Technical Appendix to Accompany
“Motivating Cost Reduction in Regulated Industries

with Rolling Incentive Schemes”

by Douglas C. Turner and David E. M. Sappington

Part A of this Technical Appendix provides detailed proofs of the formal conclusions in
the text. Part B provides additional conclusions.

A. Proofs of Formal Conclusions in the Text.

Lemma 1. When the firm operates under IRIS, it implements immediately any cost reduc-
tion it achieves.

Proof of Lemma 1. Under IRIS, if the firm first implements the achieved cost reduction
in period ¢ € {1,...,5}, then p, = ¢ for t = 1,.,t+1land p, = co— A for t =t +
2,...,6.1 Suppose the firm achieves the A cost reduction in period t € {1,2}. If the firm
implements the cost reduction immediately, the discounted present value (PDV) of its profit
is A[Q4(co) + 0 Qey1(co)]. If the firm delays the implementation to period ¢ 4 [, the PDV of
its profit is &' A [Qi11(co) + 0 Qr141(co)]. Therefore, the firm will implement the achieved
cost reduction immediately if:

AQi(co) +6 Qura(co)] > 0" A[Qui(co) + 6 Qurasa(co)]

S Qulco) +9Qura(co) > 0'[Qryilco) + 6 Qurira(co)]. (1)
The inequality in (1) holds because Assumption D implies:
Qilco) > 0Qua(co) > ... > 6" Qu(co) forall 1€ {1,....,6 —t}, and
6 Qui1(co) > 0% Qua(co) > . > 8 Quuysi(cy) forall le{1,...6—t—1}. A

Lemma 2. Suppose the firm operates under SR. If the firm achieves the cost reduction in
period 1, it implements the cost reduction immediately. If the firm achieves the cost reduction
in period 2, it implements the cost reduction immediately if

Q2(co) > 6[Qs(co) + 0 Qalco)] (2)

and otherwise itmplements the cost reduction in period 3.

Proof of Lemma 2. The proof consists of three Conclusions (A, B, and C). Each Conclusion
pertains to the setting where the firm operates under SR.

IThe firm will not delay the implementation of an achieved cost reduction to period 6. The discounted
present value (PDV) of the firm’s profit from such a delay is 55 A Qg(cp). The PDV of the firm’s profit
from implementing the cost reduction in period 5 is 6* A[Q5(co) 4+ 6 Qs(co)] > 6° A Qg(co).



Conclusion A. The firm always implements immediately a cost reduction achieved in

period 1.

Proof. If the firm implements the cost reduction achieved in period 1 immediately, the PDV of
its profitis m; = A[Q1(co) + 0 Q2(co) | because py = pa = ¢g and p3 = py = p5 = pg = co—A.

If the firm first implements in period 2 the cost reduction achieved in period 1, the PDV
of its profit is m = J A Q2(cp) because p; = ps = ¢g and p3 = py = ps = pg = co — A. It is
apparent that mo = m — AQ1(co) < .

If the firm first implements in period 3 the cost reduction achieved in period 1, the
PDV of its profit is 73 = 6> A[Qs(co) + 6 Qu(cy)] because p; = py = ps = py = ¢y and
Ps = pe = cop — A. Assumption D implies:

Ty = 5A[5Q3(Co)+52Q4(CO>} < 5A[Q2(Co)+5Q3(Co>]

= A[5Q2(CO)+52Q3(CO):| < A[Q1(00)+5Q2(Co)] = 7.

If the firm first implements in period 4 the cost reduction achieved in period 1, the PDV
of its profit is 74 = 6> A Qu(cy) because p; = py = p3 = py = o and ps = pg = o — A. It is
apparent that 74 = 73 — 6> AQs(co) < m3(< m1).

If the firm implements in period 5 the cost reduction achieved in period 1, the PDV of

its profit is 75 = 6" A[Qs(co) + I Qs(co)] because p1 = ps = p3 = ps = p5 = ps = co.
Assumption D implies:

ms = 0P A[6Qs(co) + 67 Qs(co)] < 87 A[Qu(co) + 3 Qs5(co)]

= 52A[(5Q4(C0)+(52Q5<CU)} < (52A[Q3(C0)+(5Q4(Co)] = T3 (< 7T1).

If the firm implements in period 6 the A cost reduction achieved in period 1, the PDV
of its profit is mg = 6° A Qg(co) because p; = py = ps = ps = ps = pg = co. It is apparent
that Mg = Ty — 54AQ5(60) < 7T5(< 71'1). [

Conclusion B. The firm never delays beyond period 3 the implementation of a cost reduc-

tion achieved in period 2.

Proof. If the firm implements in period 3 the cost reduction it achieves in period 2, the
PDV of its profit is 7, = d A[Qs(co) + 6 Qs(co)] because p1 = ps = p3 = py = ¢ and
ps = pg = ¢o — A. We will show that the maximum PDV of profit the firm can secure by
delaying the implementation of the achieved cost reduction beyond period 3 is always less
Tr-

If the firm delays to period 4 the implementation of the cost reduction achieved in period
2, the PDV of its profit is 6* A Q4(co) because p; = py = ps = ps = co and ps = pg = co — A.
It is apparent that 0 A Q4(co) < d A[Qs(co) + 0 Q4lco)] = 7p.

If the firm delays to period 5 the implementation of the cost reduction achieved in period
2, the PDV of its profit is 6> A [Qs(co) + 6 Qg(co)] because py = pa = p3 = ps = ps = P = Co.
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Assumption D implies:
8 A[Qs(co) + 0 Qslco)] = 6 A [5Q5(Co) +6° Q6(CO)} < 6 A[Qu(co) + 6 Qs(co) ]

= 5A[5Q4(CQ>+52Q5(00)] < 5A[Q3(Co)+5Q4(Co)] = 7. (3)

If the firm delays to period 6 the implementation of the A cost reduction achieved in
period 2, the PDV of its profit is 6* A Qg(co) because p; = py = p3 = ps = ps = pg = co. It
is apparent that:

54 A Qﬁ(CO) < 53 A [Q5(Co) —+ 5@6(00)} < 0A [Qg(C()) + 5@4(00)] = Ty . (4)

The last inequality in (4) reflects (3). O

Conclusion C. If the firm achieves the cost reduction in period 2, it implements the cost

reduction immediately if (2) holds, and otherwise implements the cost reduction in period
3.

Proof. If the firm implements the achieved cost reduction in period 2, the PDV of its profit
is A Qa(co) because p1 = ps = ¢ and p3 = py = ps = pg = ¢o — A. If the firm delays the
implementation the achieved cost reduction in period 2 to period 3, the PDV of its profit is
IA[Qs(co) + 9 Qacy) | because p1 = pa = p3 = pg = ¢p and ps = pg = ¢o — A. Therefore,
Conclusion B implies that the firm will implement the cost reduction immediately if the
inequality in (2) holds, and otherwise delay the implementation to period 3. [ Bl

Corollary to Lemma 2. Suppose Assumption G holds in the setting of Lemma 2. Then if

the firm achieves the cost reduction in period 2, it implements the cost reduction immediately

if and only if J = 0g < J = %[\/5—1} ~ (.618.

Proof of the Corollary to Lemma 2. Define Qo = @Q1(¢p). Then when Assumption G holds,
the inequality in (2) holds if and only if:

~2

§7Qo+0°0*Qo < gQy & g+ <1 & ¢ +56-1<0
- 1
& 5 < s —1+\/1+4] = 5[\/5—1] ~ 0.618. W

Proposition 1. 0 < ¢§ < ¢£ < 1 in both the presence and the absence of strategic delay.

Proof of Proposition 1. First consider the firm’s problem in period 2 after no cost reduction
is achieved in period 1 in the absence of strategic delay. Under SR in this setting, the firm
retains the full benefit of a cost reduction that is achieved in period 2 only for that period.
Therefore, the firm’s problem is:

Maygmize By A Q2(co) — Ka(o)




= Ki(¢5) = AQs(co) at an interior optimum. (5)

Under IRIS, if no cost reduction is achieved in period 1, the firm retains the full benefit
of a cost reduction achieved in period 2 during both period 2 and period 3. Therefore, the
firm’s problem in period 2 is:

Ma)gmize (]52 A [QQ(CO) +0 Qg(CO)] — KQ((bQ)
= Kj)(¢)) = A[Qa(co) +Qs(co)] at an interior optimum. (6)

First suppose that ¢5 = 0. Then (5) implies that A Qy(co) < K3(0), which violates the
maintained assumption that K3(0) = 0. Therefore, ¢5 > 0.

Now suppose that ¢2 = 0. Then (6) implies that A [Q(co) + 6 Q3(co)] < K4(0), which
violates the maintained assumption that K%(0) = 0. Therefore, ¢5 > 0.

Next suppose that ¢5 = 1. Then (5) implies that K}(1) < A Qa(co), which violates the
maintained assumption that K3(1) > A[Qa(co) + 0 Qs(co)]. Therefore, ¢5 < 1.

Finally suppose that ¢5 = 1. Then (6) implies that K}(1) < A[Qa(co) + 6 Qs(co)],
which violates the maintained assumption that K5(1) > A[Q2(co) + 0 Q3(co)]. Therefore,
oy < 1.

Because ¢5 € (0,1) and ¢} € (0,1), (5) and (6) imply that Kj(¢2) > Kj(¢3) =
¢4 > ¢5. The conclusion here reflects the convexity of Ky(-).

Now consider the firm’s problem in period 2 after no cost reduction is achieved in period
1 in the presence of strategic delay. Under SR in this setting, the firm delays to period 3 the
implementation of a cost reduction achieved in period 2. Therefore, the firm’s problem is:

Ma%gmize 0y 0 A[Q3(co) + 3 Qalco) | — Ka(y)

= Ky(¢3) = §A[Qs(co) + 6 Qulco)] at an interior optimum. (7)

First suppose that ¢5 = 0. Then (7) implies that § A [Qs(co) + 0 Qa(co) ] < K35(0), which
violates the maintained assumption that K3(0) = 0. Therefore, ¢5 > 0.

Next suppose that ¢ = 1. Then (7) implies that Kj(1) < 0 A[Qs(co) + 6 Qa(co)],
which violates the maintained assumption that K}(1) > 6 A[Q3(co) + 6 Q4(co) |. Therefore,
¢y < 1.

Because ¢5 € (0,1) and ¢} € (0,1), (6) and (7) imply that Kj(¢2) > Kj(¢5) =
¢4 > ¢5. The conclusion here reflects the convexity of Ky(-). W

Proposition 2. 0 < ¢! < ¢f < 1 in both the presence and the absence of strategic delay.

Proof of Proposition 2. Under SR in the absence of strategic delay, the firm retains the full
benefit of a cost reduction that is achieved in period 1 both in period 1 and in period 2.
Therefore, (5) implies that the firm’s problem in period 1 under SR is:
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Ma%glmize A A[Q1(co) +6Qa(co) | +[1— 1] 0 [ngAQ?(CO) - K2(¢§)} — Ki(¢1). (8)

(8) implies that at an interior solution to this problem:
Ki(¢7) = A[Qi(co) +0Qa(co)] — 6 [ 05 AQa(co) — Ka(e3) ] - (9)

Under IRIS, the firm retains for two periods the full benefit of an achieved cost reduction,
whether the reduction is achieved in period 1 or period 2. Therefore, (6) implies that the
firm’s problem in period 1 under IRIS is:

Ma)glmize O1 A[Q1(co) + 0 Qa(co) ]
+[1—=¢1] 6 {35 A[Qa(co) +0Qs(co)] — Ka(dg) } — Ki(6)- (10)
(10) implies that at an interior solution to this problem:
Ki(¢1) = A[Qi(co) +0Qalco)] — 6 { 63 A[Qalco) + 0 Qs(co)] — Ka(dh) }.  (11)
Observe that:
63 [ Qa(co) +0 Qs(co) ] = Ka(éy) = max {6y A[Qalco) + 6 Qslco)] = Ka(en) }
> 65 A[Qa(co) + 6 Qs(co)] — Ka(e5) > 65 AQs(co) — Ks(05) . (12)

The first inequality in (12) holds because ¢5 # ¢&, from Proposition 1.
(10) implies that ¢! > 0 if:

AlQi(co) +Qa(co)] =0 [0 A(Qa(co) + 6 Qs(co)) — Kaldp)] > Ki(0).  (13)
Because K/ (0) = 0 by assumption, the inequality in (13) holds if:
A[Qi(co) +3Qz(co)] > [y A(Qa(co) +6Qslco)) — Kalgs) |-
This inequality holds because Assumption D implies:
Q1(co) +0Qa(co) > 8 Qa(co) +0° Q3(co)
= Qi(co) +9Qa(co) > 3 [6Qa(co) + 6 Qs(co) ]
= A[Qi(co) +0Qa(co)] > 665 A[Qa(co) + 6 Qs(co)]
= A[Qi(co) +Qa(co)] > 6 [d3A(Qa(co) + 3 Qs(co)) — Ko(eg) ] -
(10) implies that ¢ < 1 if:
A[Qi(co) +3Q2(co)] = 6 { b3 A[Qa(co) +6 Qslco)] — Ka(dg) } < Ki(1).  (14)

A[Q1(co) +0Qz(co)] < Ki(1), by assumption. Furthermore, ¢5 A[Qz(co) + 6 Qs(co)] —
)



Ky(¢h) > 0 because ¢y = argmaxy { A [Qa(co) + 0 Qs(co)] — Ka(¢) } and K5(0) = 0.
Therefore, the inequality in (14) holds.

(8) implies that ¢7 > 0 in the absence of strategic delay if:
A[Qi(co) + 3 Qa(co)] = 6 [¢5 AQalco) — Ka(e3)] > K;(0). (15)
K1(0) = 0 by assumption. Therefore, (15) holds if:
A[Q1(co) + 6 Qaco) ] — 0 [¢5 A Qalco) — Ka(¢3)] > 0.
This inequality holds because:
Q1(co) +0Qa(co) > §Qalco) = Qilco) +6Qa(co) > ¢ 0 Qa(co)
= A[Qi(co) +0Qs(co)] — 65 AQa(co) > 0
= A[Qi(co) + 6 Qa(co)] — 0 [d5 AQa(co) — Ka¢3)] > 0.
(8) implies that ¢7 < 1in the absence of strategic delay if:
A[Qi(co) +0Qa(co)] — 0 [d5 AQa(co) — Ka¢3)] < Ki(1). (16)

A[Q1(co) +0Qa(co)] < K}(1), by assumption. Furthermore, ¢35 A Qy(co) — Ko(d3) > 0
because ¢; = argmax, { ¢ A Qa(co) — Ka(¢) } and K5(0) = 0. Therefore, the inequality
n (16) holds.

To prove that ¢{ < ¢f in the absence of strategic delay, observe that:
¢ = arg max {0 A[Q1(co) + 0 Q2(co) ]
+ [1—0] 6 [d5 A (Qa(co) + 0 Qs(co)) — Kal¢) | — Ki() }

< arg;nax{ ¢ A[Q1(co) + 6 Qa(co) ]

+[1-0]0 [¢§AQ2(CO) —K2<¢§)] —Ki(¢)} = ¢7. (17)

The equalities in (17) reflect (9) and (11) since ¢; € (0,1) and ¢} € (0,1). The inequality
in (17) reflects (12) and the fact that the firm’s profit-maximizing choice of ¢, increases as
the firm’s expected profit following first-period failure to achieve a cost reduction declines,
holding constant the firm’s expected profit following first period success in securing a cost
reduction.?

(7) implies that the firm’s problem in period 1 under SR in the presence of strategic delay
is:

Ma)gmize &1 A[Q1(co) + 5 Q2(co) ]

2Formally, if ¢; € (0,1) = argmax {¢p A+ [1 - ¢]| B — K1(¢) }, then A—B = K (¢;) = % =— m <
¢
0.



+ [1— 01 [¢5 A (0% Qs(co) +6° Qulco) ) — 8 Ka(5) | — Ki(gy)- (18)

(18) implies that at an interior solution to this problem:

Ki(¢7) = A[Qi(co) +0Qalco)] =0 [d5 A (6Qs(co) +0° Qulco)) — Ka(93)] . (19)
(18) implies that ¢ > 0 in the presence of strategic delay if:

A[Q1(co) + 6 Qa(co)] — [¢5 A (0% Qs(co) +6° Qulco)) — I Ks(43)] > K1(0).  (20)

K!(0) = 0 by assumption. Therefore, (20) holds if:
A[Q1(co) +0Qaco)] — [¢5 A (6°Qs(co) + 6 Qulco)) — 0 Ka(d5)] > 0.

This inequality holds because:

Q1(co) + 8 Qa(co) > 8 Qs(co) +6° Qulco)

= A[Qi(co) +Qa(co)] > A6 Qs(co) +6° Qulco) ]

= A[Qi(co) +3Qa(co)] — ¢35 A [6° Qs(co) +6° Qulco) | > 0

= A[Qi(co) +Qa(co)] — [ngA (52 Qs(co) + 6° Q4(Co)) - 5K2(¢§)] > 0. (21)

The first inequality in (21) holds because Assumption D implies that @Q1(cy) > 0 Qa(co) >
6% Q3(co) and Qa(co) > & Q3(co) > 6 Qu(co)-

(18) implies that ¢ < 1in the presence of strategic delay if:
A[Qi(co) + 3 Qo) ] = [¢5 A (6% Qs(co) +6° Qulco)) — 9 Ka(@) ] < Ki(1).  (22)

A[Q1(co) + 6 Qa(co)] < K!(1), by assumption. Furthermore, ¢35 A [6% Qs(co)+6° Q4(co) ]
— 6 Ky(¢5) > 0 because ¢5 = argmax, { oA [6Qs(co) + 0° Qu(co) | — Ka(¢) } in the pres-
ence of strategic delay (from (7)) and because K3(0) = 0. Therefore, the inequality in (22)
holds.

To prove that ¢! < gb‘lg in the presence of strategic delay, first observe that:

05 A[Qa(co) + 0 Q3(co) ] — Ka(03) = max { 9o A[Q2(co) + 0 Q3(co) | — Ka(oy) }

> @5 A[Qa(co) + 6 Qs(co)] — Ka(e5) > ¢35 Ad[Qs(co) + 6 Qulco)] — Ka(d5). (23)

The equality in (23) reflects (7). The first inequality in (23) holds because ¢5 # ¢35, from
Proposition 1. The last inequality in (23) reflects Assumption D.

Now observe that:

¢7 = argflax{ ¢ A[Q1(co) + 0 Qa(co) ]

+ [1—¢] 6 [d5 A(Qa(co) +6Qs(co)) — Ka(¢h) | — Ki(o) }



< arg;nax{gbA [Q1(co) + 0 Q2(co) ]

+ [1 —¢] 0 [Qg A5(Q3(CO)+5Q4(CO)) —K2<¢§>} —K1(¢)}
= 9. (24)

The equalities in (24) reflect (10) and (18). The inequality in (24) reflects (23) and the
fact that the firm’s profit-maximizing choice of ¢; increases as the firm’s expected profit
following first-period “failure” declines, holding constant the firm’s expected profit following
first period “success.” WM

Proposition 3. E,{W*} > E,{W} in the absence of strategic delay if ®° > ®I.

Proof of Proposition 3. Under the specified conditions, when the firm operates under SR in
the absence of strategic delay: (i) p1 = pa = ¢o; (ii) ps = ps = ps = pPs = ¢o if the firm never
achieves a cost reduction; and (iii) ps = py = ps = ps = ¢o — A if the firm ever achieves a
cost reduction. Therefore, the PDV of expected consumer surplus under SR in this setting
is:

EAW®} = Wi(co) + 6 Wa(co)

+ ©° [6* Wi(co — A) 4+ 6° Waleg — A) + 6* Wa(co — A) + 6° We(co — A) ]
+ [1—®%] [6° Wa(co) + 6% Walco) + 6* Wa(co) + 6° W(co) ]
= Wi(co) + 6 Wa(co) + 6° Wi(co) + 6° Wa(co) + 6* Wi(co) + 6° We(eo)
+ D552 [Wi(co — A) — Wa(co) ]+ @° 63 [Wy(co — A) — Wa(co) ]
+ D5 [Walco — A) — Wi(co) ] + @58 [Welco — A) — W(co) ] - (25)

Under the specified conditions, when the firm operates under IRIS: (i) p; = pa = ¢o; (i)
Ps = pe = o if the firm never achieves success; (iii) ps = pg = ¢o — A if the firm ever achieves
success; (iv) p3 = ¢o — A if the firm achieves success in period 1; (v) ps = ¢ if the firm does
not achieve success in period 1; (vi) py = ¢o — A if the firm achieves success (in period 1
or period 2); and (vii) py = ¢ if the firm does not achieve success. Therefore, the PDV of
expected consumer surplus under IRIS in this setting is:

Ed{WI} = W1<C()) + 5W2(CO) + QZS{ 52 Wg(CO - A) + |:1 - QZS{] 52 Wg(CO)
+ @15 Walco — A) + 6% [1— @ ] Wa(co) + @6 Ws(co — A)

+ 6 [1— @] Ws(co) + "6 Ws(co — A) +6° [1— "] Wi(co)

= W1 (Co) + 0 WQ(Co) + (52 Wg(Co) + (53 W4(Cg) + (54 W5(Co) + (55 Wﬁ(Cg)



+ @1 0% [Walco — A) — Wa(co) |+ 0° T [Wy(co — A) — Wa(co) ]
+ 8P [Wa(cg — A) — Wi(co) ] + 6% [We(co — A) — Wel(co) ] (26)
(25) and (26) imply:
EfAW®} = BEAW'} = [@° — ¢1] 6% [Wy(co — A) — Wa(co)]
+ [ — "] {6 [Wilco — A) — Walco) | + 6* [Ws(co — A) — Wa(co) ]
+ 8% [We(co — A) — Welco) ] - (27)
If &% > &, then ®° > ¢!. Consequently, (27) implies that E,{IV°} > E;{W'} when

®% > ! (because § > 0, by assumption). H

Proposition 4. Suppose Assumptions G and K hold. Then E;{W?®} > E{W1} in the
absence of strategic delay if & [1+ S]ﬁ <13

Proof of Proposition 4. (6) and (7) imply that under the specified conditions:

Agczorl—l _ [AQOV—I .

ko I

ko (05) = AgQo = ¢f = {
ko

ka (00) = A[gQo+ 926 Qo]

AQog (1+3) ]
|

I
= ¢2:

ks

= @) = [1+4]7 = ¢S [1+48]7. (28)

When Assumption G holds, Wi(p) = g Wi(p). Therefore, (27) implies:
EAWS} > EAW'} if &5 — ¢l + [0 — '] [5 +6 +4] > 0. (29)

First suppose that ®° > &, Proposition 2 implies that ®° > ¢!. Therefore, (29) implies
that Ed{WS} > Ed{WI} when ®° > o1,

Now suppose that ®° < ®. (29) holds in this case if:

O — L4+ [ —®' ] 540 40 +0 +...] >0

3Recall that 6 = g9.



& ¥ — ¢+ [ — @] %g > 0

& [05-¢l][1-F3]+d[e5—a'] > 0
& (18] [of + 05 (1-67) - ol]
+ 5[ 67+ 05 (1—7) = (¢1 + 5 [1-91])]
S 45 [1—9f] =6l =6 o] + 5 (1-¢7) — o1 ]
+ 07 +d5 (1—¢f) — (o1 + 3 [1-01])] > 0
& o7 +g5 [1—¢7] — o1 —d¢h [1—¢f]
e —[1-¢l]+a5[1-9]+1-9{—d05[1—61] > 0
& [1-6l][1-303| - [1-6{] [1-65] > 0. (30)

Proposition 2 implies:
1—¢p > 1-¢7. (31)

(28) implies that when 4 [1 +g]ﬁ <1
05 —3h = o5 —35[1+3]7T = @{ J(1+0)7 ] > 0

= ¢ > 00 = 1-0¢L > 1—¢5. (32)
(31) and (32) imply that the inequality in (30) holds. W

Corollary to Proposition 4. Suppose Assumptions G and K hold. Then E;{W9} >
E{W'} in the absence of strategic delay if ~ > 2.

Proof of the Corollary to Proposition 4.

The Corollary follows directly from Proposition 4 because 5[1 + (5]ﬁ < 1 under the
specified conditions. This is the case because:

S[146]7 < 5[1+0] < 1.

The first inequality here holds because v > 2, by assumption. The last inequality here holds

because 6 = gd < 6 in the absence of strategic delay and because g[l + 5] = 1, by
definition. (Recall the proof of the Corollary to Lemma 2.) W
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Proposition 5. Suppose Assumption K holds, Assumption G with g = 1 holds, and § > 5.
Then E{W'} > E AW} when § is sufficiently large (in the presence of strategic delay).

Proof of Proposition 5. Lemma 2 implies that when the firm operates under SR in the
presence of strategic delay: (i) p1 = pa = co; (ii) ps = pg = ¢o if the firm never achieves
success;! (iii) ps = ps = co — A if the firm ever achieves success; (iv) p3 = ps = ¢ — A if the
firm achieves success in period 1; and (v) ps = ps = ¢ if the firm does not achieve success
in period 1. Therefore, expected consumer surplus under SR in this setting is:

Ef{WS} = Wi(co) +6 Walco) + ¢7 [6° Wa(co — A) + 6 Wa(co — A) ]
+ [1= 7] [6°Wal(eo) +6° Waleo) | + [1 — @5] [6* Wi(co) + 0° We(co) ]

+ ©° [§* Wi(co — A) 4 6° We(co — A) ]
= Wi(co) + 6 Wa(co) + 6> Wa(co) + 6° Wa(co) + 6* Wi(co) + 6° Wel(co)
+ 027 [Wa(co — A) = Walco) ] +6° 67 [Waleo — A) = Wia(co) ]
+ 5 0% [Was(co — A) — Wi(co) | + 6° @° [Ws(co — A) — Wi(co) ] - (33)
(26) and (33) imply that in the presence of strategic delay:
EdW®} = EW'} = 6 [¢7 — ¢1 ] [Wa(co — A) — Wa(co)]
+ 8" o7 — @] [Waco — A) = Wa(co)]
+ & [ — ] [Ws(co— A) — Ws(co)]
+ & [ — & ] [We(co — A) — We(co)]
= [07 — 1] [Waleo — A) = Wy(co) ] +0 [¢7 — D] [Waleo — A) = Wa(co)]
+ [ 0% — @ | [Wi(co— A) — Wilco) ] + 6 [@° — @7 | [We(co — A) — We(co)] . (34)

Define Qg = Q(cp). (6) implies that under the specified conditions:

AQog(1+go) 7T
ko '

kz(@%)%l = A[gQo+9g°0Q0] = ¢y = [

(7) implies that under the maintained conditions:

AQ0592(1+95)]”1‘1

k2(¢§q)7_1 = A6 [ Qo+3g°6Q0] = ¢y = { o

4The firm achieves “success” when it achieves the A cost reduction.
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N §) 177 s
e i e R (36)

1

Define ¢&™ = (%) " Then (35) and (36) imply that under the specified conditions:

N~

¢

A 1 71 .
:(W) — %’m as 6 — 1 and

A 1 = .
45 ( Qo(sk[ +5]) L T as § 1
2

m (¢ —¢5) = 0. (37)

= 1
d—1

Define ¢F'™ = (ZAQO[M%MQQO KZ(%LW)]) o (9), (11), and (37) imply that under
the specified conditions:
55 _ (A@omd] —3[¢5AQ8 (1+6>—K2(¢§>]>“
= .

1

Lim Lim ﬁ
B <2AQ0—[2¢2 kAQO_K?( 2 )]> = ¢lm as 6 — 1
1

1

o (AQO[1+6]—6[¢£AQO <1+5>—K2<¢£>}>“
1 = K,

- 1

. ( QO [ ¢2 QO 2( 2 )]) o Lim as § — 1

ki
= i (ol of) = 0. o
(37) and (38) imply: lim (! — %) = 0. (39)

(34), (38), and (39) imply:
lim (EW*} = EAW'}) = lim 6* [¢7 — 61 ] [Wa(co — A) — Wa(co)]
+ lim 0% [¢7 — @' | [Wa(eoy — A) = Wi(co) ]
+ lim ' 05 — ] [Ws(co — A) — Wi(co) ]

d—1
12



+ lim 6% [®% — @] [Ws(co — A) — Wel(co) ]

§—1

= lim §° [(bf — @I] [Wa(co — A) — Wy(co) ]

6—1

< lim 6° [@° — @' [Wa(co — A) — Wa(co)] = 0.

d—1

The inequality here holds because, from (95), ®° = ¢f + ¢ [1 — gbﬂ >¢7 . A

Proposition 6. Suppose Assumption K holds, Assumption G holds, and 5 > 0. Then
EAWY > E{W?5} for sufficiently large ky (in the presence of strategic delay).

Proof of Proposition 6. (38) implies that under the specified conditions:

lim ¢ = 0 and lim ¢! = 0. (40)

k1 — o0 k1 — o0

(34) implies that under the specified conditions:
E W5} — EfW'} = 6° [¢7 — é1] Dws(co, A) + 6% [¢7 — @' ] Dwa(co, A)
+ §*[®° — @' ] Dys(co, A) 4 6° [@° — @' | Dyg(co, A) (41)
where Dy(co, A) = Wi(co — A) — Wi(co) = ¢! Dywi(co, A) > 0 for t € {1,...,6}. (41)
implies:
E W5} — EZ{W'} = A(ky) Dw1(co, A)
where A(ky) = 0 [¢f —¢1]+0 [6f —®']+3 [0 —d' ]+ [0 —d']. (42)

—aDW(;,ng’A) = 0. Therefore, (42) implies:

lim (EdW'} — E{W5}) > 0 if Jim A(ky) < 0.

1 — 00

(42) implies that limy, — o A(k1) < 0if: (i) limy, o (¢7 — @1 ) = 05 (if) limy, — 00 (¢7 — ®7)
< 05 and (iii) limy, o (@9 —®') < 0. We complete the proof by showing that (i), (i),
and (iii) hold.

(40) implies that limy, — (gbf —¢1) = 0.
(95) and (40) imply:

lim (o7 —@") = lim (¢ —¢1—[1-91]ey) = — lim g5 = —¢; < 0.

k1 — o0

(95) and (40) also imply:
im (¥ @) = Tim (47 +[1-¢7]¢5 01— [1-01]¢3)

k1 — o0

13



= lim (¢5—¢y) = &5 —¢, < 0.

k1 — o

The inequality here reflects Proposition 1. B

Proposition 7. Suppose Assumption K with v = 2 holds and Assumption G holds. Then
EAWD > EAW?®} when A Qq is sufficiently small or ky = ky = k is sufficiently large in

the presence of strategic delay.

Proof of Proposition 7. Define ky = %2, x = AEQO = Ai—;’?o, and & = g4. (110) and (114)
2

imply that under the maintained assumptions:

s AQog*0[1+gd]
2

oy = T = 1g6[1+gd] = x0[1+4] and (43)
ol = AQQOLHM] = z[1+6g] = x[1+3). (44)
2

(116) and (44) imply:

Al1+9g0]Qo—6[g(1+96)AQoeds — Ka(d)]
ky

o] =

A[1+g8]Qo—3 [k (61)” — & (6)°] A[HMQ”_‘S{ : ]
ko k1

Fa(¢4)”
_ A[1+95}Q0_59{ g ] _ A[146]Q EEQ (¢£)2
N ky N k1 ky

A[L+3)Qo ks <k [ (¢))°
=Sy 5k1[ 2 (45)
(44) and (45) imply:
Pk k(@) kol
¢1_¢2k_1_6k_17_k_1 2 |15
ks ~ 5 ~
= o [140) |13 <1+5) . (46)

(111) — (113) imply:

Al1+g6]Qo—6[g*0(1+gd) AQods — Ka(e3) ]

S _
¢1 - kl

14



k1
COA[146]Qo -8 [ B2 (5)2] A[1+5]Qo—59[@—2(¢§)2]
B ki B ki
- A[1+5]Qo—5[%(¢§)2] OA[146]Qo ke 5752 1, g2
- 1430 252 [ 1 (6)’]

@f:¢{+[1—¢{]¢§—%x[1+5] 1—gx(1+5)
1
+ 1——?30(1—1—5)(1—53:[1—1-5]) 2 [143];
~ ~3 ~
P = ¢ + [1—¢7] 5 = %I[HS] 5(1;5):;
1
Ll (1+5)<1—5[1+5] ) (1+3]da
1

(34) implies that in the presence of strategic delay:
EA{W'} — EAWS} = [¢f — ¢ig] Dys+6 [0 — ¢ig] Dy,

+ 62 [®" = %] Dys + 6° [®" — | Dyg

(50)

where Dy = Wi(co — A) — Wi(cp) > 0. Assumption G implies that Dy, = g Dw—1).

Therefore, (50) implies:
EAW'} — EJ{W®} £ [¢{ — 67 | Dws + g6 [®" — ¢7 | Dws
+ (g6 [® — @] Dws +[g0]> [@" — %] Dy

S

=gl =07 +0 [0 —¢7 ]+ 62 [0 — %] + 5 [0 — 7]

15



where § = 6g. (51) implies:

E W'} > E{w*} if

ol — ¢+ 5[0 — ¢S] +0 [@—25] 4+ [@ —a5] > 0.

(46) — (49) and (52) imply that E,{WT} > E,{W5} if:

—@x[ug] {15 (Hg)x]

ky 2

%x[l—i—g] 1—§x(1+5)

e () (15 1)) e
+{52+53}{%x[1+5] 1—:x<1+5)
e a(ued) (15 [143] )| e

16



~ ~3 %2 5 ~ %2 ~ g ~
+ [0 +5}{k—1 1S a(149) ) 1—§x<1+5>
~3 ~
0 I I C ) T N _ 5 [1+3]
R A 1——1x<1+5> - ——a >0 (54)
B 0 [14+3]  E o
2 2 N
e ~ 2%
" 5 T " x[1446]
o B B 3
| 3 , - 5 2\ RO (1+9)
Y5 <1+5>+1—k—1x<1+5> (1—§x[1+5]>+k—1 —
2~ ks 0 ~ ks ~ 5 <
+[5 +5]{—k—1§x[1+5]+1—k—1x[1+5] 1——x(1+5)
~3 ~
758 5 T o |149
kp 0 [1+0] 5 ko i~ [ }
—l—k—lTl‘—(S 1—k1x(1+5> 1— 5 x > 0
= (55)
(54) reflects the fact that x[1+ 4] > 0
Asx = AE—("EO — 0, the inequality in (55) becomes:
S+ [6°4+3°)[1-3] > 0. (56)

The inequality in (56) holds because Assumption G implies that 6 < 1. Therefore, E,{ W'} >
E{W?3} when A Q is sufficiently small.

Finally, suppose ky = ky = k, so 172 == Ask — o0, x = % — 0 and the inequality

1
g°
Because this inequality holds, E,{W'} > E,{w*}

in (55) becomes the inequality in (56).
when £ is sufficiently large. W

Prop051t10n 8. Suppose Assumption K with v = 2 holds, Assumptzon G holds, ke < kl g,

and 0 > 5 Then EA{WSY > EA{W!} when b is sufficiently close to 5 and M
sufficiently close to 1 (in the presence of strategic delay).

Proof of Proposition 8. Recall from the proof of the Corollary to Lemma 2 that J is the
value of g for which:

go[14+gd6] = (90)°+dg = 1. (57)
s _ =z AQo[1+3] _
Initially suppose that 6 g = § and Ok—2 =1
specified conditions:

. Then (44) implies that under the

17



o AQug[1+3]
2 kg -

(34) implies that under the specified conditions:
E W5 — Ef{W'} = Ap Dy

where Ap = [g6]*[¢7 — 1] +[g6) [¢7 — @] +[g0]" [®% — @]
+ g6’ [®% - ®'] and
Dw = W(co—A)—W(c) > 0. (59)

We will show that Ez{W?9} > E;{W!} by showing that Ap > 0 when AQ+£HE] =1 and
§g = 8. The continuity of E,{W5} — @’d{WI } then ensures that E,2{W?°} > E;{W!} when

AQog[1+3]
k

0 is sufficiently close to § and is less than, but sufficiently close to, 1.

(45) and (58) imply that under the specified conditions:

AQo[1+gd]—d[d5AQug(1+6g) — Ka(¢h)]

1 = "
_ AQo[14+9gd]—0[AQog(1+dg) — Ko(1)]
ky
AQo[1+g6]—0[AQog(1+gd)—%]  AQo[1+g6][1—gd]+5[%]
N k1 N ky
B [@} AQo[1+gd][1—gd]+6[%]
N ]fl kQ

[@] AQ0[1+7;5][1—96]+{1521§

k2 1 0 ]{72 1 )
S [ S R 60
fﬁ{g 5+2] lﬁ{g 2} (60)

~

The penultimate equality in (60) follows from (58) because § g = 4, by assumption.

(43) and (58) imply that when 6 g = & under the specified conditions:

AQodg*[1+gd] N

b5 = = 6g = 9. (61)
ko

18



(47), (58), and (61) imply that when § g = & under the specified conditions:

AQo[1+6g]—6[d5AQug?d (1+g6) — Ko(3)]
ky

¢y =

B {@} AQo[1+98]—3[¢5 AQudg* (1+g3) — Ka(5)]
N k’l kZ

ka [1 0[05AQudg* (1+90) — Ka(¢5)]
kilg ko

by [1 6[0AQu0g(1+g0) — 22 6%9?] ]

k1 _g_ ko
_ k|1 _0[0AQP(+g0)] BOF| k|15 50
k| g ko ko ki | g ka
kg -1 3 1 3 9 k2 1 1 3 2
= —|-=9 -0 = =|-==9
|y 097309 kilg 2°7
ko 1~
= 1—=(6) 1.
216y <
The inequality in (62) holds because 5 < 1and g’“—kzl < 1, by assumption.
(59) implies that when 6 g = 8 and 6 = g0
= ogf — ol 4007 -0+ 62 [0 -]+ 5[5 -] > 0
if ¢f —¢l +0[¢f —dT]+02[¢f —dT]+ 6% [¢f —d'] > 0
S -l 4o [¢f —1]+ 02 [¢f —1]+ 38 [¢F —1] > 0.
The last equivalence here holds because ® = 1 when ¢ = 1 (from (58)).
Observe that when 6 g = o:
~ 2 ~3
o —d1+0[¢7 —1]+ 8 [¢f —1]+0 [o7 —1]
2 ~3
1-0
= ¢7 — ¢ —0[1— 7] Z [1—¢1][m]

1-3][3 +06+1]

— 6ol 3[1-67] | -

|

(62)

(63)

19



~ ~2 o~ ~
= f -0l [1-67] [T+ +1] = of —ol—23[1-47]. (64)
The last equality in (64) reflects (57). (63) and (64) imply:
Ap > 0 if ¢ —¢l > 20 [1—¢7]

ke |1 1 5 1 4 ~ By (1 1 4 4
I e _(-_Z 9 1 2(=2_Z
kl{g 259 (g 2 > 20 ki \ g 259

0 1 45 ~ [k 1 14,
Z_Z 2 —~_(Z_Z
& 5 2(59 > 6[!@2 (g 259

2 Ky 2
5 13 ~l kg 13
Observe that:
5 1~3 ~ 1~3 5 1~3 ~[1~3
[ (0 19)] e Bl a1
5 1~3 ~4 ~2 ~3 ~2 ~

The last inequality in (66) holds because:

~2 ~

428 = 3 [143]40 =344 = d[144d] < d[1+0] = 1.
The second and last equalities here reflect (57).

Because ki g < ky by assumption, (65) and (66) imply that Ap > 0 when ¢, = 1 and
0g = 5. |

Proposition 9. Suppose Assumption K with v = 2 holds, Assumption G holds, and 5> 6.
Then Eq{W?5} > E{WT} when ky is sufficiently large and Ak—?o [1+ 8] is sufficiently close
to 1 (in the presence of strategic delay).

Proof of Proposition 9.  Define ky = %, r = Agf)o = AEQO, and 0 = gd. Recall that
2 ~

E WSy > E{W'} if the inequality in (55) is reversed. Because z ks = AQ, the

inequality in (55) is reversed if:

AQy S [143] AQy S .~

01143
i 5 W g 10

20



-
+5[§ Ak?o <1+5)+1—AkQ° (1+9) (1—gx[1+5]> 480 (Hé)]

1

l—gx(l—i—g)
1—Ak?° (1+5) (1—@0] } < 0. (67)

— 0 as ky — oo. Therefore, as ks — oo, the inequality in (67) holds if:

~3 ~ ~

AQy S [143] AQy S ~
_ °n

kl 5 W g lltol

+ [52+53] {_Aon 5[1+5] +1— Aon [1+4]
1 1

DO |

~3 ~
AQo 0 [146] ~
+ 5 5

— AgQo
xr = g

~ =3 3
+s[g 200 (1,5) 41 A0 (1) A0 (1;5)]

> 3 AQy b . ~ AQo . =
+[5 +5]{— T 5[1+5]+1— » [1+6]

+

~3 ~
AQo 3 [143] ~[. AQo/. ~

5 - —5[1— 5 (1+5)H<0. (68)
Define y = &%

e (14 5]. Then the inequality in (68) holds if:

5~ ~ 5~
Syl5 1] 43 1+—y((52—1)—y]
2 2
- 3 ~ 5 - -
+[5 +5] 1—5+y§(5—1)—y(1—5)] <0
e IylF 131yt Sy
~2  ~3 ~ 5~
+[5 +5]{[1—5][1—y]—|—y§[6—1]}<0
5 ~2 ~ ~2 ~3
= §y[1—5][1+5+5 +5}

> {5+[’52+53][1—5]}[1—y]. (69)
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Assumption G requires g < % =5=90 g < 1. Therefore, the inequality in (69) holds as
y=22[1+6]-1 ®

Proposition 10. ¢! < ¢ and ¢} > @5 in the setting with innovation persistence.

Proof of Proposition 10. Initially suppose the firm always implements an achieved cost re-
duction immediately. Under standard rebasing (SR) in this setting, the firm retains the full
benefit of a cost reduction that is achieved in period 2 only for that period. Therefore, the
firm’s problem in period 2, given that it implemented first-period success probability gbf but
did not achieve a cost reduction in period 1, is:

Ma%gmize [y + ¢ | AQa(co) — Ko(gy)

= Ki(¢5) = AQa(co) at an interior optimum. (70)

Under IRIS in this setting, the firm retains the full benefit of a cost reduction achieved in
period 2 during both period 2 and period 3. Therefore, the firm’s problem in period 2, given
that it implemented first-period success probability (/5{ but did not achieve a cost reduction
in period 1, is:

Ma}gmize [gzﬁz + o gbﬂ A[Q2(co) + 0 Qs(co) | — Kao(oy)

2

= Ky(¢h) = A[Qaco) +0Qs(co)] at an interior optimum. (71)

Under SR, the firm retains the full benefit of a cost reduction that is achieved in period
1 both in period 1 and in period 2. Therefore, the firm’s problem in period 1 under SR in
the absence of strategic delay is:

Ma)glmize b1 A[Q1(co) + 0 Qa(co) ]
+ (1= 1] 0 [(¢5 +adr) AQalco) — Ka(d3)] — Ki(ey). (72)
(72) implies that at an interior solution to this problem:
Kj(67) = A[Qi(co) +0Qalco)] = 0 [ (65 + ady) AQa(co) — Ka(93) ]
+0a[1—¢7 ] AQx(c). (73)

Under IRIS, the firm retains for two periods the full benefit of an achieved cost reduction,
whether the reduction is achieved in period 1 or period 2. Therefore, the firm’s problem in
period 1 under IRIS is:

Ma)gfnize ¢1 A [Q1(co) + 6 Qa(co) |
+[1—¢y]6{ [¢£ +ady | AlQa(co) + 6 Qs(co)] — K (¢3) } = Ki(gy). (74)
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(74) implies that at an interior solution to this problem:

Ki(¢1) = AlQi(co) +0Qa(co)] =0 { [dp + adi] A[Qz(co) + 0 Qs(co) ] — Ka(e3) }

+oa[l—¢1] AlQa(co) + 8 Qs(co)] (75)
(70) and (71) imply:

Ky(¢3) = AlQa(co) +0Qs(co)] > AQalco) = Ky(¢3) = ¢ > ¢5.  (76)
The implication (=) in (76) reflects the convexity of Ks(-).
To prove that ¢ > ¢!, suppose that ¢! > ¢7. Then:

[¢5 +a 1] A[Q2(co) + 6 Qs(co)] — Kales)
= max { [dy+a0]] A[Qaco) +0Qs(co)] = (@) }
[¢5 +adi] A[Qs(co) +6Qs(co)] — Ka(05)
> [¢5 +adi] A[Qa(co) + 5 Qs(co) | — Ka(d5)
[¢5 +ady ] AQa(co) — Ka(e) (77)

The equality in (77) reflects (71). The first inequality in (77) reflects (76). The second
inequality in (77) reflects the maintained assumption that ¢{ > ¢f .

>

Observe that:
¢1 = argmax { ¢; A[Q1(co) + 0 Qa(co)]

$1

+ (1= )0 {[¢s+ad ] AlQa(co) +0Qs(co)] — Ka(0h) } — Ki(¢y) }
< arg¢max { o1 A[Q1(co) + 0 Q2(co) ]
+ (1= 10 { [¢5 + o] AQa(co) — Ka(e3) } — Ki(d)} = &7 . (78)

The first equality in (78) reflects (74). The inequality in (78) follows from (77) because
the value of ¢, that maximizes the PDV of the firm’s expected profit increases as the firm’s
expected profit following first-period failure declines.” The final equality in (78) reflects (72).

The conclusion in (78) that ¢! < ¢7 contradicts the maintained assumption that ¢! >

¢?. Therefore, by contradiction:
' o7 > 1. (79)

Now suppose that when the firm operates under SR, it delays to period 3 the implemen-
tation of a cost reduction achieved in period 2. In this setting, the firm’s problem in period

SFormally, if ¢! € (0,1) = argmax {¢; A+[1—¢,|B—Ki(¢,)}, then A — B = K}(¢]) = % =
¢

1

1
rren < O
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2, given that it implemented first-period success probability gzﬁ‘f but did not achieve a cost
reduction in period 1, is:

Maximize [qbg + gbf} A0 [Qs(co) +6Qalco)] — Ka(ey)

= Ki(¢3) = Ad[Qs(co) +0Qulco)] at an interior optimum. (80)

The firm’s choice of second-period success probability under IRIS is as specified in (71).

Under SR, the firm retains the full benefit of a cost reduction that is achieved in period
1 both in period 1 and in period 2. Therefore, (80) implies that the firm’s problem in period
1 under SR in the presence of strategic delay is:

Ma%gmize &1 A[Q1(co) + 3 Q2(co) |

+[1=01]0[ (65 +asy) §A(Qs(co) +6Qu(co)) — Ka(e5) ] — Ki(¢y).  (81)

(81) implies that at an interior solution to this problem:
Ki(¢7) = AQu(co) +0Qa(co)] =6 [ (05 +agy) 6 A(Qs(co) +6Qulco)) — Kale3) ]
+6a[l—¢7] 6 A[Qs(co) + 5 Qualco)]- (82)
The firm’s choice of first-period success probability under IRIS is as specified in (71).
(71) and (80) imply:
Ky(d3) = A[Qa(co) +0Qs(co) ]

> AG[Qs(co) +0Qu(co)] = Kp(d3) = 5 > ¢5. (83)

The inequality in (83) reflects Assumption D. The implication in (83) reflects the convexity
of KQ()

To prove that ¢7 > ¢!, suppose that ¢! > ¢7. Then:
[05 +a i ] A[Qa(co) +0Qs(co) ] — Ka(¢))
= max { [¢,+a o] A[Qz(co) +0Qslc0)] — Ka(6) }
> [65 +a )] A[Qs(co) +3Qs(co) ] — Ka(e3)
> [¢5 +adt | AlQx(co) + 8 Qs(co)] — Ka(d3)
> [0 +a ¢l | Ad[Qs(co) + 6 Qulco)] — Ko(e3). (84)
The equality in (84) reflects (71). The first inequality in (84) reflects (83). The second
inequality in (84) reflects the maintained assumption that ¢! > ¢¥. The last inequality in

(84) reflects Assumption D.
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Observe that:
¢1 = argmax { ¢; A[Q1(co) + 0 Q2(co)]

+ [1—=¢y]0{ [d]+aod, | A[Qa(co) + 0 Qs(co)] — Ka(eh) } — Ki(¢y) }
< argmax { ¢; A[Q1(co) + 6 Qa(co) ]

+ [1=¢]0{ [d5 +ad, | A§[Qs(co) + 0 Qulco)] — Ka(e3) } — Ki(6y) }
= 4. (85)

The first equality in (85) reflects (74). The inequality in (85) follows from (84) because the
value of ¢, that maximizes the PDV of the firm’s expected profit increases as the firm’s
expected profit following first-period failure declines. The final equality in (85) reflects (81

).
The conclusion in (85) that ¢! < ¢7 contradicts the maintained assumption that ¢! >
¢f . Therefore, by contradiction:

o7 > 1. W (86)

Proposition 11. Suppose Assumptions G and K hold. Then in the absence of strategic
delay, E,{W5} > E,{W'} if 5[1 +g]ﬁ < 1 in the setting with innovation persistence.

Proof of Proposition 11. (70) and (71) imply that in the absence of strategic delay:

Ang}f—l _ {A@oril i

k2 EQ

kay (05) = AgQo = 65 = {

ko (65) = AlgQo+g* Q0]

) AQOg(HE) 1 A Qo (1+5)
= ¢, = ’ = =
2 ko
_ (143 {A%QO}“ _ #S[1475] 7. (87)
2

(95) implies that in the setting with innovation persistence:

O = g+ [1—¢7] [¢5 +agl] for j e {S T}, (88)
(27) implies that under the specified conditions:
Eg{W®} > E,{W'} if

~2

) [(I)S — ¢{] [ So(co — A) = Sp(co) ]
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+ (5 — @] [Sylco — A) = So(eo) ][5 +0 +3°] > 0
& 5ol 4[5/ |[5+5 45 ] > 0. (89)
First suppose that ®% > ®/. (86) implies that ®% > ¢!. Therefore, (89) implies that
Eq{W9} > E;{W'} when % > &'.
Now suppose that ®° < ®. (88) implies that (89) holds in this case if:
05— ¢l 4 [0~ [6+0 40 +0 +...] > 0

& ¢+ [0 - ] %5 > 0

& [o5-ol][1-3]+3[@5-a'] > 0
& [1-3] [0 +05 (1 67) +aof (1- ) - ol]
+0 [0 + 65 (1—¢7) +ag] (1—-¢7)
—(dit+ o [1-01]tao [1-¢1])] > 0
S G +s (1Y) +ady [1-¢7] — o1
— 3 [¢7 + 05 (1= 07) +aef (1-¢f) —of]
+ 6 (67 + 05 (1—67) +ag; (1-¢)
— (o1t [1—d1] +adi[1-¢1])] > 0
& ol a5 [1-o7 | +aof [1-9f] -l —d05[1-¢i]
—addi[1-¢{] >0
& —[1-6]+65 [1—-¢f | +ad) [1-¢f | +1— ¢ — 305 [1— o] ]
—addi[1-9¢{] >0
& [1-¢l] [1-d¢)—adof| - [1-¢f] [1-0f —as}] > 0. (90)

86) implies:
(%) 1—¢p > 1-¢7. (91)

Furthermore, (87) implies that when 4 [1 -+ g]ﬁ <1
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05 —3h = o5 — 35 [1+3]7T = qzsg{ J(1+)7T ] > 0. (92)

0 <1 because 6 [1+ 0] 71 < 1. Therefore, (86) implies:
o < 6] = agl < adl = add] < ad. (93)

Because ¢5 + a ¢} < 1, by assumption, (92) and(93) imply:
1—6¢l —adpl > 1—¢5 —ag¢? > 0. (94)

(91) and (94) imply that the inequality in (90) holds. H

Corollary to Proposition 11. Suppose Assumptions G and K hold. Then in the absence
of strategic delay, Eg{W5°} > E;{W!} if v > 2 in the setting with innovation persistence.

Proof of the Corollary to Proposition 11. The Corollary follows directly from Proposition

11 because § [1+ g]ﬁ < 1 under the specified conditions. This is the case because:
~ ~ L ~ ~
d[1+6]1 < §[140] < 1.

The weak inequality here holds because v > 2. The strict inequality here holds because
0 = g& < & in the absence of strategic delay and because & [1+0] =1, by definition. W

B. Additional Conclusions.

Recall that the aggregate probability of a cost reduction (®) is the probability that the
cost reduction is achieved either in period 1 or in period 2. This probability is the sum of the
probability that the cost reduction is achieved in period 1 and the conditional probability
that the cost reduction is achieved in period 2, given that it was not achieved in period 1.

Formally: = ¢l +[1—¢)]¢), for j € {S,R}. (95)

Lemma 3. Suppose Assumption G holds and Assumption K with v = 2 holds. Then:

il ol o Gn 0 wn the absence of strategic delay; and

=

<
>
<

AV A

o’ = ¢ 0 in the presence of strategic delay, where (96)

G = AQ, {[2+45+(5)2]k2—g[(1+5)3—1]AQO}—2k1k2 and

G' = AQg[1+7] {[2—5—(5)3]k2—5[1+’5][1—(5)3]AQ0}—2[1— 5]k o

Proof. Define Q; = Q(c) for t = 1,...,6. (5) and (6) imply that under the maintained
assumptions in the absence of strategic delay:
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A A
05 = =~ @ = =7 Qo and
ko ko

A A
0 = -1Q+6Qs] = ¢

2
(9) implies that in the absence of strategic delay:
1
o7 = k_l{A[Ql +6Q2])— 0[5 AQ2— Ka(¢3)] }

_ %{A[Qo+5ng]—(5[¢§A9Q0—K2(¢§”}

= {A+09)Q0— 065 By Qu—Kale$)] }-
(11) implies:
o = 1 {A[Q+5Q] = 5[0} A(Q2+6Qs) ~ Ka(0)] )

_ %{A[QOJMSQQO]_5[¢5A(9Q0+592Q0)_K2(¢£>]}

_ kil{A[H(sg]Qo—a[aséAg(1+5g)Qo—K2(¢£>}}-

(97) implies:

ke [A 2 A2
K = 250 q] = S
ks [Ag(1+0 2 A2
Kaoh) = 3 | 20000, = S ag @l
(97) and (100) imply:
A A2 2 A2 2
¢§AQ2(CO)_K2(¢§) = k_jQOAgQO_ 2/€Z [Q0]2 = 2kg2 [Q0]2-
(97) and (100) also imply:
95 A[Qa+ 6 Q3] — Ka(¢p)
A 0 A? g?
= WQOA[QQO‘F(;QQQO]_ 2k:g [1+69]*[Qo]?
2 2
A ) A? g?
= BILEOIL gy a1+ 60]1Qu— S (14691 Qo)
2 2

[9@0‘1‘592@0] = k—2Q0-

(97)

(98)

(100)

(101)
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- A? g2 2 2
= S l+agl Q)"

(102)
(98) and (101) imply:
s _ A o [A%g? 2 A Qo oA g?
¢y = k—1[1+59]Q0—k—1{ 2 kg }[Qo} T i [1"‘59_ 2 ks Qo | - (103)
(97) and (103) imply:
s .5 A%g 5 A g 2
005 = o 1esa- T 1@ (104
(99) and (102) imply:
A § [ A? g2
of = Slragla - | 55| 1+se (@
A § A g?
= k?o {1+5g— 215 (1+4g)° Qo]- (105)

(97) and (105) imply:
A2g[1+6 5 A g*
oo = SLIE T iag - SR agr o 1@t (o

(95), (97), (103), and (104) imply:

A S A g? A
3 = oS o5 o508 = 2L 1459229 g, + 22,
k1 2 ko ko
A%g oA g? 2
(95), (97), (105), and (106) imply:

A dAg?
R A {1+5g— ’

2 Ag[l—l—ég]
e o5, (1109) Q”}jL

" Qo

A29[1+59] 5A92 2 2
T{l‘ﬂw— 2 ks (1+0g9) Qo}[@o] .
(108)
(107) and (108) imply that because 6 > 0:
A J A g2 A
oS _ gl = 2% T 1 Qo[(1469)7—1] =2 Qol1+6g—1]
kq 2 ko ko

A29[1+59] 5A92 2 2
T{l—ﬂw— 5 ks (14+0g)" Qo |[Qo]
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A%g dAg? 2
— or oo {1‘1‘59— % ks Qo] [Qo]
5 A? g2 ) o o1 Adg?
A2 5 A g2
+ g[Qo]Q{[HM]{HM— g(1+59)2Q0}
kle 2
dAg?
— [1—1—59— 2/{}2 Qo}}
52 A2 g 9 A§g?
= ) _
e e [Qo][2+0g] " Qo
A2 SA g2
+ = 90Q012  [1+6g][1+69—1]+ =L [1-(1459)*] Qo
ky ko 2 ks
s 52A92Q0
£ 2 =7 %09 —
ok [24+0dg]—dg
A SA g2
4 2% bgl1+6g]— L [(1+69)° —1] Qo
Ky 2 ks

Il

ASPGQo[2+6g ks —20gkiky+2ks AQoSg[1+6g]
~ A% [(1+4g) ~1][Qo]?
= ASgQo [24+6g ke —2ki ke + 2k AQo[1+6g]
~A%g[(1+09)° —1][Qo]?
= AQo{dg[2+0g)ka+2k[1+0g]—g[(1+0g)° —1]AQo} — 2k ko
= AQo{[0g(2+69)+2(1+0g)ka—g[(1+59)° —1]AQo} — 2k ky

= AQo{[2+46g+ (697 | ka—g[(1+09)° —1]AQo} —2kiks. (109)

(7) implies that under the maintained conditions in the presence of strategic delay:

65 — Ad[Qs(co) +0Qulco)]  AdQo[g* +0g%]
2 ks B ks

_ AQi[1+0g] _ AQuigll+dg]  AQI[1+8] (110)

ks k2/g ks

If Assumption G holds, then in the presence of strategic delay, the PDV of the firm’s
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profit in period 2 when it achieves the A cost reduction in that period is:
m5 = AS[Qs(co) +0Qulco)] = A [92Q0 +593Q0}
= A 5Qo[1+30g]= AQog d[1+7]. (111)
(110) and (111) imply:

o5 s~ K(e) = DIH N 51145 ke | AQo1H9)
]{32 2 k2
1 ~ 72 ks 1 ~ 72 g
- Z[AQM(H&)] [ —2—,]52] - %—Q[AQM(H(;)} [9—5]
~ ~ 2
g[AQoa(Ha)}
= _ . (112)
2 ks
(19) and (112) imply:
6 = A1) +0Qule0)] — 0 [ 6575 — K(65)] )
( ~ ~ 2
EED PP 6g[AQ06(1+5)}
( ~ ~ 2
RN DU [AQO(S(H&)}
= k_1 Qo[1+d]—dg 2%2
\
1 ~ 5 ~ ~ 12
_ k—l{AQo[le(S]—Q—EQ[AQod(l—F&)] }
_ AQ[1+0] |, () =
== |1 o7 AQo(1+3)]. (113)
(6) implies that under the specified conditions:
o — A[Qa(co) +0Qs(co)]  AQol[g+dg°]
2 ks B ks
_ AQug[l1+0g] _ AQo[l+dg] _ AQo[l+7] (114)
ko ka/g %2 .

(114) implies:
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P AQog[l+dg]— K(¢3) = —

:9E2

_ 9752

AQy(14+9) ]
- ~ 12
AQo(1+7)

AQo(1+470)

AQo|

ks

ks

2

2

(11) and (115) imply:

(110) and (113) imply:

k2

1+6 ~  k
i ]AQog[l‘i‘é]_g2
2
-~ 12

ka [ AQo(1+7)

2 ko

~ " 2
gke | AQo(146)

2 ko

- L laga+)] .

2 ko

o7 5 =

(114) and (116) imply:

Ky oo

ZHAQM1+SH2F_¢§f
2

(95), (110), (113), and (117) imply:

% = ¢+ 5 — o7 65

AQo[1+4]

ka1

T\3
G
2 ko

Q0(1‘|‘5)

2

+

1 g = 1°
= k—l{AQo[l-l—g(;]—(SQ—%[AQO(l"i‘é)] }
1 <~ 0 12
::E{AQM1+M—5E[AQM1+M}}

= ]{:—1 1——%2AQ0(1+5) :

AQy(1+470)

AQod[1+0]

k2

AQo(1+470)

ko

%{Au%@@+5gﬂwn—5b%AgQM1+g&—Jﬂ%H}

2

(115)

(116)

(117)

(118)
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- AQy(1+0)].
ey oy @l )

ks

_5MQM1+®P[LJQ3

(95), (114), (116), and (118) imply:

' = g1+ ¢y — d1 b

AQo[1+7] 0 g4 AQo[1+7]
= W 1 2E2AQ0(1+5) + 752
AP, 3§ .
-~ [1 Q%QAQo(l—l—(S) .
(119) and (120) imply:
S _ & _ g 12 _(5)2 _AQOH"‘S] S
Bl - [AQD(Ha)} [1- (3] - == (17
[AQO(HS)}Q ~ [AQ0(1+5)]3 5 .
B S Y AT
s 0 ~ ~, 1-3
BT AQo[1+6][1-(d)"] - il
+ AQU[l_'_ng_g] N [AQO(l—{—S) 5[1_(5)3]
]lelgg 2]{;1(’]52>2
- squuel S a2

AQo[1+7] {25“[1—(5)2]752+2[1—5]k2—5[1_(S)S]AQO[HS]}

Il

— 2k ko [1— 6]

Il

AQo[1+7] {[’5 (342 =201k —d[140d][1 - (5)3]AQ0}

— 2k ko [1 0]

Il

AQo[1+3]{[2 =3 = (3) 1k —3[1+3][1- (3)°]AQs }

—2[1=06]kiky. W

(119)

(120)

(121)
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Lemma 3 allows us to identify conditions under which the aggregate success probability
is higher when the firm operates under SR than when it operates under IRIS.

Proposition 12. Suppose Assumption G with g = 1 and Assumption K with v = 2 hold.
Then ®° > ®! in the absence of strategic delay if AQqy > k1 k.

Proof. When g = 1, the first term in G™ (as defined below (96)) is
AQo[(2+40+6°) ko — (3+36+6%)6AQ0]
> AQo[(2+46+6°)Q(1+0)A—(3+35+6%)0AQ] (122)
= [AQ )P [(2+46+6%)(1+6)— (3+35+06%)4]
= [AQ][24+40+8+ (2+40+6")5— (3+35+4°)4]

I
Nl
= [AQo] [2+46+ 8+ (—1+0)4]
= [AQ PP [2+45+6 —6+48] = A*(Qo)’[2+30+24°]. (123)

ko > A[Qi(co) + 0 Qur1(co)] = A[1+6]Qo = Qo < [lfﬁ. (123) and Lemma 3 imply
that % > &' if:

The inequality in (122) reflects the maintained assumption that for ¢t € {2,3}, Kj(1) =

2kt k
A2 2194354202] > 2k1ky & < AQ, > \/# 124
(Qo)[ } 1 K2 Qo 91361242 (124)

The inequality in (124) holds if A Qo > +/k1 k; because 2 + 36 + 26 > 2.

Let ) denote )y in the ensuing analysis. Then Lemma 3 implies that when g = 1,
®% > ®! in the presence of strategic delay if:

A= [1+61AQ{[2-0-8]h-Ad[1+6][1-0°]Q}
—2[1—=0]kiky > 0. (125)

The maintained assumption that K5(1) > max { A[Qa(co) + 0 Q3(co) ], A[Q3(co)+d Qalco)] }
implies that ) < [H’“ﬁ in the present setting, which, in turn, implies:

A > [14+6]AQ{[2-6-3][1+6]AQ-A§[1+6][1-6]Q} —2[1—6]kiko
= [1+6P[AQP[2-6-6 -0 (1-6%)] —2[1 8]k ke
= [14+6°[AQP[2-6-6—6+6*] —2[1— 6]k ks

= [1+6]P[AQP[2(1-6) —8*(1—8)] —2[1—6]ki ke
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= [1+6]2[1-6][2-6][AQ]? —2[1 — 6]k ko
>0 if [1+02[1-6][2-0*][AQ) > 2[1—6]kiky

& [1+6)2[2-][AQ) > 2kik

2 2]{?1]6'2 2klk@
e ez A2[1+ 6] [2—0%] G 80> \/[1+5]2[2—53]’ (126)

Define g(6) = [1+ 6] [2—6%]. The conclusion in the Proposition follows from (125)
and (126) if g(0) > 2 for all § € (0,1). Observe that:
2;

9(0) = 25 g(1) = 4; and
g©6) = =301+ +2[2-6][1+4]

= [1+6]{2[2-0°] = 38°[1+0]} = [1+0][4—30>—50"]

= ¢(0) = 4 and ¢'(1) = —8. (127)
(127) implies:
g"(0) = —[1+6][66+150°] +4—36"—55°
= 4-362—-50"-66—156°—66>—156" = 4—65 —246%—206°. (128)

(127) and (128) imply that: (i) g(0) = 2 < 4 = ¢(1); (ii) g(0) is increasing for small §;

(
and (i) g(d) is decreasing for large §. Consequently, g(0) > 2 for all § € (0,1). W

Proposition 13. Suppose Assumption G with g = 1 and Assumption K with v = 2 hold.
Then ®° > ®' in the presence of strategic delay if g [1 + 952] <1 and AQo[1+g0d] is
sufficiently close to ky = ko.

Proof. Lemma, 3 implies that ®° > ® in the presence of strategic delay when k; = ky =
AQo[1+gd]if:

[1+6g]AQo3 [2—0g—(69)°] @—Agé[Hgé] [1-(90)°] Qo
g

> 2[1—95]1{;1% (129)
= kl{[2—59—(59)3}%—k195 [1—(95)3}} > 2;[1—95][%]2 (130)

& [2-69= 00 ] 5 [~ (k] g5 [1-@5'] > 2 (1-g8][la]

1
g
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& 2[2-09- (69 ~2(1=g)] [la] = (] 95 [1- ("] > 0

& §[2—6g—(5g)3—2(1—g5)]—95[1—(95)3] > 0

& g[2—5g—(5g)3—2—|—2g5}—gé[l—(g5)3} > 0

< g[ég—(5g)3]—g5[1—(95)3} >0

& -8 —gi+(gd)" >0 & 1-83F—g+4¢"6 > 0. (131)

(130) reflects the assumption that k; = ks = AQo[1+ ¢gd]. The last inequality in (131)
holds because 1 —§%¢> —g =1 —g [1 + 9(52] > 0, by assumption.

The inequality in (129) will continue to hold when k; = ky is increased marginally to
ensure that AQo[1+ g0 ] < min{ky, ko}. W

Proposition 12 reports that under the specified conditions, the aggregate success proba-
bility is higher under SR than under IRIS in the absence of strategic delay when the potential
net gain from innovation is large in the sense that the potential reduction in total cost (A Qo)
is large relative to the firm’s innovation costs (k; and ks). This conclusion reflects two pri-
mary considerations. First, when A () is large relative to k; and ko, the firm secures a
relatively large first-period success probability (¢,) under SR to ensure that it can benefit
from the relatively large profit increment associated with a cost reduction for two full periods
without any implementation delay. The firm implements a relatively small ¢, under IRIS
because it perceives a relatively small penalty for failing to achieve the cost reduction in pe-
riod 1. The small perceived penalty arises because the firm recognizes that it will implement
a relatively large success probability in period 2 in response to the relatively pronounced
potential gain from innovation. Second, recall from Proposition 1 that the firm implements
a smaller success probability in period 2 under SR than under IRIS (i.e., ¢5 < ¢! ). However,
the extent to which a relatively small value of ¢>§ diminishes the aggregate success probabil-
ity under SR (®%) is limited when ¢? is large. This is the case because 1 — ¢¢ is small when
¢f is large. Consequently, the probability that a cost reduction is not achieved in period 1

under SR is small.

Proposition 13 reports that the aggregate success probability can be higher under SR than
under IRIS in the presence of strategic delay when the demand growth rate (g) is sufficiently

small.® The incentive to secure a cost reduction declines as demand declines (due to the

6Similarly, it can also be shown that ®° > ® in the absence of strategic delay if the conditions in Proposition
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Arrow Effect). Therefore, IRIS’s advantage in motivating a relatively high second-period

success probability becomes less pronounced when demand declines over time.”

13 hold, k1 = ko, § is sufficiently large, and g is sufficiently small.

"When Qo [1+gd] is close to k1 = ko, the potential net gain from innovation is relatively large, which
induces the firm to set ¢, close to 1 under IRIS. The associated limited perceived penalty for first-period
failure induces the firm to set a relatively small ¢, under IRIS, which reduces ®/, ceteris paribus.
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