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Abstract: This paper examines how time to build dters strategic investment behaviour under
oligopaly. Facing demand uncertainty, firms decide whether to invest early or wait until
uncertainty has been resolved. A game that captures time-to-build investment is contrasted
with another one in which investment is quick in place. We show that a time lag between
when and how much to invest reduces the incentive to dday. When investment requires
time to complete, early investment occurs more to avoid becoming a follower than to
become a drategic investment leeder. The opposite is true with quick-in-place investment.
A brief wdfare andysisis provided.
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1. Introduction

Almog al forms of investment have three crucid features in common: investment plans are
made under uncertainty, are at least patidly irreversble and take some time to be
completed. The implications of the irrevergihility of investment have been widdly discussed,
not leagt in the indudrid organisation literature in the context of strategic commitment. The
argument relies on the now well-understood idea that firms may have an incentive to commit
in advance to invesment in order to affect the Srategic environment in which future
competition takes place’. By contrast, the option value approach to investment decisions
dresses the importance of ddaying investment because the future is uncertain.  Delaying
investment then has the advantage of retaining flexibility?. These two strands of the literature
on investment suggest that investment decisions in an oligopoly setting result from a trade-off
between the drategic importance of investment commitment and the flexibility advantage of
investment dday. This trade-off forms the sarting point of our anadyss, which, unlike

previous work on this theme®, endogenises the decision when to invest for both firms in a

duopaly.

While uncertainty and irreversbility, and hence the flexibility-commitment trade-off, festure
in this paper, prominence is given to the smple red-world fact that investment projects take
time. In the literature invesment is mos commonly modeled as being fully in place
immediately after the invesment decison is made. Certain types of investment indeed
exhibit this feasture. Adopting a newly available technology, for insgtance, is an investment
that arguably is “quick-in-place’®. By contrest, investing in R&D to develop a new

! Tirole (1988) provides a textbook treatment of thisissue.

% See Dixit and Pindyck (1994) for acomprehensive discussion.

% Our paper is the first to examine endogenous investment timing by both of the firms in a duopoly.
However, the theme of commitment versus flexibility in a strategic environment has been studied in
different models. Some authors endogenised the investment timing of one firm only, while others
explored endogenous timing in output or price games with uncertainty. Examples are Appelbaum and
Lim (1985), Spencer and Brander (1992) and Sadanand and Sadanand (1996). Note that the flexibility in
timing discussed in these papers is quite different from the technological flexibility discussed in, for
instance, Vives (1989) and Boyer and Moreaux (1997). In those models there need not be a trade-off
between flexibility and strategic commitment.

“*A quick-in-place timing assumption is more likely to fit a model in which early price- or production-
setting rather than early investment isthe key issue. Canoy and Van Cayseele (1996) study the trade-off
between price commitment and price flexibility. In their model, early price-setting implies that the
committed firm has its price level immediately in place. Sadanand and Sadanand (1996) look at a similar
trade-off with production-setting.



technology requirestime. In fact, most investment requires a Sgnificant period of time to be
completed, often referred to as “time to build”, a*“ congtruction lag” or a “gestation period”

(Bar-llan and Strange, 1996). Clearly, a new factory is not built overnight but typicaly
takes severd monthsif not years before completion. Indugtries in which investment typicaly
takes time to build are, for instance, Aerospace and Pharmaceuticals (Pindyck, 1991).

Ghemawat (1984) reports that, for atypica plant in the titanium dioxide industry, thereisa
lag of at least four years between the decision to construct and the actud start-up date.

Implications of time to build have been widely explored in option vadue theory of invesment
(Mad and Pindyck, 1987; Bar-llan and Strange, 1996) and studied in the context of
growth and business cycle theory (Kydland and Prescott, 1982). However, oligopoly
theory, which places strategic behaviour & its core, remains slent about the implications of
time-to-build. In an atempt to fill this gap in the literature, our paper demondrates that this
innate characteridtic of investment affects the strategic incentives to invest early. More
specificaly, the paper has two main contributions.  Firdt, “time-to-build’ investment is
shown to generate a different type of strategic investment behaviour between riva firms than
“quick-in-place’” investment. Second, because these two forms of investment have different
drategic implications, they aso have different welfare implications, which need to be taken
into account for investment policies affecting oligopaligtic indudtries.

The mogt draghtforward and smple way to demondrate how time-to-build investment
influences drategic investment behaviour is by conddering two different investment-timing
games. In the first game, investment is immediatdy in place; investing early implies that firms
sect the invetment level to which they are then committed. In the second game,
investment takes time to build; firms firs commit to the timing of their invesment but do not
yet fix the actud capitd leve. After having chosen when to inves, firms observe the timing
decison made by their riva before findisng ther investment levels.

We show that with “quick-in-place’ investment the dtrategic incentive for investing exly is
primarily aggressive firms want to acquire invesment leadership. At moderate levels of

uncertainty, one firm typicaly emerges as the industry’s leader in invesment, while the riva



retains investment flexibility. By contragt, with “time-to-build” investment, the main drategic
reason to invest early is defensive firms want to invest early to avoid the loss of market
share associated with being a follower. So, early investment by al firms or by none at al
emerges as the typica investment-timing pattern.

In section two of the paper we set up the basic mode in which two riva firms choose capita
and output for a market characterised by demand uncertainty. In section three, the
invesment-timing pattern that emerges when investment is quick in place is discussed. In
section four we examine the investment timing when investment takes time to build and
compare the pattern obtained with the one in the benchmark case with quick-in-place
investment. Section five completes the comparison by discussng investment timing when
one firm has a cost advantage. In section Six some welfare issues are addressed. Section

saven concludes.

2. Themodd: Investment with demand uncertainty

This section outlines the basic mode, which will be used to study Strategic behaviour both
with time-to-build and quick-in-place investment. Two firms produce an identica product
and choose capital and output, denoted respectively by k and ¢ (i =1,2). Firms face
uncertainty about market demand. This is cagptured by an inverse demand function with a
stochastic component:

p=a-Q+u 1)

with Q=q, +qg,and uf [u,T] the stochastic demand component with zero mean and

vaiance s?. Firmi'stotal cost, TC', isgiven by>:
TC' =(c - k) K it Te =g+ X and TG =c - )
—\M i) z kT 4 F (¢ I i

The parameter h is inversdy related to the cost of capitad and ¢ is a postive condtant.

TC, and TC, are defined respectively as the margind cost of capital and the marginal

® Becauseit is easy to work with, this cost function is commonly used in oligopoly models with strategic
investment (for arecent example, see Grossman and Maggi (1998)).



production cost. Investing in capitd reduces the margind cost of production for firm .
Profitsof firm i are given by:
P = pPqg - TCi i =12 (3)

The modd congsts of two periods. There is uncertainty about demand in the first period,
which is resolved at the start of period two. Firms decide whether to commiit to their capital
in the firgt period or postpone investment to the second period. For smplicity, we assume
throughout that firms are risk neutrd. Hence, their investment timing decisions follow from
maximising expected profits.

Outputs are dways chosen smultaneoudy in period two, that is, after uncertainty has been
resolved. The equilibrium output for firm i is’:

q =%(2A - A +2 - k; +u) @

with A°a-c andi,j=12 it ]

When capitd is chosen in period one, it is st before output. But, if it is chosen in period
two, it is determined smultaneoudy with output. If a firm chooses to invest early, it
determines its capitd in period one by maximising expected profits (mfx Ep;)-

Commitment to capita in thefirst period” gives firms a strategic advantage because it alows
them to influence future outputs to their advantage. However, by doing so, the firm reduces
its output flexibility compared to when it ddays invetment until period two. In the latter
case, period-two profits are maximised with respect to capital (mKax p,;) and the invesment

level will be chosen in accordance with any unexpected shocks in demand (i.e, k. =k (u)

with % > 0). Thiswill enhance the firm's output flexibility.

® We restrict attention to interior solutions.

" There exists a literature concerned with the issue of partial commitment in multi-period output settings
(see, for instance, Pal (1996)). However, partial commitment is probably less redlistic with capital
commitment, since the costs of adding capital to an existing level may be prohibitively high in the short
run, due to the existence of indivisibilities and incompatibility in technologies.



Despite the fact that firms are risk neutrd, they vadue flexibility. This follows from the fact
that expected profit is increasing in the variance of demand®. Due to the indirect effect of
capitd on output, the pogtive effect of the variance on expected profits is larger under
investment flexibility than under commitment. Hence, our modd captures the fact that, in
practice, investors who vaue flexibility have an incentive to dday investment when they face
sgnificant uncertainty. This feature is congstent with option vaue theory in finance, implying
that arise in uncertainty increases the option vaue of investment delay.

Firms face this trade-off between flexibility and commitment both with quick-in-place and
time-to-build investment. We mode quick-in-place investment as an “Action Commitment
Game’ (ACG). Action Commitment means that, if afirm decidesto invest early, it commits
not only to invest in period one, but aso to a particular level of capital (see figure 18). In
other words, commitment in ACG implies compressing the timing and leve of invesment
into asngle action.  The nature of commitment with time-to-build investment is different
and is more appropriately captured by a different game, referred to as an “Observable
Delay Game® ODG) °. In that game, firms first decide when to invest, but because
investment takes time, the actud level of capitd is not immediady fixed. Only in a later
dage, after the timing decisons have been made and observed by both parties, do firms
sdlect their investment levels, knowing in which period the riva will invest (see figure 1b)™.
So, afirm that chooses to commit and thus invests early, determines its capitd level after the

investment timing choices are made, but before uncertainty has been resolved.

[Figures la and 1b about here]

In the remainder of this section we will discuss features that are common to the invesment

timing games with quick-in-place ACG) and with time-to-build invesment ODG). In

8 The positive effect of the variance on ex ante expected profitsis due to the fact that the actual ex post
realisation of profitsis convex in u. Note that risk aversion would simply strengthen the gains from
remaining flexible.

® Hamilton and Slutsky (1990) introduced the “Action Commitment” and “Observable Delay”
terminology in endogenous timing games. They restrict attention to price and output games and do not
look at investment decisions; since they assume certainty, they are not concerned with the trade-off
between commitment and flexibility.

Y Firms' timing decisions are assumed too costly to be reversed.



either game, there are four possible timing combinations: (C,,C,), (C,,D,), (b,,C,) ad
(D, D,), where C and D, refer to commitment and delay, respectively. It follows directly
that these combinations are the candidate timing equilibia in ODG. It is dso
draightforward to show that these combinations are the four candidate timing equilibria in
ACG™. Moreover, the capitd leves for each of the four candidate equilibriain ACG are
the same as those in the corresponding equilibriain ODG; they are given by the expressons
in table 1%2.

Table 1. Capital levels for the different candidate equilibria in ACG (quick-in-
place investment) and in ODG (time-to-build investment)®

C.C, C..D, D,,C, D,, D,

cd_2(2 h) cd
| g e =T ) har() | ke )=ha

dc _ 2(2 ) dc
K, k) = th klcd (u) = hqu (U) ko' = 3-2h S0 kgd (u) = hqu (u)

 Thefirst [second] superscript on the kI and the (], variables refers to the commitment (c) or delay (d)
decision by firm one [two].

In two of these candidate equilibria, firms choose ther capitd smultaneoudy: they both
invest early (C,,C,), or dternatively, choose to delay (D,,D,). In those cases, firms

choices of capital per unit output are symmetric, but larger for investment commitment than

cc dd
for dday (i.e, K- Lk (u)). In the other two candidate equilibria ((C,,D,) and

Eq®  q“(u)

(D,,C,)), one firm is a Stackelberg leader in investment, while the other is a follower. The

Y To see thisin ACG, define T, (k, ) asfirm i’ s first-period capital reaction function. If firm two delays,
then (depending on s and other parameters) firm one’s best response is either delay or play kfd If
kfd is played, firm two’s best response is either delay or T, (km) But, kfd is not the best reply to
r(k“’)(hence (kl , 2(k“d)) is not an equilibrium). So, if firm two delays, the only possible equilibria
are (k®,D,) and (D,,D,). If firm two commits to a particular capital levelk,, firm one’s best
response is either delay or r,(k,). But (r,(Kk,),K,)is only an equilibrium if K,=k”

r,(k;*) =k™). If firm one delays, firm two leads and plays k°. So, if firm two commits, the only
possible equilibriaare (K°,k;*) and (D,,k;*) . Thus, there are the four candidate equilibriain ACG,

one for each of the four possible timing combinations.
12 Expected profitsin each candidate equilibrium are given in table A of the Appendix.



committed capital level per unit output chosen by the leader is larger than that chosen by

cd dc cc
either firm when both firms commit (~2_ = K> K
Ea,” Eq; Eq

)-

In the next two sections, we derive and discuss the invesment-timing pattern that emerges
with quick-in-place and time-to-build investment respectively, when firms have symmetric
costs (c; =c,and A, = A,). To prevent the discussion from becoming too taxonomica,
only pure drategies are congdered.  Since the analys's involves many unwieldy dgebraic
expressons, graphicd smulations are extensvely used to ease the expostion. This
goproach dlows us to minimise the number of equations we give in the text, but does not
reduce the generdity of our andysisin any way.

3. Quick-in-place investment

In this section we look at the benchmark game, ACG, which captures quick-in-place
investment in a smple and sraightforward manner: if a firm decides to commit, it will do o
by choosing an invesment level in stage one; however, if investment dday is preferred, the
firm choosesiits capita investment flexibly in the second period (see figure 18). Which of the
candidate equilibria represented in table 1, if any, eventudly prevail, depends crucidly on the
level of uncertainty (s %) and the h-parameter (which is inversdy related to the margina
cost of capital) 2. This benchmark alows us to assess how strategic incentives change when
investment takes time to build.

The investment timing that emerges is shown in (572 ,h )-space (where §2° s2/ A? isthe
normdised variance) in figure 2. This figure gives lod dong which a firm is indifferent
between commitment and delay, given a particular investment timing choice of its riva. At
levels of uncertainty (S above the relevant locus, the firm prefers to delay, given the choice
made by its rival. At leves of uncertainty below the locus, it will commit.  Along the top
locus (Ep;(C;,D,) = Ep;(Dy,D,)), firm one is indifferent between commitment and

% Throughout the paper the h-values are limited to guarantee interior solutions and by stability
considerations.



delay, given that itsrivd ddays its invetment. Above this locus, the expected profit from
delay exceeds that from commitment (given rival delay). The lower two loci represent
commitment-delay indifference curves given riva commitment. When the rival commits in
ACG, it is committed to a particular invesment levd. Hence, to find the rdevant
investment timing indifference curves we mugt take the actual invesment leve into account.

As mentioned earlier, there are two candidate equilibrium capitd leves for firm two if it
commits, k3¢ and k°. There are therefore two rdlevant indifference curves given rival
commitment: one given that firm two commits to the leadership capitd leve, k§°
(Ep,(Cy,kS¢) = Ep,(D,,k$€) ) and another one given that firm two chooses the capital
levd prevailing under smultaneous commitment, k3¢ (Ep,(C;,k5¢) = Ep,(Dy,k5°)).
Thus, figure 3 depicts a totd of three indifference curves for each firm. Given cost
symmetry, the loci of firm one naturaly coincide with those of firm two. The difference

between these indifference curves as well as their implications for the equilibrium outcomes

are discussed in Appendix B.

[Figure 2 about here]

Infigure 2, the (572 ,h )-space is divided into four aress by the firms indifference loci.  In

area |V, both firms dday investment. In this region the level of uncertainty is too high for
firms to forego flexibility. Deaying invesment is preferred by each firm, independently of
the rival’ s timing choice, hence delay by both is the unique equilibrium. In arealll, there are
two leader-follower equilibria. Here, each firm prefersto ddlay if its riva commits. On the
other hand, if afirm’sriva ddays, commitment will be chosen. Only in region | is uncertainty
50 low that commitment by both firms, the outcome that would prevail under certainty, isthe
unique equilibrium.  Findly, in region 11, the two leadership equilibria and commitment by
both firms are sustained as equilibria. Note, however, that this region is very narrow,
especidly a low values of h **. One could argue that region 11 is merely a fuzzy boundary
between areas | and 111, caused by the inherent stickiness of early investment in ACG.

“ For instance, at h = 015, region |1 is only 0.00060 wide in termsof S, while this distance narrows
down even further to a S 2-range of 0.00005 at h = 0.05.



In figure 2, a firm’s indifference locus given riva dday is above, and rises much fagter in h
than the lod given rival commitment. Intuitively, the relative vaue of investment commitment
is much higher if the rivd firm remains flexible then if the latter invests drategicdly. This
suggedtsthat “defensive commitment” , thet is, strategic investment to avoid becoming the
follower, tends to have a rdaively low vaue in this game compared to “ aggressive
commitment” to become a leader. It is for this reason that for intermediate levels of
uncertainty we get investment leadership despite the fact that firms are ex ante identicd.
Note tha a leadership equilibrium implies ared ex post difference between the firms, with
the leader having a higher capitd investment and lower margina production costs than the

follower in equilibrium.

4. Time-to-build investment

With time-to-build investment, firms observe each other’s investment timing before they
complete the investment project. Thisthen dlowsthem to dter the actud leve of invesment
in alater stage. The structure of the game that captures this fegture, i.e., the “Observable
Delay Game’ (ODG) is shown in figure 1b. Note that period one now conssts of two
dages. In the firgt stage firms decide when to invest and only later irrevocably fix the level of
investment (i.e, in sage two if they opt for commitment, and in stage three if they prefer
delaying invesment)™. Because firms observe the outcome of the investment timing stage,
the nature of commitment is less “gticky” than with the quick-in-place invesment in ACG.
This festure changes the nature of commitment compared to the previous game and has

severd important implications.

Firg, as a result of the two-step commitment in ODG, the two indifference loci for rivd
commitment that prevailed in ACG, here collgpse into a single indifference locus (see figure
3). Condder, for ingance, firm on€'s investment timing decision in stage one, given that firm
two chooses to commit but can only fix its capital leve in gage two. Firm one will compare
its expected profits from also commiitting, Ep, (C,,C,), to those from delaying investment,

> 30, in thismodel delaying implies that the investment project can only be completed in period two.



Ep,(D,,C,), knowing that its investment timing choice will affect the optimal level of firm
two's capitd in stagetwo (k{* if C, and ki if D,). Because firms now have to take into
acocount the effect of their own investment timing decision on the rival’s capitd levd, there is
only one indifference locus given riva commitment, implying thet each firm now only has two

indifferencelod intotd.

Second, by contrast to the game with quick-in-place investment, the indifference locus for a
paticular firm given rival commitment is above and steeper than its corresponding locus
given rivd dday. This suggests that in ODG firms tend to invest early more for defensve
than for aggressive reasons, that is, more out of fear of ending up as the follower than to gain
afirg-mover advantage. In ACG, the opposite was true; there, “ aggressive commitment”

was more vauable than “ defensive commitment” .

The invesment timing that emerges now is graphicaly represented in figure 3. In the
discusson we mainly point out the differences with the previous game. Unlike in ACG,
investment leadership does not arise as an equilibrium in any region of the graph. Instead,
the two equilibria that can preval a intermediate levels of uncertainty are commitment by
both firms, or investment delay by both (see region 1 in figure 3). In area ll, a firm only
invess ealy if its rivd does so as well. Its own commitment guarantees that the riva’s
drategic investment is smdler, thereby avoiding severe reductions in future outputs. This
confirms the intuition that strategic investment here occurs out of a predominantly defensive
moativetion. Also, the area where both firms choose to commiit is larger than in ACG,
illusreting that commitment is rdaively more aitractive to firmsin ODG. Moreover, the
“fuzziness’ of the boundary between the lower regions, observed in ACG (seeregion Il in
figure 2), has disgppeared completdly.
[Figure 3 about here]

5. Cost asymmetry

Here, we briefly discuss the effect of cost asymmetries (c, > ¢, implying A, <A;) on

firms investment timing. Cost asymmetry raises the relaive vaue of commitment to the low-

10



cogt firm. Hence, each indifference locus of the latter will lie above the corresponding
indifference locus of its high-cost rival.

Congder cases with a “large’ cost asymmetry. We use this term to refer to reative cost
differencesfor which all the low-cog firm'’sindifference loci lie aoove all those of its higher-
cost rival™®. Figures 4a and 4b illustrate this respectively for the games with quick-in-place
(ACG) and time-to-build invesment (ODG) (withA, = 08A)). At intermediate levels of
uncertainty investment leedership by the low-cogt firm prevails both in ACG (region Il in
figure 48) and in ODG (region Il in figure 4b). Hence, both with quick-in-place and with
time-to-build investment, the relative vaue of commitment is higher for the low-cogt firm
than for its high-cost counterpart. However, given the same cost asymmetry, the area where
investment leadership occursis smdler in ODG thanin ACG, since the high-cost firm has an
increased incentive to invest defengively. Consequently, here, as in the case with symmetric
costs, the region of commitment by both firmsislarger than in ACG".

[Insert Figures4a and 4b about here]

Superimposing the corresponding (572,h )-diagrams of the two games alows us to compare
them, given the same ranges of uncertainty and other parameter values. Without showing this
combined graph explicitly™®, the outcomes are shown in Table 2 for the symmetric-cost case

aswdl asfor the case with “large’ cost asymmetries.

® 1n addition to the symmetric-cost case and cases with large cost asymmetries, a third and final
possible scenario prevails when the cost asymmetry is sufficiently “small”, implying that the relative
cost disadvantage of the high-cost firm is not large enough for all its indifference loci to lie below its
rival’s. The diagrams for “small” cost asymmetries (available from the authors on request) now take a
hybrid form, combining features of the symmetric-cost case and the large cost asymmetry case.

' Note that, again, the fuzzy boundary in ACG demarcating the region between investment |eadership
and commitment by both collapses into a one-dimensional curvein ODG.

'8 The combined diagram can be easily obtained from superimposing figures 2 and 3 for the symmetric-
cost case, and figures 4a and 4b for the case with a“large” cost asymmetry.

1



Table 2: I nvestment timing with quick-in-place versus time-to-build investment

g2 Quick-in-place Time-to-build
I nvestment I nvestment
(ACG) (ODG)
Very High (D,,D,) (D,.D,)
COST High (D,.D,) (D,.D,); (C.C,)
SYMMETRY Intermediate | (C,,D,); (D,,C,) (c.c,)
LOW (C:L!DZ); (D]_lcz) (Cl’CZ)
(C..C,)

Very Low (C1’C2) (Cl’CZ)
Very High (D,,D,) (D,.D,)
“LARGE” COST High (c,,D,) (c,,D,)
ASYMMETRY Intermediate (c,,D,) (c.c,)
LOW (Cl) Dz); (C]_)Cz) (Cl’CZ)
Very Low (Cl’CZ) (Cl’CZ)

The bands of uncertainty levels range from the upper zone (labdlled as “very high”) to the
lowest one (labelled as “very low”). Shaded cellsindicate that different outcomes occur for
the two games in the specified range of uncertainty. The comparison clearly indicates the
greater importance of defensve commitment in ODG rdative to ACG, which is reflected in
theemergenceof (C,,C, ) as an eilibrium, even a “high” levels of uncertainty. Unlike in
ODG, (C,,C,) never co-exists with (D,,D,) in ACG. In ACG, the |eader-follower
equilibria occur a “intermediate’ and “low” levels of uncertainty, whereas they can never
occur under cost symmetry in ODG. With “large’ cost asymmetries, the investment timing
outcomes of the two games are more Similar to each other than under cost symmetry. The
main difference between the two cases is that, & “intermediate’ levels of uncertainty, the
high-cogt firm is willing to follow in ACG but reacts with defensve commitment in ODG.
Still, it remainstrue thet overdl there is less commitment in ACG thanin ODG.

6. Welfareissues

Given the four candidate investment timing equilibria, we now ask what the best timing

outcomes are from a socia perspective. We then examine whether these outcomes differ




from those generated by the market with time-to-build and with quick-in-place investment.
In our patid equilibrium set-up, wefare is naturdly defined as the sum of expected
consumer surplus and expected industry profits®. Capitd commitment implies strategic
behaviour with investment above the cost minimising level. From asocia perspective, more
capita commitment therefore raises the socid cost of investment and, in addition, foregoes
the socid benefits from flexibility. However, it will dso lead to higher production and

therefore lower prices for consumers.

In figures 5a and 5b, the actud investment-timing outcomes (with cost symmetry) are
indicated by superscript m, while the socidly preferred outcomes are superscripted by s. A
shaded labd highlights the areas in which the market outcome differs from the socidly
preferred investment timing. For both games the socidly preferred timing outcomes coincide
with the market outcomes a fairly high (arealV in figures 5aand 5b) and at fairly low (area
I) uncertainty. In the former case, both firms delay, whereas they both commiit in the latter
case. At moder ate levels of uncertainty (areas Il and 111), however, comparing the socidly
preferred outcomes to the ones generated by the market leads to different implications in
ACG theanin ODG. In ACG (figure 59), the market produces too much commitment in area
[11, but too little commitment in area l1b (and possibly in arealld). In ODG (figure 5b), the
market will never produce too little but may involve too much strategic commitment (i.e, the
market generates (C,,C, ) where (D,, D,) issocidly preferred)®.

[Insert Figures 5a and 5b about here]

This brief pogtive wdfare andyss indicated which of the four candidate investment timing
equilibria yidd the highest wefare for different ranges of uncertainty and alowed us to
compare these with those generated by the market. However, it is clear that policy
intervention could improve wefare dnce the oligopoly digtortion implies that firms are

producing too little. In addition, when firms are investing drategicaly they choose more than

9 |ike profits, consumer surplusis convex inu, implying that consumers aso like firmsto be flexible.

% When there is a substantial cost asymmetry between firms, we find that comparisons between the
market and the socially preferred outcomes are qualitatively the same for both games. Having the low-
cost firm asthe leader is socially preferred unless uncertainty is very high.



the sodidly cost-minimising capitd level®. The standard instruments to ded with these
digortions are production subsidies and capitd taxes. Moreover, besdes affecting the
levels of output and investment, the government may aso wish to change firms' investment
timing. Compared to quick-in-place investment, more firms tend to invest too early with
time-to-build invesment. As a result they lose ther flexibility, implying that the government
may want to engage in commitment deterrence®. Hence, a firgt-best package of policies will
smultaneoudy and directly address these three possible inefficiencies of underproduction,
overinvestment and inflexibility.

7. Conclusion

The implications of the smple red-world fact that investment projects take time to complete
were consdered in an oligopoly setting. Standard investment theory finds that an increase in
uncertainty causes delay. However, under oligopoly with quantity-setting firms, there is an
incentive to invest early. There are two closdy related reasons for this. First, there is an
aggressive motive to win a firsg-mover advantage and second, there is a defensive motive to
avoid being saddled with a second-mover disadvantage.  We have shown that a time lag
between when and how much to invest reduces the incentive to ddlay induced by
uncertainty. In paticular, the defendve motive for early investment is grester when
investment requires time to put in place. We have shown that with such investment projects,
firmswithin theindudry all tend to invest early a levels of uncertainty for which some firms
would have ddayed if the investment were of the quick-in-place type. This is consstent
with Bar-1lan and Strange (1996), who find —in a totdly different model without drategic

behaviour- that time-to-build induces firms to invest earlier rather than later.

A case sudy of the bulk chemicd industry by Ghemawat (1984) provides empirica
confirmation of our mode’s predictions. Two of his observations are particularly relevant
here. Firg, he concluded that the lowest-cost producer in the titanium dioxide industry, Du
Pont, chose for investment leadership as a ddiberate growth strategy. This corroborates

2 This distortion is absent in models that are concerned with endogenous production -as distinct from
investment- timing. Hence, awelfare analysis (of which, to our knowledge, there are as yet no examples)
in such models would differ from ours.

# Dewit and Leahy (2001) consider policies to deter commitment in an open economy setting.
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our finding that, in the presence of cost asymmetries, the low-cost firm has the greater
incentive to invest early. Second, he points out how the presence of significant congtruction
lags in the industry effectively alowed “defensve’ commitment. He cites (p. 157) how one
firm, Kerr-McGee, prevented its rival, Du Pont, from obtaining a firs-mover advantage: by
introducing its own investment plans before Du Pont's expanson had fully materidised,
Kerr-McGee forced Du Pont to reviseits initid capacity plans. This illudrates the difficulty
of effectively obtaining leadership with time-to-build investment, as was emphasised in our

paper.

Findly, our paper explored the wefare implications of timeto-build invesment. Our
andyds suggests that in indudtries in which investment takes time to be completed firms tend
to invest too early from a socia perspective. Too much invesment delay, however, never
occurs. This is not true with quick-in-place investment; then, even a moderate leves of
uncertainty, it is possble that not enough firms invest early. These findings suggest that
investment policies may require a lot more thought and may possibly need to teke into
account the duration of investment projects until completion.



Appendix A

Table A: Expected profitsin the different candidate equilibria under Action
Commitment and Observable Delay

C,.C, C,,D, .,C, D,,D,
B, | g(eqe) 1, , wl-h & > 1-h/2 _, W), d-h/2
g(Eqe ) +=s z(Eqe)’ + ISZJ(qu) s?|j (Eq) +

0° |2l g5 &)y B-h)
Ep, ( cc)z 1., ( cd)z 1-h/2 , , ®l-h 6 ( dd)z (1 h/
g\Eq;*) +=s j \EQ ) +——=s de 2g2|)(Ea ) +
2 9 2 (3_2,] 2 Z(qu) +§3-Z’IE)S 2 (3_ h)z
. ®2-h 06 _ .
with g°1- (8/9h,z°1- Z’]g—:é’ﬂdj °1-h/2.
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Appendix B: Determination of the investment timing equilibria
(i) The investment timing equilibria with quick-in-place investment (ACG)
To find the equilibriain different regions of the (572 ,h )-space we proceed by asking when
each of the candidate equilibriawill not be an equilibrium. For concreteness and without
loss of generdity, we condder possble deviaions by firm one from each candidate
equilibrium.
(a) The candidate equilibrium (D, D,)
On the highest locus in figure 2, each firm isindifferent between commitment and delay given
invesment dday by its riva. Given rivd dday, firm one, in deciding when to inves,
compares the profits Ep,(D,,D,) and Ep,(C,,D,), teking into account thet its riva
reects to its invesment timing decison. For indance, on the locus
(Ep,(C,,D,) = Ep,(D,, D, )) firm one is indifferent between choosing k™ in period one
and ddlaying its capita choice until period two (when it will choosek™ (u) ). Below this
locus (aress I-111), (D,,D,) cannot be an equilibrium.
(b) The candidate equilibria (C,, D,) and (D,,C,)
The highest locus in figure 2 dso demarcates the maximum uncertainty upper limit for the
leader-follower equilibria, (C,, D,) = (k,D,)and (D,,C,) = (D,,k°). In other words,
(C,D,) (and by symmetry (D,,C,)) cannot be an equilibrium above this locus (area V),
sincein that region Ep, (k*,D, )< Ep,(D,,D, ). The lowest of the three lodi in the figure

provides the lower bound for leader-follower equilibria. Below this locus (area |) we have
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Ep,(C,. k&) > Ep,(D,, k&), and hence firm one will wish to deviate from delay given thet
firm two chooses the investment | eadership capitdl leve, kS°.

(c) The candidate equilibrium (C,C,)

Thisis an equilibiium a& S =0, when there are no flexibility advantages of ddaying and
both firms commit, regardiess of the timing Strategy of their rival. Next, consder the range of
§?and h over which (C,,C,) =(k*,k*) cannot be an equilibrium. Given k*, thereis a
locus (the second highest in figure 2) dong which firm one is indifferent between commitment
and delay. Above this locus (areas Il and V), we have Epl(Cl,kgc)< Epl(Dl,kQC),
hence, firm one wants to delay and therefore (C,C,) cannot be an equilibrium. On or
below the locus, firm one will not wish to deviate from k* (by symmetry, firm two will not
want to deviate from k;° in thet region). Thus, commitment by both firms will be an

equilibrium at dl uncertainty levelsthat are not above this locus.

(ii) Theinvestment timing equilibria with time-to-build investment (ODG)

The investment timing equilibria are determined by a method smilar to the one described in
(i), but now using theloci represented in figure 3.

(&) The candidate equilibria (D,, D,) and (C;,C,)

Above both indifference loci in figure 3 (area Ill) delay will be played by each firm,
regardless of itsriva’stiming choice. Hence, (D4, D, ) is the unique equilibrium in area l11.
Beow both indifference loci (areal), commitment will be played by each firm, regardless of
its rival’s timing choice. Hence, (C,;,C,) is the unique equilibrium in area I. In the
intermediate region (area 1), commitment is the best response to rival commitment, while
delay is the best response to riva delay. Therefore, both (D,,D,) and (C;,C,) are
equilibriain arealll.

(b) The candidate equilibria (C;,D,) and (D;,C,)

When commitment is the best response to delay (areal), delay is not the best response to
commitment, but, when delay is the best response to commitment (area l11), commitment is

not the best response to delay. Hence, (C;,D,) and (D;,C,) are never equilibria
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Figure 1la: The game with quick-in-place investment (ACG)
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Figure 1b: The game with time-to-build investment (ODG)
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Figure 2: Investment timing with quick-in-place investment (ACG) for
cost symmetry (A,=A,)
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Figure 3: Investment timing with time-to-build investment (ODG) for
cost symmetry (A,=A,)
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Figure 4a: Investment timing with quick-in-place investment (ACG) for
“large’ cost asymmetries (A,=0.8A,)
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Figure 4b: I nvestment timing with time-to-build investment (ODG) for a
“large’ cost asymmetry (A,=0.8A,)
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Figure 5a: Market outcomes versus socially preferred outcomeswith quick-in-
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Figure 5b: Market outcomes versus socially preferred outcomes with time-to-
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