from reuse.
Thus, even if the software stock were measured correctly, ignoring reuse would miss approximately

27% of the total contribution from software services.

The software-specific technical-change shock also generates traditional-capital deepening. As
output grows, a constant fraction of output is devoted to traditional capital which also rises. Be-
cause growth is higher when p = 1, the contribution from capital deepening is also higher, increas-
ing from 1.75pps in the rival benchmark to 2.92pps when p = 1. The shock also induces growth
attributed to the TFP term, though the contribution is small. Because adopters are more productive
than non-adopters, increased adoption raises average productivity and reallocates capital, software,

and labor across the two technologies.

5.2 Full Growth Accounting Exercise

The previous section considered software-specific technical change in isolation. We now turn
to the full growth-accounting exercise, which decomposes growth between 1997 and 2024 into
contributions from software-specific technical change, ¢*, investment-specific technical change,

qk, labor-force growth, L, and residual Hicks-neutral productivity growth, A.

Table 5 shows the calibration of the full shock. Software productivity increases by 102.5%, the

same as in Section 5.1. We increase ¢* by 6.3% to match the 5.9% decline in the relative price of
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Table 6: Growth Accounting—Share of growth attributed to each shock

Share of Y /L gr. attributed to:

p %A(Y /L) AL g ds
0.0 53.1% 79.9% 0.0% 9.1% 11.0%
0.5 53.1% 753% 21% 93% 13.4%
1.0 53.1% 699% 5.1% 9.6% 15.4%
Missed by rival

benchmark (pps) - 996 511 044 4.40

non-software capital.> We also increase L by 23.3%, matching growth in the civilian labor force
reported by the BLS.

For each value of p, we choose the residual Hicks-neutral productivity shock to reproduce the
53.1% increase in real GDP per civilian labor-force participant over this period. The observed
changes in ¢°, ¢, and L generate more aggregate growth when software is more shareable. Conse-
quently, the residual increase in A required to match observed growth declines with p: it falls from
22.1% in the rival benchmark to 18.5% when p = 1.

Table 6 reports the share of the 53.1% increase in output per worker attributable to each shock.
Because the shocks interact, their measured contributions may depend on the order in which they
are introduced. We therefore use the Shapley—Owen—Shorrocks decomposition, which provides an

ordering-invariant attribution (Audoly et al., 2025; Shorrocks, 201 3).9

The Hicks-neutral productivity shock is the largest contributor to growth, accounting for 79.9%
in the rival benchmark. Its contribution declines as p rises, falling by 10.0 percentage points to

69.9% when software is fully shareable.

By contrast, the contribution of software-specific technical change rises from 11.0% when
p =0to 15.4% when p = 1. The contribution of labor-force growth also increases with p. When
p = 0, there are no aggregate scale effects, so labor-force growth does not raise output per worker
and contributes nothing to its growth. When p = 1, a larger workforce expands the user base
over which software can be reused, allowing software services to grow faster than the underlying
software stock. Labor-force growth therefore accounts for 5.1% of growth, reducing the share

attributed to residual Hicks-neutral productivity.

Together, software-specific technical change and the scale effects generated by labor-force

growth account for 20.5% of growth when software is fully shareable, compared with 11.0% in

8The relatively small change in the aggregate capital price reflects the fact that we combine equipment and struc-
tures. Between 1997 and 2024, the relative price of equipment fell by 50.9%, whereas the relative price of structures
increased by 62.6%.

°For each shock, the decomposition averages its marginal contribution over all possible orderings of the shocks.
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the rival benchmark. Thus, the rival benchmark misses just under half of the growth attributable to

these two channels.

Table 7 decomposes growth into capital deepening, software deepening, and a residual TFP
term using the growth-accounting framework described in Section 5.1 and Appendix B.1. This
differs from Table 6, which attributes growth to the four fundamental shocks. Table 7 provides
a decomposition by factor, whereas Table 6 provides a decomposition by underlying shock. For
example, in the exercise with only software-specific technical change, all the growth is ultimately
attributed to that shock, even though its effects operate through TFP, traditional capital deepening,

and software deepening.

The contribution from software services increases from 5.4pps in the rival benchmark with
p = 0 to 8.89pps in the fully shareable case, p = 1. Thus, the rival benchmark underestimates the
contribution of software by 3.48pps or 64%. The contribution of the TFP term falls from 25.6pps
to 22.7pps.

Table 7: Growth Accounting—Contribution of each factor to growth

Contribution to growth in Y /L (pps) Contribution to X /L (pps)

p  %AY/L) TFP K/L X/L | Stock S/L Reuse
0.0 53.10% 25.64 22.05 5.41 5.41 0.00
0.5 53.10% 2425 21.79 7.06 5.78 1.28
1.0 53.10% 22.70 21.51 8.89 6.10 2.79

6 Software in the National Accounts

Software non-rivalry raises a measurement question: what is the relevant object to record as soft-
ware capital? In our model, there is a distinction between the stock of software capital produced
by software firms, S;, and the flow of software services used in production, X;. These objects co-
incide when software is rival, but differ when software can be reused. In the quantitative model,
X = S/(L{)P, so that a given software stock can generate more services as it is deployed across a

larger set of users.

This distinction matters for growth accounting. Measuring the productive software input using
X, attributes the gains from reuse to software deepening. Measuring instead the underlying stock
S; attributes those same gains to TFP. Neither treatment changes measured output; it only changes

the decomposition of output growth between factor deepening and productivity.

However, the BEA’s treatment of software introduces an additional measurement issue. Our

model assumes that software producers incur investment expenditures /7 to accumulate the under-
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lying software stock and then charge final-good firms for access to the services generated by that
stock. This formulation is particularly natural for software-as-a-service (SaaS). For example, we
interpret a subscription payment to a software firm (e.g. SAP) as a payment for services gener-
ated by software capital accumulated by SAP. Conceptually, such a subscription differs from the
purchase of a long-lived software license.'® In practice, however, this distinction is difficult to
implement in the national accounts. The BEA constructs prepackaged software investment largely
from the revenues of software publishers and related providers, and SaaS revenues are included
in this measure. The underlying revenue data therefore do not, in general, identify whether a par-
ticular payment reflects a short-term subscription or the purchase of a long-lived license.!! At
the same time, expenditures by software producers to develop software originals are capitalized
as R&D. Thus, in the SAP example, the national accounts can record investment both when SAP
develops the underlying software original (R&D investment) and when customers acquire software
from SAP (prepackaged software investment), whereas in our model the latter is a current payment

for services generated by the former.

We use the model to quantify how these alternative measurement choices affect growth ac-
counting. Specifically, we revisit the software-specific technical change exercise from Section 5.1,
holding the underlying model allocation fixed and varying only the measurement of software. We
consider three treatments. First, we measure software by the services used in production, X;. Sec-
ond, we measure only the underlying software stock, S;. In both cases, measured GDP is the
model’s output, ¥;. The difference between the two treatments is therefore purely one of attribu-
tion: growth in X;/S; = (L{)P is recorded as capital deepening when X; is measured and as TFP

growth when S; is measured.

Our third treatment approximates the BEA’s national-accounts treatment by capitalizing
both producer-side software development and measured software purchases by final-good firms.
Producer-side software investment is already incorporated in the model through the accumulation
of S;. We additionally treat payments by final-good firms for software, r;X;, as investment. Under

this treatment, measured GDP is
YBEA —y, 41X, (24)

Thus, unlike the distinction between measuring X; and S;, this accounting treatment changes mea-

19Even under a long-lived license, the software producer retains the underlying software original and can continue
licensing it to other users, making it different from traditional rival capital.

'BEA’s software methodology distinguishes conceptually between short-lived licenses and long-lived software
acquisitions, but notes that annual licenses are not separately identified in purchased-software receipts. More recent
descriptions of the methodology explicitly include software-as-a-service revenues in prepackaged software investment.
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Table 8: Software Measurement and Growth Accounting

p=0 p=1

Treatment Output TFP Capital Output TFP Capital
(%)  (pp) (pp) (%)  (pp) (pp)

X measured 475 0.07 4.68 8.07 0.27 7.80
S measured 475 0.07 4.68 8.07 1.60 6.47

BEA: Capitalize S and X 5.65 -1.24 6.89 9.36 -1.23  10.59

Notes: The table compares growth-accounting decompositions under alternative treatments of software. X denotes
software services and S the underlying software stock. The BEA-style treatment capitalizes producer-side software
development and measured software purchases by final-good firms. The allocation is held fixed across treatments.

sured output itself.!?

Capitalizing software purchases also changes measured factor shares and the amount of capital

deepening attributed to software. We compute the associated TFP residual as
YBEA K,
Alog TEPEEA = Alog (’L—> — yFBEAATog (f)

t
X S
— v¥BEAALog <Ef) — y9BEAAog (f) , (25)

t

where the V’s denote the corresponding average measured cost shares.

Table 8 reports the results. When software is fully specific (p = 0), X; = S;, so measuring
software services or the underlying stock yields the same decomposition. The software-specific
productivity shock raises output per worker by 4.75 percent, with 4.68 percentage points attributed

to capital deepening and only 0.07 percentage points to TFP.

The distinction becomes important when software is shareable. With p = 1, the same shock
raises output per worker by 8.07 percent. When software services X; are measured, 7.80 percentage
points are attributed to capital deepening and 0.27 percentage points to TFP. Measuring instead the
underlying software stock S; leaves output growth unchanged but reduces the contribution of capi-
tal deepening to 6.47 percentage points and raises measured TFP growth to 1.60 percentage points.
The difference is 1.33 percentage points—exactly the contribution of software reuse identified in
our baseline decomposition. Hence, whether the gains from non-rival software appear as capital
deepening or as TFP growth depends on whether the measured input captures the flow of software

services or the underlying software stock.

12The BEA takes the investments in pre-packaged software and accumulates them via perpetual inventory method
to get the current pre-packaged software stock. To keep things simple, here we assume that the depreciation rate for
pre-packaged software is 1 so that the investment flows i X, give the stock X; after adjusting for the price.
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The national-accounts treatment has a further effect because it changes measured output. For
p =1, capitalizing software payments raises measured output growth from 8.07 to 9.36 percent. At
the same time, measured capital deepening rises to 10.59 percentage points, exceeding measured
output growth and leaving a TFP residual of —1.23 percentage points. A similar pattern arises
when p = 0. The negative residual reflects the fact that the BEA-style treatment capitalizes more
software expenditure as investment, raising the measured software capital share and therefore the
amount of growth attributed to capital deepening. Because the underlying allocation is unchanged,
this decline in measured TFP is purely an accounting effect rather than an economic deterioration

in productivity.

The broader implication is that the accounting treatment of non-rival software affects more
than the measured stock of intangible capital. It determines whether the gains from reuse appear as
capital deepening or TFP growth and, when software expenditures are capitalized, can also affect

the measured growth rate of GDP itself and the resulting TFP growth.

7 Concluding Remarks

This paper develops a framework to study software-specific technical change in an economy where
software is non-rival but subject to varying degrees of specificity. The key mechanism is that non-
rivalry creates a gap between the stock of software capital and the flow of software services used
in production. The magnitude of this gap depends on market size and the extent to which firms’

software needs overlap.

Relative to a standard model that treats software as rival capital, our framework implies that
software-sector productivity growth can generate amplified aggregate effects, particularly when
software is less specific, market size is large, and software is an important component of aggregate
output. In the full shareability case, our main growth-accounting exercise implies that software-
specific technical change and the scale effects of non-rival software capital account for 21% of
output-per-worker growth between 1997 and 2024. Modeling software as rival would miss nearly

half of the contribution from these channels.
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Online Appendix

A Model Appendix

This appendix derives the results for the simple model in Section 2, whose economic environment
is summarized in Table 9. The quantitative model in Section 4, which adds an adoption margin and

within-firm reuse of software, is solved numerically.

A.1 Aggregate Production Function

The firm-level production function is
yi =z (ks ogt+og+oy=1, n<l,
e-1 \ el
where k; is traditional capital, /; is labor, and s; = ( fol s; jg d j) is the bundle of software ser-
vices.
Traditional capital and labor are rival, so with a mass M of symmetric final-good firms, each

firm uses k; = 1\5/1 and [; = A%, where K and L are the aggregate stocks of capital and labor. Software

is non-rival but subject to specificity. By the resource constraint for software, each firm gets s;; =

Si . . . . . .
—15 units of service from producer j’s stock s;. Aggregating over varieties,

M
1 eg;l ) % 1 1 eg;l ) % S
Si = (/O Sij dj) - Mi-p (/0 5j dJ) — Ml-p’

where S is the CES bundle of software capital stocks. Because software producers are symmetric

and have unit mass, s; is the same for all j,so § =s; = fol sjdj also equals the aggregate software

stock in the main text.

By symmetry, z; = z for all i, and output per firm is

o ot oM
=Y z KNT (S LA™ — M Mowtos(1=p)+au] gnog gnosyney
M M) \M—r) \M '

Since oy + a5+ oy = 1, the exponent on M simplifies to —1 (1 — op), and multiplying by M gives



the aggregate production function

Y =zMY (K*S%L)  where y =1 -1 +nap. (A.1)

Having more firms in the economy raises output through two channels, captured by the ex-
ponent . The 1 —n part is the benefit of spreading inputs across more firms when each firm
has decreasing returns to scale. The no,p part comes from the non-rivalry of software: the same

software stock delivers more total service when more firms use it.

A.2 Steady-State Equilibrium

We now solve for the steady state. The blocks below express the endogenous variables as functions
of aggregate output Y and parameters. Substituting these expressions into the aggregate production

function (A.1) then pins down Y.

Final-good firms. Taking the rental rate of capital 7% the rental rates of software varieties {rj},

and the wage w as given, firm i solves

0 o1\ T] X 1 1 g1 %
max  z; (ks 1) —r ki—/ risijdj—wli;, §; = / sif dj .
ki {sij} li 0 0

€
Cost minimization across varieties gives the demand for variety j, s;; = s; (r}v /R* ) , where R® =

e
< Iy (%) I=eq j) " is the rental-rate index for software, and total software spending is I risijdj=

R’s;. The first-order conditions for k;, s;, and /; are given by
ki = noyyi, R's; = N0y, wli=n0yy;. (A.2)

Because the production function is Cobb—Douglas, spending on each input is a constant share of

the firm’s output. Combining the software condition with the demand for each variety gives
sij = A (7“})_8 : Ai=noy (R (A.3)
Because total input costs equal 7n7y;, the firm’s operating profit is

ni:yi—rkki—Rssi—wli: (1—T])y,'. (A.4)



Varieties are symmetric, so rj = R® = r*. Multiplying (A.2) by the mass of firms M and using
Y = My;, K = Mk;, L = Ml;, and total software services X = M.s;,

%y %y (A.5)

K=—Y, X
rs w

rk

Software services and the software stock are linked through the resource constraint for software:
§;= S/Ml_p, SO

X =Ms; = MPS. (A.6)

Software producers. Producer j rents its stock sj; to all M; firms. Combining the resource con-
straint for software, s;; = s; thtl P , with the demand curve (A.3) gives the inverse demand, where
A; is the demand shifter A;; common to all symmetric firms:

=1 1— —1
B, = Ve p{1 P 1le,

so the producer’s per-period profit, written as a function of the capital stock, is

p(1-3)+¢

1 1
s S o, S __ aqP .S o. s 1 1_5
njt—M,rjtsU,—Ijt—M, rjtsﬂ—ljt—M, Af S;

t

—1I j-t.
Taking M; and A; as given, the producer chooses the sequences of investment IJS-, and software stock
sjs+1 to solve
max ZA, T s.t. i1 = (1= 08)sj + g1},
{Bsjes1} 120
where A, is the household’s discount factor. Substituting Ij-t = [s jir1— (1= 6)s j,} /q;, the first-

order condition for s, 18

The left-hand side is the cost of one more unit of software capital in 7 + 1, valued in period-¢ terms.
The right-hand side is its discounted benefit: the marginal revenue of the stock in 7 4 1 plus the

replacement value of the undepreciated part. By the inverse demand, the marginal revenue equals

ET’IM;) 4 r}‘.’t 41+ The producer’s Euler equation is therefore
— = —M o +—] . (A7)
qg Al 8 t+1 ]7t+1 q§+l



In steady state, A;y+1/A; = B and g} = ¢°, so (A.7) gives

£ K 1 /1
pet K =" (1 11s,). A8
T qs(ﬁ +s) (A8)
The rental rate is a markup over the user cost of software capital, k, scaled down by MP. The
user cost of a unit of software capital is spread across all M firms that use it, and the specificity
parameter p governs how far it can be spread: when p = 0, software is fully specific and each firm
bears the full user cost; when p = 1, software is fully shareable and the user cost is split equally

among the M firms. Steady-state investment is I = §,S/¢°.

Household. The household solves

{mai(} Z ﬁ[ IOgC[ S.t. C[ +If = WtL[ + }'{(Kt + Hi, Kl+1 = (1 — 5k)Kl‘ + qf[lk,
Cioli =0

where IT; is the profit of software producers. The Euler equation is
1 Ct k 1 — 5k
— = B— I, + ’
¢ T\ g o

which also gives the software producers’ discount factor, A, /A; = BC;/C;+ 1. In steady state the

rental rate of capital depends only on parameters:

1 /1

rk:?(ﬁ_wak). (A9)

Steady-state investment is I* = §,K /¢*.

Free entry. Firms enter until operating profit (A.4) covers the fixed cost f,, which is paid in units
of the final good: (1 —n)y; = f.. Since Y = My;,

1-7n

M=
fe

Y. (A.10)

Substituting into (A.8), the software rental rate falls with aggregate output:

S € 1—71 P
r—g_lK( 7 Y) .




Labor market clearing. The labor market clears when
M
/ lidi=Ml;=L.
0

Combining with the final-good firm’s first-order condition for labor in (A.2), wl; = noyy;, and
using ¥ = My;, gives the wage,
Y
=noy—.
w=mna I
Input ratios. By the relationship between the software stock and services in (A.6), the software
first-order condition in (A.5), and the rental rate in (A.8), the software stock is proportional to

output:
X _naSY_e—lnocsy_ €1 LA

T MP T PMP T & T ¢ %—1+53

Note that the MP terms cancel. Sharing software raises the services provided by each unit of the

S

stock by the factor MP and lowers the rental rate by the same factor, so revenue per unit of stock,
MPr*, does not depend on M.

Therefore, the mass of firms, the capital stock, and the software stock are all proportional to

output:
M = u,Y, K=Y, S=q'uyY, (A.11)
v 1—7 nog g~ e—1 nog
Hn =5 “kEM’ H="% L1438,

Here u,, follows from free entry (A.10), y; from the capital condition in (A.5) and the rental rate
of capital (A.9), and U, from the derivation of S above.

Steady-state output. Substituting (A.11) into the aggregate production function (A.1),
Y = z(nd )Y [(Y )™ (¢ 1157 )* L] "
Collecting the Y terms and taking logs gives steady-state output,

logY = logz+ wlog i, + noylog . + nolog (¢ us) + noylogL|.  (A.12)

Mm—%m[

We assume oy > P, so the steady state is well defined. Equivalently, the inputs that scale with
output, M, K, and S, have combined returns ¥ + 1 (0 + 0) < 1 in (A.1).



A.3 Comparative Statics

Since UW,,, W, and gy depend on neither L nor ¢°, both elasticities follow from differentiating (A.12).
Labor force. Differentiating (A.12) with respect to log L gives

dlogY noy o
aIOgL B n (061 —OCSP) B Qy _O‘sp.

The elasticity of output per worker with respect to labor is therefore

dlog(Y/L) dlogY - P osp (A.13)
dlogL.  dlogL. o —op = g—0op l—ogp—oas—oxp’ '
Software productivity. Differentiating (A.12) with respect to logg® gives
dlogY 10 o Ot (A.14)

dlogg® n(a—oxp) o — op - l—og—os—0up’

Since L is fixed, this is also the elasticity of output per worker, dlog(Y /L)/dlogq’.

A.4 Efficiency

We compare the steady state of the decentralized equilibrium with that of the planner’s allocation.
We first solve the planner’s problem and then derive the gaps in inputs and output between the two

allocations.

Planner’s problem. The aggregate production function (A.1) uses only technology, symmetry,
and the resource constraint for software, so it also describes the production possibilities available
to a social planner. The planner chooses consumption, the mass of firms, and the two capital stocks
to solve

max Y B'logC
{Ce My K181} 1=

subject to the final-good resource constraint

Kt—H - (1 _Sk)Kt + St+l - (1 - 5s)St

qr q

G+ +Mife=Y,,  Yo=zM TP (KHsp LT,

given Ky and S.



First-order conditions. Substituting C; from the resource constraint, the first-order conditions for

M;, K; 11, and S; | are

1 ¥
fe=(1 n+nasp)Mt,

1 C i1 1—=06
_k:ﬁct nath+ + % ]7
q: t+1 t+1 911

1 C Y, 1 — &
L p G gtin 18]
q: Cit1 St41 ;11

The planner values an additional firm at its full marginal product, which includes the gain from
spreading the software stock over more users, Na;p Y /M. A private entrant earns only (1 —1)y; =
(1—m)Y /M. Similarly, the planner values an additional unit of software at its marginal product

no,Y /S, while a software producer earns only the fraction 68;1 of it because of the markup.

Steady state. In steady state, ;1 = C;, qf = ¢*, and q; = ¢’ so the planner’s allocation satisfies
P Py P P Py P P PyP
M :.umY ) K :.ukY ) S :qs.usY )

with
p_l=n+nop p_ nodt P 0%

I'Lm fc .u'k %_1_1_5]{7 ‘uszll;—l—i‘6s.

Sources of inefficiency. Since each input is its ratio times output, comparing the planner’s ratios
with (A.11) gives the gaps in inputs between the two allocations, where the output gap Y?/Y”
is given by (A.17) below. First, final-good firms do not internalize the benefit of their entry for
software sharing, so there is too little entry relative to the planner’s allocation:

mP yP 1- yP

A U S Skl S (A.15)

MP b YP 1-n+nap YP
The term M o,p in the denominator is the social benefit of entry from expanding the software user
base. Second, software producers charge a markup over the marginal cost of providing software

services, so there is too little investment in software capital:

P ou YP e—1vP

S =5 = . A.16
sP ufyr e YP (A.16)

Traditional capital is not distorted directly: its ratio to output is the same in both allocations, so
KP/K? =YP /Y" and it falls short only in proportion to output.



Output gap. Because both allocations satisfy (A.1) with inputs proportional to output, (A.12)
holds for each allocation with its own ratios. Subtracting the planner’s version from the decentral-
ized one, all terms cancel except those involving the ratios for firms and software in (A.15) and

(A.16), and the output gap is

1
I-n+nosp I—oy —os—osp

yP 1—n n e—1\%
v | () () D



Table 9: The Economic Environment

Tl <2
o Oy O 10 _ 1
Vit = (kn l;l”> , where 5;; = < s £

andog+o,+0p=1,1n1<1

_ k I i
iy = Yig —Wilig — rikiy — fo rj‘,zsideJ

Siji =A; £(r Jt) where A; ; = TIOCsyi,r(st)e_l

L
and R} = ( )= Sd])l
ﬂit:(l_ )yll fc

ATt
{ijs]H»l ry Z t jt
Sji+1 = (1 - 5 )81 +q;1;,

1 I-p
sj,>(f0 s] di) , Vj

Z;:O ﬁt logC;

Ct'i‘]l{c:WtLt—i‘rl]‘cKt-l‘H?
where [T} = fol 7 d]

K1 = (1—8)K +q}1f
L= )", di

K = [V ki, di
C,+Ik+IY—I—Mth, where I} =

St = Jo sjed]

Y, =Myi;

X; = Mtsi,t =S5M,

Final-good firm production

Final-good firm per-period gross profit (max)

Demand for software variety j by firm i

Free-entry condition for final-good firms

Software producer per-period profit (max)

Software producer dynamic profit

Software capital accumulation

Software capital resource constraint
Household utility

Household budget constraint

Physical capital accumulation
Labor resource constraint

Physical capital resource constraint
Final good resource constraint
Aggregate software capital
Aggregate output

Aggregate software services

Notes: This table summarizes the economic environment of the simple model in Section 2.



Table 10: The Economic Environment: Quantitative Model
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S
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m

M
S .
riSijedi — I,
0
ax

) A

{ Jjt 53] t+1 7"5‘[}!20 =0

Sje+1 = (1=6)sjr + g

M(l
w_ﬂ@% L= [ i

max B'logC,
{C.I}} >0 tZ

Ct+[l :W[L[—i—rle[—FHS
Kiy1=

L

L

K;

Y, =

St:
Y, =
= M;'sii = Si(L})P

X

1
H,SE/O ﬂjtdj

ATy

(1—-6&)K; +‘]r1

=w+m+mwpmﬂ<—ﬁ+mn

Wi

=M, he{an}
=K'+ K/,

K'=M'kE, he{an}
1
G+ P, I;E/ Ed
| 0
sipdj
/0 jtal]

Y+ Y = My + My

og+o,+oy=1, n<l,

adopt iff Am, > w, ff,  fi' ~G(f9),

My =M, (1~ FY)

Pr=Pm=p

Final-good technologies

Final-good firm gross profits

Demand for software variety j

Adoption and firm masses

Free-entry condition
Software producer per-period profit

Software producer dynamic problem

Software capital accumulation

Software capital resource constraint

Household utility

Household budget constraint

Physical capital accumulation

Labor resource constraint

Physical capital resource constraint
Final-good resource constraint

Aggregate software capital
Aggregate output

Aggregate software services

Notes: This table summarizes the economic environment of the quantitative model in Section 4.

10



B Growth Accounting Appendix

Table 11: Calibration with different values of p

(@p=0.5

Param. Description Value | Source Data Model
B Discount factor 0.960 | - - -

O Depreciation k 0.132 | BEA 0.132  0.132
O Depreciation sw 0.330 | BEA 0.330  0.330
n DRTS 0.850 | Profit share, Barkai 0.150 0.150
B Non-adopter labor exponent 0.561 | BEA labor and software shares 0.605 0.605
oy Adopter labor exponent 0510 | B— o - -

B, Capital exponent 0439 | 1-p - -

Qs Software share adopters 0.051 | BEA agg. sw share 0.022  0.022
Za Productivity adopters 1.175 | Rel. adopter emp., ACES 1.400 1.400
fe Fixed cost 0.003 Production/software firm count, BDS 81.132 81.132
qr ISTC 1.467 | K/Y, BEA-BLS 3.160  3.160
qs SW-STC 0.897 | X/Y,BEA-BLS 0.024  0.024
Uq Mean of log adoption cost -6.324 | Adoption share, ACES 0.400  0.400
Oy Sd of log adoption cost 0.896 | SW-share—r* log slope -0.731  -0.731

Notes: z,, L, and the mass of software-producing firms are normalized to one.
®)p=1.0

Param. Description Value | Source Data Model
B Discount factor 0.960 | - - -

Ok Depreciation k 0.132 | BEA 0.132  0.132
& Depreciation sw 0.330 | BEA 0.330 0.330
n DRTS 0.850 | Profit share, Barkai 0.150 0.150
B Non-adopter labor exponent 0.561 | BEA labor and software shares 0.605 0.605
oy Adopter labor exponent 0510 | B — o - -

B, o Capital exponent 0439 | 1-p - -

Ol Software share adopters 0.051 | BEA agg. sw share 0.022  0.022
Za Productivity adopters 1.175 | Rel. adopter emp., ACES 1.400 1.400
fe Fixed cost 0.003 Production/software firm count, BDS 81.132 81.132
gk ISTC 1.467 | K/Y, BEA-BLS 3.160  3.160
qs SW-STC 1.480 | X/Y,BEA-BLS 0.024  0.024
Uq Mean of log adoption cost -6.324 | Adoption share, ACES 0.400  0.400
Oy Sd of log adoption cost 0.896 | SW-share—r* log slope -0.731  -0.731

Notes: z,, L, and the mass of software-producing firms are normalized to one.
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B.1 The growth accounting framework
Output in the model is given by aggregate production:

Y=Yy,

B = ()10 (KX ()], X, = S(LP,
n

e = o) =g [k nP) "

The exact decomposition of labor-productivity growth

AlOg(Y/L) = Crpp + CK,deep + CS + Creuse
C
X

where

Crrp = Co + Cz +Cun + CK srealloc + CL,realloc;
S
Cs = Q naAlog (Z) )
Creuse = Qan OCsPAlog La,

K
CK,deep = (Qanak+gnnﬁk)A10g (Z) .

and Q, is approximately the Tornqvist weights:

2 (7e.%) (7.7
Qp=—F—=< Qp=—"—"7<".
7 <Y1 , YO) 7 (YL,Y0>
Z is the logarithmic mean:
X(ul,uo)—& L (u,u) = u.

~ logu; —logugy’

The TFP term is given by:

Crrp = Ca + Cz +Cun + CK ,realloc + CL7realloc-

12



Cs = (Qu+Qpn)AlogA,

C, = Q,Alogz" + Q,Alog7",

a

K K"
CK,realloc = Q.noAlog K +Q,nBrAlog x )

a

L L
CL,realloc = Qna;Alog (f) +anl31A10g <Z> )

a

Cv =Qu(1—1n)Alog (A%) +Q,(1 —n)Alog (%) )
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