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a b s t r a c t 

Innovations in consumer products frequently rely on technological advances across multiple tiers in a 

supply chain. Considering the consumer market demand and downstream investment conditions as in- 

put, we model a game in a two-tier supply chain where downstream firms choose to adopt different 

levels of an upstream technology and an upstream technology leader determines its pricing policy. We 

identify two necessary but distinct elements for the successful development, adoption, and diffusion of 

upstream technologies that are sold to lower tiers as components within final products. (1) The level of 

technology demanded by the market: We develop a measure, Technological Potential, which describes 

the highest level of an upstream technology demanded by consumer markets. (2) A sufficiently rich re- 

turn to an upstream innovator, as a function of different levels of technology. From these two elements, 

we show that the relative magnitudes of two competing sets of consumer market factors determine the 

Technological Potential whereas the overall magnitude of the factors in both sets determines the return to 

the upstream developer. We discuss how this difference in consumer market factors’ influence on these 

two elements may determine how different technologies fare in the supply chain. Our results have man- 

agerial implications for: investors in research and development project selection in identifying profitable 

technologies that are also demanded at higher capability levels; and for governments in defining more 

targeted public policies – for example in choosing the right tier of a supply chain to provide subsidies –

to encourage market support for certain technologies. 

© 2017 Elsevier B.V. All rights reserved. 
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1. Introduction and motivation 

In addition to technological innovations that are achieved by

the producers of final consumer products, technological innova-

tions that improve various observable capabilities of products used

by consumers are created in the upper tiers of supply chains. Con-

sidering the supply chain of technology starting from basic re-

search in natural sciences and extending into final products for

consumers, we refer to these as “upstream technologies” in this

paper. The computation power of personal computers is deter-

mined and limited by the power of microprocessors produced by

upstream firms: Intel and AMD. Many durable goods rely on chem-

ical and material technologies which are developed through sub-

stantial R&D activities by upper-tier chemical firms such as DuPont

and BASF. This strongly dependent supply chain relationship is

widely recognized in the literature, e.g., Bhaskaran and Krishnan

(2009) . 

Given the necessity of concomitant investments by multiple

supply chain tiers, it is not usually clear why certain technological
∗ Corresponding author. 
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apabilities of consumer products are not improving as quickly as

eemingly desired. This is especially true for upstream technolo-

ies. Contemporary smart cell-phones with a multitude of capa-

ilities still lack a good battery-life until the next recharge. The

attery charge lasts so much less than those available a decade

go that municipalities are coming up with innovative ideas for

echarging cell-phones and similar devices in public places, includ-

ng artificial trees ( Curcic, 2014 ). Consumers are openly demand-

ng cell-phones with battery longevity longer than half-a-day. On

he other hand, batteries for electrical cars seem to be develop-

ng faster to overcome “range anxiety” ( Clark, 2014 ), and might

hange the automobile industry rapidly in the next decades. Since

hese upstream technologies are usually incorporated into con-

umer products by downstream industries, it is likely that con-

umer market factors will shed light on the problem of why some

echnologies “succeed” and others stagnate. Hence, we ask the fol-

owing research questions: (1) How does the nature of competi-

ion and other fundamental factors in the consumer markets in-

uence the successful development of different types of upstream

echnologies that may improve consumer products’ observable 

apabilities? (2) Why are some technologies that are created by

pstream firms never sold to the downstream firms and why do

http://dx.doi.org/10.1016/j.ejor.2017.08.047
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ejor
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejor.2017.08.047&domain=pdf
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e  
he upstream firms not develop some technological capabilities

hat are seemingly highly desired in the consumer products fast

nough? 

The Industrial Organization literature on innovative activity

oes not typically study vertical relationships between industries.

owever, industry level factors such as product market demand,

echnological opportunity, and conditions of appropriation are em-

irically shown to be behind innovative activity and output, e.g.,

chmookler (1962) and Pakes and Schankerman (1984) . Hence, our

emand model is imbued with these downstream market factors

o explain the development and adoption of technologies in a two-

ier supply chain model. 

From the supply chain perspective, for an upstream technol-

gy to become widely used in consumer products (1) upstream

rms must foresee a sufficient return from investing in the nec-

ssary R&D projects, and (2) some downstream firms (OEMS, inte-

rators) should find it profitable under competition to adopt higher

echnology levels. These are the two necessary elements for a suc-

essful technology. Our results confirm the necessity of these two

lements, but more importantly tie them to the consumer mar-

et factors that are inputs to the model. Moreover, we show how

onsumer market factors differently influence these two drivers.

pecifically, we show that while the relative magnitudes of two

istinct sets of downstream factors determine the true level of

echnology demanded by the consumer markets, the overall mag-

itude of all the factors determines the financial return to an up-

tream technology leader. The difference in how consumer market

actors influence these two fundamental elements explain a variety

f paths for how upstream technology dimensions may be adopted

own the supply chain. This distinction is also shown to be useful,

or example, for upstream firms to balance their R&D portfolios or

or better targeting of government policies to encourage develop-

ent of socially desirable technologies. Ultimately, we divine the

ombinations of factors which result in a successful technology:

reation of the technology upstream, adoption of the technology

ownstream by competing firms, and diffusion of the technology-

aden product in the market. 

Numerous examples of successful technologies are readily ob-

ervable. However, technology failures are less visible since they

ay be held up in the upper tier due to limited financial re-

ards or in the downstream tier due to tepid demand for the

echnology, but consumer factors are believed to be important

e.g., Douthwaite, Keatinge, & Park, 2001 ). Erat, Kavadias, and Gai-

on (2013) provide an example where DuPont forced their new

tainmaster carpet technology upon their downstream integrators.

espite the undisputed superior performance of Stainmaster, the

doption of this technology resulted in downstream bankruptcies

nd DuPont’s ability to extract profits from their innovation was

imited. Although our model does not perfectly match the DuPont

xample, we likewise see that diminished competition (of a form)

an reduce the financial returns to the upstream innovator. Also,

e can provide some insight as to why the Stainmaster technology

as not viable, using the Technological Potential metric described

elow. We shed light into the factors leading to technology suc-

esses and failures. 

We solve a multi-stage game among upstream technology lead-

rs and competing downstream following firms. We first develop

 measure of the true desirability of the level of a technological

apability by the consumer markets using downstream market fac-

ors; we call this Technological Potential . We then investigate the

pstream profit return from a technology using these same factors,

nd hence explain why some financially more viable technologies

mply higher returns for their developers – albeit not necessarily

emanded at high capability levels by the lower tier. We show that

onsumer market factors have bifurcating effects on these two 

lements. Hence, we provide a consumer market based explana-
ion to why some upstream technologies might be developed but

eld up in the upper tiers whereas some are never developed but

re strongly desired in the consumer markets. 

In light of these bifurcating effects of consumer market factors

n the two elements, we show that certain types of competition

n the downstream tier imply an expanding consumer market with

espect to the technology in question, which benefits both tiers of

he supply chain. In short, more intense (but the right type of)

ompetition can be beneficial for the level of technology demanded

nd more financially rewarding for both tiers of the supply chain.

n this paper, we focus only on upstream technologies that are sold

o the lower tier within a component (product), and exclude those

hat are licensed in technology markets. 

. Literature review 

There are several recent papers in the operations management

iterature on the development and use of upstream technologies

n lower tier industries. The primary research focus of these pa-

ers includes price discrimination for maximum return for an up-

tream technology, the effects of contracting schemes between

upply chain tiers, the effects of leadership in the chain, the effect

f the level of functionality of upstream components in the con-

umer products, and vertical collaboration mechanisms to improve

he level of technology investments. We will review here several of

hese papers that have similar supply chain perspectives to ours. 

Erat and Kavadias (2006) consider a monopoly supplier of a

rocess or component technology to multiple competing OEMs.

he supplier licenses the current technology for a fixed fee in the

rst period and a possibly enhanced version of it in the second

eriod. They focus on the pricing decision of the supplier in two

eriods considering the level of enhancement of the technology

n the second period, future market size, probability of delay in

he launch of the enhanced version, and other strategic factors.

hey show the conditions under which the supplier does inter-

emporal price discrimination and induces partial adoption in the

ownstream market. Similar to our results, they also find that the

upplier’s revenue is not endlessly increasing in the level of tech-

ology improvement; there is a finite optimal technology level. In

ontrast to Erat and Kavadias (2006) however, we focus on the

ownstream market’s strategic factors and demand factors which

onstitute the relationship between downstream products and the

pstream technology. We show how these factors may be used to

xplain different scenarios a technology dimension may face. We

se firm-level demand functions in contrast to Erat and Kavadias

2006) where a consumer utility model with fixed market size is

mployed. 

Erat et al. (2013) also looks at a monopoly supplier selling a

subsystem” to two downstream firms. They investigate how the

raction of the end-product functionality included in the upstream

ubsystem affects both tiers of the supply chain and argue that

here is a trade-off between the reduction of cost and the risk

f successful adoption from functionality, and the decreasing value

ppropriation power that results from increasing integration of the

pstream subsystem and the downstream end-products. The re-

uction of the appropriation power in their chain due to increas-

ng functionality is analogous to the negative effects on consumer

rices and the total size of the downstream market we observe for

ome upstream technology capabilities. Unlike the evaluation of a

eneral functionality level of any upstream component (technol-

gy) in Erat et al. (2013) , we differentiate between different tech-

ology dimensions depending on the way they are perceived in

onsumer markets to provide potential explanations for how differ-

nt categories of technology dimensions fare in the supply chain. 

Motivated by large OEMs trying to encourage the suppli-

rs of their important components to innovate, Wang and Shin
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(2015) discuss three different types of contracts between an up-

stream supplier and a downstream firm. They investigate the ef-

fect of the type of contract on the level of upstream investment,

considering the performance of the upstream component and 

heterogeneity of the preferences of the consumers. They show that

revenue sharing contracts coordinate the chain, especially if the

upstream investment costs are high. We consider technology-based

wholesale pricing of upstream components and our primary moti-

vation is similar to those of the first two papers: larger upstream

firms want to induce the adoption of an upstream technology.

However, our focus is not on the type of contracting between the

tiers and its effect on technology investments. Therefore, we as-

sume a more general expression for the lower tier’s payment to

the upper tier. 

Krishnan, Mnyshenko, and Shin (2015) examine how the diffu-

sion and adoption of innovative and socially desirable products can

be enhanced by the deliberate choice and transfer of supply chain

leadership at different stages of innovation. We model a two-tier

supply chain similar to the rest of the literature. Krishnan et al.

(2015) model a three-tier supply chain primarily to investigate a

potential new lever, supply chain leadership, in encouraging R&D

in supply chains. We do not assume a certain leader in the supply

chain. Yet, our model incorporates the pricing strategy of a poten-

tial upstream technology leader. 

Jain and Ramdas (2005) consider the repositioning/redesigning

problem downstream firms face especially when their product’s

lifecycle is substantially longer than that of an exogenously de-

veloped upstream technology. Using a stochastic dynamic model,

they show when it is optimal for downstream firms to closely fol-

low an exogenously evolving upstream technology. Jain and Ram-

das (2005) focus on a single downstream firm’s decision given dif-

ferent upstream technology choices in an inter-temporal setting

and solve an internal optimization problem. Hence, the paper con-

siders a similar technology constraint upstream tiers impose on

downstream tiers. The primary technical difference is that we use a

game to model the competition between downstream firms given a

superior upstream technology and a laggard one. Although we in-

corporate the downstream optimal technology choice decision un-

der competition, we investigate how these downstream decisions

change depending on the consumer market factors of the upstream

technology and eventually how an upstream technology leader re-

sponds with its own pricing and technology sale policy. 

In addition to the non-cooperative models above, Bhaskaran

and Krishnan (2009) look at vertical collaboration possibilities be-

tween two firms in developing and marketing a new technology

that improves the utility of the downstream product. They em-

phasize the importance of market and technological characteris-

tics when making product development decisions. In our work, we

model these characteristics in detail and examine their effect on

the success of an upstream technology. Since collaboration is be-

yond our scope, we assume a non-cooperative competition game

among both downstream players and the upstream firms. 

Xiao and Xu (2012) discuss when and how royalty revisions

(contract revisions) in a vertical supply chain formed between a

primary innovator firm and a marketer are useful. Using principle-

agent models, they investigate contingent and non-contingent con-

tracts with respect to the performance of the resulting innovation

offered by the marketer (downstream firm). Zhu, Zhang, and Tsung

(2007) similarly discuss a single buyer’s problem of stimulating its

supplier’s adoption of a new technology in an information asym-

metry setting, and determine the optimal contract design. In an-

other contracting paper, Gilbert and Cvsa (2003) consider a large

supplier’s effort to influence the product development decisions

of its buyers. They look at the effect of different levels of price

commitment prior to sales on such effort s. These three papers

look at possible upstream levers beyond pricing to influence down-
tream technology decisions. In contrast, we are not investigating

hese alternative upstream levers and instead consider the optimal

ricing and technology transfer decision of an upstream technol-

gy leader in response to downstream firms’ competitive behavior

mong themselves (in response to consumer market factors that

efine the nature of competition among them). 

In the growing branch of innovation literature with a supply

hain perspective discussed above, a common element is the mu-

ual dependency of different tiers’ effort s to advance the develop-

ent and usage of a technology and the general dependence on

he market and technology characteristics. Similarly, our primary

roblem is examining the development of upstream technologies

hich can truly alter the capabilities of consumer products – with

ossibly socially desirable attributes ( Krishnan et al., 2015 ) – and

heir vertical diffusion into consumer markets depending on the

ature of the technology, the downstream market structure, and

he investment (adoption) cost conditions. We provide some ex-

lanation to why some technologies are demanded at higher lev-

ls while the consumer markets appear unwilling to pay for these

eemingly highly desirable technologies. 

While this literature review is limited to papers with a supply

hain focus, there is a large OM literature treating a single firm’s

nvestment decisions in technology development, technology adop-

ion, upgrade release timing, and product architecture. Krishnan,

lrich, 2001 ) provide a detailed review of earlier related work.

ore recently, Ramachandran and Krishnan (2008) and Krishnan

nd Ramachandran (2011) discuss the benefits of modular upgrad-

bility by localizing possible improvement in modules and how

o alleviate the design inconsistency that may arise from such

n approach. Krankel, Duenyas, and Kapuscinski (2006) , Bhaskaran

nd Ramachandran (2015) , Druehl, Schmidt, and Souza (2009) ,

lastorin and Tsai (2004) , and Huisman and Kort (2003) also

resent some recent work with a single tier on optimizing the

doption/release of new products with improved technologies. Our

aper has a significantly different game theoretical supply chain

etting than the optimization and single-firm models used in these

apers. On the other hand, similar to these papers we model the

ptimal behavior of each downstream firm under a similar ques-

ion of technology adoption (yet in competition with each other

nd the upstream technology leader within a supply chain). 

Finally, the economics literature has considered technological

nnovations and quality choice, usually within a single market

nd tier, from the perspective of vertical differentiation, focus-

ng mostly on the effect of competition on the investment lev-

ls. This branch of literature emphasizes how firms try to escape

ntense competition and commoditization by quality differentia-

ion, e.g., Mussa and Rosen (1978) , Gabszewicz and Thisse (1979) ,

onnenfeld and Weber (1992) , Sutton (1996) , and Lehmann-Grube

1997) . Competition is usually interpreted as the number of firms,

hereas we model the intensity of competition with sensitivity

arameters in the demand function to reflect the consumer mar-

et characteristics. Moreover, the ground of competition among

he downstream firms in our model is extended to cover detailed

onsumer market factors since they form the basis for classifying

ifferent technology dimensions in question. Upstream technolog-

cal capability (and limitations) on the downstream firms is an-

ther significant difference of our model from these papers in this

ranch of the economics literature. 

. Model setup 

Consider a two-tier supply chain where upper tier firms de-

elop upstream technologies which are subsequently sold to

ownstream firms (OEMs, integrators) within a component or 

ervice. Downstream firms invest further to incorporate the up-

tream technology-laden component into their products, which
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Fig. 1. Supply chain and timeline of decisions. 
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Table 1 

Notation. 

Q 

0 Downstream tier’s initial technological capability state 

p Downstream tier price vector 

δ( Q ) Upstream premium tariff

Q 

∗( δ( · )) Downstream equilibrium capability given upstream 

premium tariff

D ( Q , p ) Downstream tier demand vector 

p ∗( Q | δ( · )) Equilibrium price vector given downstream capability state 

and δ( · ) 

D 

∗( Q | δ( · )) Equilibrium demand vector given downstream capability 

state and δ( · ) 

p ∗( δ( · )) Equilibrium price vector given upstream premium, i.e., 

p ∗( Q 

∗( δ( · ))| δ( · )) 

D 

∗( δ( · )) Equilibrium demand given upstream premium, i.e., 

D 

∗( Q 

∗( δ( · ))| δ( · )) 

αj or λj Scale parameter of Downstream Firm j ’s demand in the 

linear model 

β jk or ν jk Sensitivity of Downstream Firm j ’s demand to the price of 

Firm k 

γ jk or ϑjk Sensitivity of Downstream Firm j ’s demand to the 

capability of Firm k 

K j ( · ) Cumulative adoption cost function of Downstream Firm j 

κ j , k j Cumulative adoption cost function parameters in (L) and 

(M) 

M 

1 , M 

2 Upstream leader and laggard capabilities 

c j , c u Unit cost of Downstream Firm j and upstream firms 

w (Q ) Unit wholesale price of an upstream component with 

capability level Q 

o  

l  

(  

“  

i  

b  

e  

v  

a  

(  

b  

s  

s  

w  

i  

s  

L

a  

l  

p

re then sold to the market. Our model spans three-periods: (1)

he upstream firms price the upstream technology; (2) the down-

tream firms adopt part or all of the available upstream technology,

nder competition; and (3) the downstream firms price and sell

heir product to consumers. Pricing decisions following R&D deci-

ions is a common modeling assumption, e.g., Curtat (1992) , since

hese decisions frequently span different time scales. The third pe-

iod may be interpreted as an appropriation period, representing

he product lifetime duration over which any investment is re-

ouped. 

.1. Supply chain structure 

The upper tier of the supply chain consists of a “technology

eader” and other firms which are “technology laggards.” There are

umerous examples of leaders and laggards in upstream technolo-

ies. For example, in personal computer processors Intel is fre-

uently cited as a consistent technology leader over Advanced Mi-

ro Devices ( Goettler & Gordon, 2011 ). Another example is Corn-

ng Corporation which developed and manufactures the market-

eading Gorilla Glass 4 used in smartphones, but has competitors

sahi Glass Co. of Japan (which makes Dragontrail) and Schott

G of Germany (which makes Xensation); Asahi and Schott would

e considered technology laggard firms in the upper tier. In our

odel, the most direct interpretation is that there is a single firm

n the upper tier (the technology leader) while the other firms

the technology laggards) offer a second best alternative tech-

ology; the laggards play a passive role in the model and can

e ignored, as justified below. The supply chain is portrayed in

ig. 1 . 

The lower tier of the supply chain consists of n competing

rms, which adopt the offered technological product and further

nvest to incorporate the technology into their own product. For

xample, Intel’s Core i5 processor has been adopted by Hewlett

ackard, Dell, Lenovo, Acer, amongst others for usage in their lap-

op computers. Similarly, Corning’s Gorilla Glass 4 has been in-

orporated into smartphones manufactured by Samsung, Motorola,

TC, Nokia, Google, LG, Lenovo, Sony, and others. However, this

hin and durable glass has also been incorporated into tablets,

ltrabooks, televisions, cameras, and even interior architecture,

arker-boards, and automotive applications. 

.2. Measuring technology 

For our purposes, we take the current technology levels offered

y the firms in the upper tier as given, with one firm as the dis-

inct leader, similar to Erat et al. (2013) and others. The technol-
gy itself is measured along a technology capability scalar, simi-

ar to Bhaskaran and Krishnan (2009) , Krishnan and Ramachandran

2011) and others. This technology capability dimension (hereafter

capability”) reflects an essential and measurable attribute which

s perceived and valued by the final consumers. Many technology-

ased products have multiple attributes valued by consumers. For

xample, Gorilla Glass 4 has several measurable aspects which fa-

or its usage in smartphones such as thinness of 0.4 millimeters

nd Vickers Hardness of 489 kilograms force per square millimeter

200 gram load), as well as optical, electrical, viscosity, and dura-

ility properties. The thinness of the Gorilla Glass 4 allows Sam-

ung to develop a thinner Galaxy S6 smartphone, and the re-

ulting thinness of the phone is valued by consumers. However,

e reduce the capability to a single dimension and this capabil-

ty attribute offered by the upstream firms is measured on the

ame scale as the downstream firms’ capability adoption choice.

et the upstream technology leader’s capability be denoted by M 

1 

nd that of the laggard as M 

2 ( M 

1 ≥ M 

2 ). (All notation are tabu-

ated in Table 1 ) Let Q j be the capability of downstream firm j ’s

roduct ( j = 1 , ..., n ), limited by the technology offering of the 



1106 A. Aydin, R.P. Parker / European Journal of Operational Research 265 (2018) 1102–1114 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

p  

3  

p  

T  

t  

m  

s  

d  

1  

f

3

 

d  

s  

Q  

p  

t  

c  

p  

b  

f  

t  

t  

H  

r  

f  

p  

m

 

c

A

(

(

(

(

 

t

upstream leader, Q j ≤ M 

1 . Corning offers Gorilla Glass 4 at any re-

quested thicknesses from 0.4 millimeters to 1.0 milimeter, for 

example. 

3.3. Prices and costs 

Our focus is not on designing exchange contracts to enhance

coordination in the channel (unlike Wang and Shin, 2015 , for ex-

ample), but like Erat and Kavadias (2006) we are convinced of

the importance of volume and technology-based wholesale pric-

ing. The upstream leader sells her technology-based component

to the downstream firms for wholesale price w (Q ) = c u + δ(Q ) for

Q ∈ ( M 

2 , M 

1 ] and w (Q ) = c u for all Q ≤ M 

2 . The upstream variable

production cost is c u (assumed constant and symmetrical across

upstream firms) and δ( Q ) is the premium margin the upstream

leader charges for her superior technology. 

Although the upstream leader cannot legally price-discriminate

among the downstream firms or refuse to offer a technology level

to a downstream firm that it is already marketing it to others, it

can price-technology-discriminate by using a common premium

tariff, δ( · ). Violations of Robinson–Patman antitrust legislation,

however, have become increasingly more common since govern-

mental enforcement has virtually disappeared and civil litigation is

rarely successful (see Luchs, Geylani, Dukes, & Srinivasan, 2010 ). 

The upstream leader chooses δ( · ), an increasing function. If a

downstream firm chooses a technology level below the maximum

capability of the laggard upstream firm, Q ≤ M 2 , it is charged c u for

each unit of upstream component and it does not matter which

upstream firm is the supplier. In this B2B setting, this arises from

Bertrand competition in technology levels shared by laggards. This

assumption also allows the revenues from technology leadership to

be isolated from the benefits arising from other factors. Upstream

laggards collect zero return. The variable cost of downstream firm

j is also constant and denoted with c j . 

The initial capability of downstream firm j ’s product is Q 

0 
j 
. This

capability can be downgraded at no cost, but increasing it results

in a fixed (independent of volume) investment cost of adoption:

(K j (Q j ) − K j (Q 

0 
j 
)) + , where K j ( · ) is the convex increasing cumu-

lative investment function. Define Q as the minimum capability

level that can be acquired at no cost, i.e., K j ( Q ) = 0 , ∀ j. Convexity

of investment costs (usually in quadratic forms) is a common as-

sumption in the literature (e.g., see Wang & Shin, 2015; Zhu et al.,

2007 ). It is also founded on the premise that in the short run,

the marginal cost of advancing technology is increasing given the

increasing number of constraints imposed by related fields and 

technologies. 

We also use the cumulative cost function to capture the extant

value of the firm’s pool of knowledge. As a firm wants to advance

further, it incurs the difference between the cumulative value of

the technology it wants to reach minus the cumulative value of its

current technology. Modeling it in this way allows a fairer treat-

ment of asymmetries among the downstream firms’ initial capa-

bilities. Opportunity cost aside, enabling the downstream firms to

be able to downgrade the capability of their products without in-

curring additional investment costs (1) reflects the fact that in the

short run they do not lose their already acquired knowledge and

adoption capabilities, and (2) captures the freedom of the pro-

ducers of consumer goods in adjusting different attributes of their

products. 

3.4. Timing and decisions 

The sub-game perfect equilibrium of the whole game results in

the following profits in the three steps of the game: 
1. Upstream pricing: Given M , the upstream leader’s net con-

tribution is the result of the following optimization prob-

lem: 

R (M 

1 ) = max 
δ(·) 

n ∑ 

j=1 

δ
(
Q 

∗
j (δ(·)) 

)
D 

∗
j (δ(·)) 

2. Downstream adoption: Given δ( · ) and M , the downstream

firms adopt technology: 

πQ 
j 
(δ(·)) = eqm Q j 

π p 
j 
(Q , δ(·)) 

−
(
K j (Q j ) − K j (Q 

0 
j ) 

)+ 
for j = 1 , ..., n 

3. Downstream pricing: Given δ( · ), M , and Q , the downstream

firms price: 

π p 
j 
(Q, δ(·)) = eqm p j 

(p j (Q | δ(·)) − c j − c u 

−δ(Q j )) D j (p , Q | δ(·)) for j = 1 , ..., n 

where the “eqm” operator represents the value of the unique

ure-strategy Nash equilibrium, if it exists. In each of Steps 2 and

, the n downstream firms simultaneously choose their capability or

rice, reflecting they cannot perfectly observe their rivals’ choices.

he model is solved backwards, as shown in Section 4 : The solu-

ion (in vector form) of Step 3 are the equilibrium prices and de-

ands, p 

∗( Q | δ( · )) and D 

∗( Q | δ( · )), which are fed into Step 2. The

olution of Step 2 are the equilibrium downstream capability and

emands, Q 

∗( δ( · )) and D 

∗( δ( · )), which are fed into Step 1. In Step

, the upstream technology leader chooses her premium pricing

unction, δ( · ). 

.5. Consumer demands 

The consumer demand occurs in the third period and is depen-

ent upon the prices and technology capabilities of the n down-

tream firms. Firm j faces demand D j ( Q , p ), which is increasing in

 j and p k , and decreasing in p j and Q k , for k � = j ∈ { 1 , . . . , n } . The

rimary inputs to the model are the sensitivities of the demands

he downstream firms face with respect to each other’s prices and

apability levels. The effect of the length of the downstream ap-

ropriation period and idiosyncratic factors such as design can also

e captured in the demand functions. We consider three demand

unctions: a general demand (G), a linear demand (L), and a mul-

iplicative demand (M). We use the general demand form to keep

he discussion of the analysis of the game as general as possible.

owever, we use particular functional forms ((L) and (M)) to de-

ive further results. Linear and multiplicative models have very dif-

erent properties. As a robustness precaution we consider them in

arallel and focus on results which are common to both demand

odels. 

The general demand function (G) operates under the following

onvexity assumption: 

ssumption 1. 

a) 
∂ 2 D j (Q , p ) 

(∂ p j ) 
2 

≤ 0 . 

b) 
∂ 2 D j (Q , p ) 

(∂ p j ∂ p k ) 
≤ 0 . 

c) 

∑ 

k � = j ∂D j (Q , p ) 

∂ p k 
≤ 2 

∣∣∣∂D j (Q , p ) 

∂ p j 

∣∣∣. 

d) 

∑ 

k � = j ∂ 2 D j (Q , p ) 

(∂ p j ∂ p k ) 
≤

∣∣∣∂ 
2 D j (Q , p ) 

(∂ p j ) 
2 

∣∣∣. 

We define the linear (L) and multiplicative (M) demand func-

ions as follows: 
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i  
(L ) D j (Q , p ) = α j + 

∑ 

k 

β jk p k + 

∑ 

k 

γ jk Q k , (1) 

(M) D j (Q , p ) = λ j (1 − e −ϑ j j Q j ) e −ν j j p j 
∏ 

k � = j 
e −ϑ jk Q k 

∏ 

k � = j 
(1 − e −ν jk p k ) . 

(2) 

The specific demand forms ((L) and (M)) are used to assess the

ensitivity of the model outcomes to changes in downstream pa-

ameters, although the exact effect is likely to differ somewhat

ven for corresponding parameters in the two forms (e.g., β jk in

L) and ν jk in (M)). In (L) αj and in (M) λj are the primary (non-

egative) scale parameters that capture the idiosyncratic factors

bout downstream firm j and the effect of the length of its appro-

riation period. They are also measures of the downstream firm’s

bility to extend the markets in which they wish to operate. The

ength of the appropriation period can be constructed as the min-

mum of the planning period that downstream firms will con-

ider when adopting better technologies and the actual period over

hich the demand functions will be valid before the technology

eld is leveled. 

In (L) γ jj ( ≥ 0) and γ jk ( ≤ 0), and in (M) ϑjj ( ≥ 0) and ϑjk ( ≥ 0)

or k � = j are the self- and cross-capability sensitivities. They repre-

ent the importance of the specific upstream technology in ques-

ion in isolation. Ceteris paribus , these parameters capture the ben-

fit downstream firm j obtains from the upstream technology and

he harm it inflicts upon its rivals ( k � = j ), respectively. For firms

perating in relatively independent industries, cross-capability 

ensitivities are expected to be smaller. An example is the effect

amsung’s usage of Gorilla Glass on HTC (large γ jk or ϑjk ) versus

MW (small γ jk or ϑjk ) [BMW uses Gorilla Glass in its i8 plug-in

ybrid vehicle to reduce weight]. 

In (L) β jj ( ≤ 0) and β jk ( ≥ 0), and in (M) ν jj ( ≥ 0) and ν jk ( ≥ 0)

re the self- and cross-price sensitivities. They capture the inten-

ity of the price competition. We consider only downstream prod-

cts which are each other’s substitutes. As both self- and cross-

rice sensitivities increase, downstream products become closer to

erfect substitutes. As these factors suggest, a smaller sensitivity

o both own price and the rivals’ prices implies the downstream

rms become more independent and closer to monopolists. 

The linear demand function form (L) is the first or-

er approximation to the general one: ∂ D j (Q , p ) /∂ Q k = γ jk ,

 D j (Q , p ) /∂ p k = β jk . The sensitivities are captured directly with

he parameters. Moreover, Besbes and Zeevi (2015) demonstrate

he errors from assuming a linear demand function when the

nderlying demand is not necessarily linear, are not severe. Linear

emand forms are common in the supply chain literature, e.g.

avaskan, Bhattacharya, and van Wassenhove (2004) , Liu, Parlar,

nd Zhu (2007) and Yue and Liu (2006) . In the multiplicative

orm (M), ∂ D j (Q , p ) /∂ Q j = ϑ j j e 
−ϑ j j Q j / (1 − e −ϑ j j Q j ) D j (Q , p ) ,

 D j (Q , p ) /∂ Q k = −ϑ jk D j (Q , p ) for k � = j , ∂ D j (Q , p ) /∂ p j =
ν j j D j (Q , p ) , and ∂D j (Q , p ) /∂ p k = ν jk e 

−ν jk p k / (1 − e −ν jk p k ) D j (Q , p )

or k � = j . Multiplicative forms are also used, especially when the

reservation of concavity of the demand function is desirable, e.g.,

ue, Austin, Wang, and Huang (2006) , Cai, Chen, Xiao, and Xu

2010) and Bernstein and Federgruen (2005) . 

The two functional forms have significant differences. (1) In (L)

he sensitivities are represented directly with the chosen param-

ters. In (M) the sensitivities are not purely determined by the

ndicating parameters. (2) In (L) self-price and cross-price elastic-

ties of demand are decreasing in the capability level, whereas,

hey are constant in (M). (3) The linear demand model suggests

n unbounded demand with respect to the capability dimension,

hereas in the multiplicative model it is bounded. Hence, higher

emand sensitivity to the capability in the linear demand model

uggests a higher market growth, in the multiplicative model
t can suggest also an earlier saturation of the market. Despite

hese differences, both demand models satisfy Assumption 1 . In

ection 5 we focus on the results which are common to both de-

and models. 

Corresponding to the demand models, we utilize two different

umulative investment cost functions. For (L) we use the quadratic

orm, K j (Q ) = κ j Q 

2 and for (M) we use the exponential form,

 j (Q ) = g j e 
k j Q . 

In the next section, we establish the price and capability equi-

ibrium in the downstream market given the pricing policy of the

pstream technology leader and establish the upstream technology

eader’s pricing problem. We leave the discussion of the properties

f the equilibrium of the overall game to Section 5 . 

. Analysis 

In this section, the model described in Section 3 is solved back-

ards in time. In Section 4.1 (Step 3) the downstream firms simul-

aneously choose prices; in Section 4.2 (Step 2) the downstream

rms simultaneously choose their capabilities; and in Section

.4 (Step 1) the upstream leader chooses her price premium for

apabilities above the laggards’ capabilities. In addition, in Section

.3 further results are shown under certain symmetry assumptions.

ll proofs appear in the Appendix. 

.1. Price equilibrium 

In this section, the downstream firms choose prices simultane-

usly to establish the price equilibrium ( p 

∗( Q | δ( · )), and by exten-

ion, the demand equilibrium, D 

∗( Q | δ( · )), given the downstream

apability state, Q , the upstream capability state M = (M 

1 M 

2 ) � ,
nd the upstream leader’s premium function, δ( Q ). ( Diag ( β) is the

atrix whose only non-zero elements are the diagonal entries of

.) 

roposition 1. 

(G) Under general demand satisfying Assumption 1 , a unique price

equilibrium, p 

∗( Q | δ( · )), exists and is defined by the first order

conditions: 

p j = c j + c u + δ(Q j ) −
∂ D j (Q , p ) /∂ Q j 

D j (Q , p ) 
, ∀ j. (3)

(L) Under linear demand: 

p 

∗(Q | δ(·)) = ˜ α + ˜ γ Q + ˜ ε + 

˜ d δ(Q ) (4)

where ˜ α = −B −1 α, ˜ γ = −B −1 γ , ˜ ε = B −1 C, B = β + Diag(β) ·
I, C = Diag(β) ∗ (c + c u · I) , ˜ d = B −1 ∗ [ Diag(β) ∗ e ] −1 

(M) Under multiplicative demand: 

p ∗j (Q | δ(·)) = c j + c u + δ(Q j ) + 

1 

ν j j 

. (5)

Given the price equilibrium established in Proposition 1 , we can

etermine the equilibrium demand. 

orollary 1. The equilibrium demand becomes: 

L) D 

∗(Q | δ(·)) = ˆ α + ˆ γ Q + ˆ ε + 

ˆ d δ(Q ) , where ˆ α = (I − βB −1 ) α, ˆ γ =
(I − βB −1 ) γ , ˆ ε = βB −1 C, ˆ d = βB −1 ∗ [ Diag (β) ∗ e ] −1 . 

) D 

∗
j 
(Q | δ(·)) = λ j (1 − e −ϑ j j Q j ) e −ν j j (c j + c u + δ(Q j )) −1 

∏ 

k � = j e 
−ϑ jk Q k 

∏ 

k � = j (1 −
e −ν jk (c k + c u + δ(Q k )) −ν jk /νkk ) , ∀ j. 

.2. Capability equilibrium 

In this section, the downstream firms’ capability equilibrium

s established, given the upstream leader’s capability state M =
(M 

1 M 

2 ) � and her premium function, δ( Q ). 
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Table 2 

First order conditions for the capability equilibrium. 

Case Q j Condition 

1 [ Q , Q 0 
j 
) ρ0 

j 
(Q | δ(·)) = 0 

2 Q 0 
j 

ρ0 
j 
(Q | δ(·)) ≤ ∂K j (Q j ) /∂Q j 

3 (Q 0 
j 
, M 

2 ) ρ0 
j 
(Q | δ(·)) = ∂K j (Q j ) /∂Q j 

4 M 

2 ρ1 
j 
(Q | δ(·)) ≤ ∂K j (Q j ) /∂Q j ≤ ρ0 

j 
(Q | δ(·)) 

5 ( M 

2 , M 

1 ) ρ1 
j 
(Q | δ(·)) = ∂K j (Q j ) /∂Q j 

6 M 

1 ρ1 
j 
(Q | δ(·)) ≥ ∂K j (Q j ) /∂Q j 
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Assume δ( Q ) is continuously differentiable for Q ∈ [ Q , M 

2 ) and

for Q ∈ ( M 

2 , ∞ ). We allow non-differentiability at the point M 

2 

since most practical premium functions are so given the require-

ment that δ(Q ) = 0 for any Q ≤ M 

2 . Let δ(Q ) = (δ(Q 1 ) ...δ(Q n )) � ,
i.e., upstream premiums in vector form. Let m 

∗
j 
(Q | δ(·)) denote

the equilibrium margin, i.e., m 

∗
j 
(Q | δ(·)) = p ∗

j 
(Q | δ(·)) − c j − c u −

δ(Q j ) . We make the following (high-level) assumptions, which are

sufficient for the existence of a unique capability equilibrium, for a

large enough range for Q . 

Assumption 2. 

(a) ∂ 2 
(

m 

∗
j 
(Q | δ(·)) D 

∗
j 
(Q | δ(·)) 

)
/∂ Q j ∂ Q k ≤ 0 , ∀ j, k � = j, Q . 

(b) 
∑ 

k � = j ∂ 2 
(

m 

∗
j 
(Q | δ(·)) D 

∗
j 
(Q | δ(·)) 

)
/∂ Q j ∂ Q k > 

∂ 2 
(

m 

∗
j 
(Q | δ(·)) D 

∗
j 
(Q | δ(·)) 

)
/ (∂Q j ) 

2 , ∀ j , Q . 

(c) ∂ 2 
(

m 

∗
j 
(Q | δ(·)) D 

∗
j 
(Q | δ(·)) 

)
/ (∂Q j ) 

2 ≤ 0 , ∀ j, Q . 

Assumption 2 (a) requires the marginal benefit of a firm from

higher capability to be non-increasing in its rivals’ capabilities.

Assumption 2 (b) is a regulatory condition that can be interpreted

as the marginal revenue of a firm being more sensitive to that

firm’s capability level than the rivals’. Assumption 2 (c) simply sug-

gests decreasing marginal return with respect to increasing capa-

bility of a firm. The multiplicative form satisfies these assumptions

for a wide range of values. The linear form violates primarily the

condition in (c), which results in convex-concave profit functions.

These conditions become less necessary when the cumulative in-

vestment function is convex enough. Nevertheless, they tend to

hold in general if the demand functions imply that the first and

second degree effects of a firm’s investment effort s are more influ-

ential on its profits than those of its rivals. 

For the linear form of the premium function, δ(Q ) = a (Q −
M 

2 ) + where a ∈ 
 

+ , δ( · ) is not continuously differentiable at M 

2 .

This can be typical for many possible upstream premium func-

tions. Hence, we define two derivatives at the point M 

2 : either
∂δ(Q ) 

∂Q 

| Q= M 

2 = 0 or 
∂δ(Q ) 

∂Q 

| Q= M 

2 > 0 , and corresponding two dif-

ferent marginal revenues (which will differ only when Q j = M 

2 ): 

ρ0 
j (Q | δ(·)) = ∂ m 

∗
j (Q | δ(·)) D 

∗
j (Q | δ(·)) /∂Q j 

∣∣
∂ δ(Q j ) /∂ Q j | Q j = M 2 =0 

, (6)

ρ j (Q | δ(·)) = ∂ m 

∗
j (Q | δ(·)) D 

∗
j (Q | δ(·)) /∂Q j 

∣∣
∂ δ(Q j ) /∂ Q j | Q j = M 2 > 0 

. (7)

Let Q 

∗( δ( · )) denote the downstream capability equilibrium under

the upstream leader’s declared premium function (and upstream

state M ). 

Proposition 2. Under Assumption 2 a unique capability equilibrium,

Q 

∗( δ( · )), exists such that one of the cases in Table 2 is satisfied for

each downstream firm j. 

Corollary 2. Under Assumption 2 , for any positive premium function,

there exists a unique price and demand equilibrium in the down-

stream market. 
Let p 

∗( δ( · )) denote the resulting price equilibrium from the

pstream leader’s pricing policy, short for p 

∗( Q 

∗( δ( · ))| δ( · )), and

 

∗( δ( · )) as the demand equilibrium, short for D 

∗( Q 

∗( δ( · ))| δ( · )). 

Two simple direct results of Proposition 2 are Definition 1 and

orollary 3 . Definition 1 describes the best capability state the

ownstream tier is willing to attain even if the upstream pre-

ium technology is limitless at no extra cost; this is referred to

s “Technological Potential” (or simply τ ) of the downstream tier.

orollary 3 states that if upstream laggards have already attained

his level, no upstream firm can collect any positive premium over

 u for any possible technological level. 

efinition 1. For δ(Q ) = 0 for all Q ∈ [ Q , ∞ ), the technological po-

ential, τ , of the downstream tier is defined as Q 

∗( δ( · )) or in short

 

∗(0). 

Definition 1 (technological potential, TP, τ ) and the positive up-

tream return condition in Corollary 3 are used in Section 5 when

iscussing the adoption and financing of different technologies.

ssumption 2 is sufficient – yet far from necessary – for its 

niqueness. 

orollary 3. If Q 

∗
j 
(0) ≤ M 

2 , for all j , then Q 

∗
j 
(δ(·)) ≤ M 

2 for all pos-

tive δ( · ) . 

Corollary 3 points out an important observation which can be

ossible for many technological dimensions. If the upstream tier

including the laggard firms – has already acquired a capability

evel which is beyond the technological potential of the down-

tream tier, no upstream leader can collect positive return from

ny technology level. Therefore, all premium tariffs result in the

ame downstream technology state: the TP of the downstream tier.

For the remainder of our analysis, we assume a linear pre-

ium function in the following form: δ(Q ) = a (Q − M 

2 ) + , a ∈ 
 

+ .
o simplify the notation we use the slope of the premium, a , in-

tead of δ( · ), wherever this linear form is used. Constant unit fees

or a given superior technology is common in the literature (e.g.,

rat & Kavadias, 2006 ). Considering a linearly increasing form al-

ows discrimination among downstream firms and results in highly

on-linear payments to the upstream leader. 

.3. A symmetrical downstream tier 

The effects of the major factors we consider such as

rice/capability cross/self-sensitivities can be investigated more

losely in a symmetrical downstream tier. Consider n downstream

rms all of whose parameters are identical, i.e., in the linear de-

and model αj = α1 , β j j = β11 , β jk = β12 , γ j j = γ11 , γ jk = γ12 ,

j = κ1 , in the multiplicative demand model λ j = λ1 , ϑ j j = ϑ 11 ,

 jk = ϑ 12 , ν j j = ν11 , ν jk = ν12 , g j = g 1 , k j = k 1 , and for both mod-

ls c j = c 1 for all j and k � = j . Hence, the downstream firms are iden-

ical in their self-sensitivity parameters, cross-sensitivity parame-

ers, idiosyncratic valuations, and investment cost parameters. 

Such a simplification allows us to focus on the relative sensitiv-

ty of different kinds of parameters commonly used in the litera-

ure, e.g., Erat et al. (2013) , Erat and Kavadias (2006) , and others.

symmetry across the downstream firms has further implications,

ome of which are further discussed in Appendix B. 

Corollary 4 to Proposition 2 describes the unique equilibrium

hen it exists for the (LS) and (MS) cases. Under symmetry the

esulting equilibrium is also symmetrical. Hence, we drop the sub-

cript j accordingly in all equilibrium values, primarily Q 

∗( a ), p ∗( a ),

nd D 

∗( a ) become the (scalar) equilibrium values for any down-

tream firm j given a . 

orollary 4. The unique capability equilibrium, Q 

∗( a ) is one of the 6

ases in Table 2 and satisfies the corresponding condition where: 
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Fig. 2. Upstream leader’s revenue and capability level driven to downstream tier. 
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(LS ) ρ(Q, a ) = 

(
˜ γ11 + a ( ̃  d 11 − 1) 

)
× ( ̂  α1 + ( ̂  γ11 + (n − 1) ̂  γ12 ) Q + ˆ ε1 

+ ( ̂  d 11 + (n − 1) ̂  d 12 ) a (Q − M 

2 )) + ( ̂  γ11 + a ̂  d 11 ) 

× ( ̃  α1 + ( ̃  γ11 + (n − 1) ̃  γ12 ) Q + ˜ ε1 − c 1 − c u 

+ ( ̃  d 11 + (n − 1) ̃  d 12 ) a (Q − M 

2 )) . (8) 

(MS ) ρ(Q, a ) = 

λ1 

ν11 

e −ν11 (c 1 + c u + a (Q−M 

2 )) −1 
(
ϑ 11 e 

−ϑ 11 Q − aν11 (1 − e −ϑ 11 Q ) 
)

×
(

e −(n −1) ϑ 12 Q 
(
1 − e −ν12 (c 1 + c u + a (Q−M 

2 )) −ν12 /ν11 

)(n −1) 
)
. (9) 

and ρ0 (Q, a ) = ρ(Q, 0) . 

.4. Upstream net contribution 

In this section, the upstream leader maximizes the sum of the

et contributions from the downstream firms which adopt capabil-

ties between the laggards’ technology level, M 

2 , and the leader’s

echnology level, M 

1 . This contribution depends both on the unit

remium and the equilibrium demand experienced in the lower

ier, which are both functions of the capability adopted. In case (L)

nder the linear premium: 

 (M 

1 ) = max 
a 

∑ 

{ j| M 

2 <Q ∗
j 
(a ) ≤M 

1 } 
a (Q 

∗
j (a ) − M 

2 ) D 

∗
j (a ) (10) 

he upstream leader not only tries to maximize its unit price by

sing a favorable premium, but also induces the adoption of a

igher capability and increases the equilibrium demand. The up-

tream leader can also benefit from the dynamics that arise from

symmetries across downstream firms. 

An analytical solution to (10) is impractical and requires solv-

ng very high degree polynomials even under linear demand. To

nvestigate the effect of asymmetries among downstream firms, we

rote a numerical procedure (LDCEA) to solve this problem for the

inear demand case (with asymmetric downstream firms), which

s further discussed in Appendix B. However, symmetrical down-

tream tiers yield the primary insights more conveniently. In the

ymmetrical case, Q 

∗( a ) and τ vectors are also symmetric. Hence,

e can represent the upstream return function R 1 ( M ) on a sim-

le graph. A precise stylized description of R ( M 

1 ) for any M 

1 is in-

ractable even under (L) or (M), yet it has certain properties which

e can exploit to explain the behavior of R ( M 

1 ) depending on var-

ous downstream factors. 

Fig. 2 (a) depicts the typical shape of the upstream leader’s re-

urn from having a capability level of M 

1 over the range [ M 

2 , τ ]

ver a symmetric downstream tier. R ( M 

1 ) is concave increasing in

 

1 up to a level – denoted by Q̄ (M 

2 ) – and constant for any higher
evel. The upstream leader cannot obtain more revenue from own-

ng a capability beyond this level and, moreover, chooses not to

nduce the downstream tier to adopt any further capability – as

epicted in Fig. 2 (b) – since any further capability adopted by the

ower tier reduces its revenues. Hence, for any M 

1 ≥ Q̄ (M 

2 ) , an up-

tream leader induces the adoption of only Q̄ (M 

2 ) ; any remaining

apability between Q̄ (M 

2 ) and M 

1 is “held up” in the upper tier

nd not made available to the lower tier. 

Fig. 2 (a) and (b) explains the economic incentives behind an

pstream technology leader has after attaining a technology dif-

erential beyond the second-best (laggard) firm. On the one hand,

here is already a maximum level the downstream tier is willing to

dopt ( τ ). However, it is not even profitable to sell this maximum

emanded level to the downstream tier simply because beyond a

maller hold-up level ( ̄Q (M 

2 ) ), upstream return starts decreasing.

ence, if an upstream leader attains a capability between these

wo important thresholds, it chooses not to sell anything beyond
¯
 (M 

2 ) and hence the marginal value of attaining any technology

eyond this level is zero. 

We can establish R ( M 

1 ) using a pseudo return function, R ′ ( M 

1 ),

hich assumes that the upstream leader charges the maximum

remium possible while still inducing the adoption of a specific

apability. Let a ′ ( M 

1 ) denote the maximum premium slope that

nduces the symmetrical downstream firms to adopt a capability

evel M 

1 ∈ [ M 

2 , τ ], i.e., a ′ (M 

1 ) = { max a | Q 

∗(a ) = M 

1 } . Let R ′ ( M 

1 )

e this pseudo-return curve. R ′ ( M 

1 ) is a continuously differentiable

ni-modal function in [ M 

2 , τ ]. 

If we denote the true revenue maximizing premium slope with

 

∗( M 

1 ) that leads to the optimal return function R 1 ( M 

1 ), then

 

∗( M 

1 ) ≤ a ′ ( M 

1 ) for any M 

1 < Q̄ (M 

2 ) . However, it is exactly this

remium slope for any M 

1 ≥ Q̄ (M 

2 ) ( a ∗(M 

1 ) = a ′ (M 

1 ) ). Hence,

 (M 

1 ) = R ′ ( ̄Q (M 

2 )) for all M 

1 ≥ Q̄ (M 

2 ) , i.e., the pricing (and ca-

ability induction) problem of any upstream leader which has a

apability level M 

1 ≥ Q̄ (M 

2 ) facing a symmetrical downstream tier

an be found by solving: 

ax 
M 

1 
R 

′ (M 

1 ) = a ′ (M 

1 )(M 

1 − M 

2 ) nD 

∗(M 

1 | a ′ (M 

1 )) . (11) 

he formal treatment of this approximation is provided in Ap-

endix D.1. 

The behavior of R ′ ( M 

1 ) with respect to downstream factors is

dentical to the behavior of R 1 ( ̄Q (M 

2 )) , the maximum return an

pstream leader can receive from a certain downstream tier, for

 given dimension of technology and upstream laggard capability

evel of M 

2 ( Fig. 3 ). Hence, R ′ ( M 

1 ) becomes the measure of how a

ownstream tier is willing to finance a given upstream technology.

n Section 5.2 we use R ′ ( M 

1 ) to demonstrate how downstream tiers

ith certain types of competition provide higher returns to some

echnology dimensions. 
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Fig. 3. Upstream revenue approximated by the pseudo-revenue curve R ′ ( M 

1 ). 

Table 3 

Comparative statics of technological potential. 

x ∂ τ / ∂ x x ∂ τ / ∂ x x ∂ τ / ∂ x x ∂ τ / ∂ x 

α1 ↗ λ1 ↗ γ 12 ↘ ϑ12 ↘ 

γ 11 ↗ ϑ11 ↗ & ↘ β11 ↘ ν11 ↘ 

β12 ↗ ν12 ↗ κ1 ↘ k 1 ↘ 
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5. Development and adoption of upstream technology 

In this section, we first formalize how downstream market fac-

tors influence the level of technology demanded. Then, we explore

the effect of the same factors on the supply of the technology –

specifically on the returns of a potential upstream leader supplier. 

5.1. Technological potential ( τ ) 

Formally defined in Definition 1 , the Technology Potential ( τ )

is the highest technology state the downstream tier would de-

sire even if the technology is provided at zero premium over

marginal cost ( a = 0 ). To increase the equilibrium downstream ca-

pability state beyond τ , the downstream tier would require subsi-

dies. Hence, τ is a useful upper bound on the technology level de-

manded by the lower tier. It is not practical to calculate τ exactly

in many instances. However, it can be used to understand and ex-

plain why some seemingly desirable technologies falter relative to

others. In Section 5.2 we show it is a very good indicator for the

true equilibrium technology level demanded. Proposition 3 pro-

vides the closed forms of τ for (LS) and (MS). 

Proposition 3. The (scalar) technological potential levels for the lin-

ear symmetric tier and multiplicative symmetric downstream tier with

n firms are: 

(LS) τ = 

−β11 (α1 + (c 1 + c u ) βsum )�

k 1 (2 β11 − β12 )(β11 + βsum ) 2 + β11 γ sum �
(12)

(MS) τ = 

ln ϕ − ln g 1 − ln k 1 
(n − 1) γ12 + γ11 + k 1 

. (13)

where βsum = β11 + (n − 1) β12 , γ sum = γ11 + (n − 1) γ12 ,

� = 2 β11 γ11 + β12 ((n − 2) γ11 − (n − 1) γ12 ) , and ϕ =
α1 γ11 

β11 
e −β11 (c 1 + c u ) −1 

(
1 − e −β12 (c 1 + c u ) −β12 /β11 

)(n −1) 
. 

Given these closed forms, Proposition 4 characterizes how

downstream factors affect technological potential. 

Proposition 4. Downstream demand and investment cost parameters

affect the technological potential as described in Table 3 . 
For both demand models, the scale/idiosyncratic value parame-

er ( α1 and λ1 ), self-capability sensitivity ( γ 11 and ϑ11 ), and cross-

rice sensitivity ( β12 and ν12 ) increase the TP, whereas investment

ost ( κ1 and k 1 ), cross-capability sensitivity ( γ 12 and ϑ12 ), and self-

rice sensitivity ( β11 and ν11 ) reduce the TP. We discuss these ef-

ects below. 

As expected, technologies which can be differentiated suffi-

iently across firms and industries, i.e., high self-capability sen-

itivity and low cross-capability sensitivity, tend be demanded

t higher levels. Higher scale factors ( α1 , λ1 ): if it is versatile

or multiple industries with higher volumes (longer appropria-

ion/planning periods) and if it can be adopted at lower costs, a

echnology dimension tends to be demanded at higher levels by

he consumer markets. 

The counter-intuitive factor is the cross-price sensitivity ( β12 

nd ν12 ). The case of isolated firms and industries operating in

ear monopoly conditions is not the most ideal one for the high-

st downstream demand for a technology. On the contrary, higher

evels of technology are demanded when firms are in direct price

ompetition with each other. Sensitivity to rival firms’ prices are

sually interpreted as firms losing their pricing power against each

ther. In the case of adoption of upstream technologies, cross-price

ensitivities tend to work in the positive direction; firms become

illing to adopt more of the technology because this allows them

o collectively raise their mark-up in the downstream market rela-

ively more than they could have done if they had been operating

n isolation. 

By itself, TP does not explain how much of a technology is

nanced; it describes the span of feasible technology levels the

ownstream firms may request. The upstream firm providing any

echnology requires sufficient compensation. TP only provides a

imit on the range of capability levels over which a technology

eader can collect non-negative returns. In the next section, keep-

ng TP constant, we show that the downstream parameters work

ifferently when it comes to compensating the upstream leader. 

.2. Financing the upstream technology: the right type of competition

In order to investigate the return to an upstream technology

rovider, we design the following numerical study for both the

LS) and (MS) models. We take a base set of values for a down-

tream tier and find TP. Then, we vary two parameters, one which

ncreases TP and one which decreases it, while keeping the TP con-

tant. We calculate the greatest equilibrium return of the upstream

eader (which has a capability M 

1 ≥ Q̄ (M 

2 ) , i.e., R ∗ . = R ( ̄Q (M 

2 )) ),

y using the pseudo-revenue function R ′ ( M 

1 ). (How this approxi-

ation works is explained in Section 4.4 .) We also record the equi-

ibrium price ( p ∗), capability ( Q 

∗), and demand in the consumer

arket ( D 

∗), the downstream profits ( π ∗), and the optimal pre-

ium payment to the upstream leader ( δ∗). By keeping TP fixed

n this experiment’s set up, we understand how the downstream

arket factors influence the upstream return without the bias of

hanging the technology demanded. 

In the (LS) model, α1 , γ 11 , and β12 are the factors in favor of

P, and γ 12 , β11 , and κ1 are against. In (MS), ϑ12 , ν11 , k 1 , (and sim-

larly g 1 ) are the factors against TP, and λ1 and ν12 are the factors

n favor, whereas ϑ11 increases TP at smaller values and reduces it

t higher levels. Hence, there are 9 different ways of choosing one

ariable from each group in the (LS) model and 12 in the (MS)

odel. We used the base cases in Table 4 to demonstrate our 

bservations. 

Let y 1 be the variable chosen from the set of variables in fa-

or of TP and y 2 be the variable from the set which are against

 y 1 ∈ { α1 , γ 11 , β12 } and y 2 ∈ { γ 12 , β11 , κ1 } for (LS); y 1 ∈ { λ1 , ϑ11 ,

12 } and y 2 ∈ { ϑ12 , ν11 , k 1 , g 1 } for (MS)). The tuple ( y 1 , y 2 ) was

hen varied around the values in Table 4 while keeping TP 
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Table 4 

Fixed technological potential experiments base cases. 

(LS) (MS) 

Variable Base value Variable Base value Variable Base value Variable Base value 

α1 40 γ 12 −0.2 λ1 50 0 0 ϑ12 0.05 

γ 11 2.1 β11 −0.7 ϑ11 0.2 ν11 0.8 

β12 0.2 κ1 2.5 ν12 0.5 k 1 , g 1 0.05, 0.01 

Table 5 

Relative effect of increasing intensity of downstream factor pairs in (LS) model. 

Factor pairs (LS) Q ∗ D ∗ p ∗ δ∗ R ∗ π ∗

( α1 , γ 12 ) + ++ ++ ++ 

( α1 , β11 ) + ++ ++ 

( α1 , k 1 ) + ++ ++ ++ 

( γ 11 , γ 12 ) + −− − + + + + − − −
( γ 11 , β11 ) + −− −− −− −−
( γ 11 , k 1 ) ++ ++ + ++ + + + 

( β12 , γ 12 ) + ++ ++ + 

( β12 , β11 ) ++ −− −− ++ + + + 

( β12 , k 1 ) ++ ++ ++ + + + + + + 

+++ if �≥ 1, ++ if �∈ (0.25, 1), + if �∈ [0.05, 0.25], − if � ∈ [ −0 . 25 , −0 . 05] , −− if 

� ∈ (−1 , −0 . 25) , − − − if � ≤ −1 . 

Table 6 

Relative effect of increasing intensity of downstream factor pairs in (MS) model. 

Factor pairs Q ∗ D ∗ p ∗ δ∗ R ∗ π ∗

( λ1 , ϑ12 ) + + + + + + + + + 

( λ1 , ν11 ) 

( λ1 , k 1 ) ++ ++ ++ 

( λ1 , g 1 ) ++ ++ ++ 

( ϑ11 , ϑ12 ) + + + − − − − ++ + + + 

( ϑ11 , ν11 ) + −− −− −− −− −−
( ϑ11 , k 1 ) −− ++ −− − − − − − − ++ 

( ϑ11 , g 1 ) −− ++ −− − − − −− ++ 

( ν12 , ϑ12 ) + + + + + + + + + 

( ν12 , ν11 ) + + − −
( ν12 , k 1 ) + + + + + + + + + 

( ν12 , g 1 ) + + + + + + + + + 

+++ if �≥ 1, ++ if �∈ (0.25, 1), + if �∈ [0.05, 0.25], − if � ∈ [ −0 . 25 , −0 . 05] , −− if 

� ∈ (−1 , −0 . 25) , − − − if � ≤ −1 . 
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onstant and maintaining the regulatory and base assumptions.

enote these lowest and highest values by y l 
j 

and y h 
j 
, j = 1 , 2 . Let

 

l and z h be the equilibrium values of each quantity of interest ( Q 

∗,

 

∗, p ∗, δ∗, R ∗, π ∗) corresponding to y l and y h . The ratio of percent-

ge change in z to the percentage change in the Euclidean distance

f ( y 1 , y 2 ) to the origin (|| y ||) is calculated: 

= 

% change in z 

% change in || y || = 

z h −z l 

z l 

|| y h ||−|| y l || 
|| y l || 

. (14) 

n all the experiments, along the search directions � y , TP is kept

onstant. For the (LS) model τ = 115 . 1734 , and for the (MS) model

= 25 . 5214 . 

The details of the measurements are provided in Appendix D.2.

rom (y l 
1 
, y l 

2 
) to (y h 

1 
, y h 

2 
) , the intensity of the two downstream

actors is increasing while TP remains constant. Tables 5 and 6

how the relative effect of increasing the intensity of each pair of

ownstream factors on the equilibrium values, for (LS) and (MS), 

espectively. 

We now discuss some observations gleaned from Tables 5 and

 . 

bservation 1. For both demand models, if firms are more sensi-

ive to each others’ prices and capability levels, both the down-

tream firms and the upstream leader earn higher profits in 

quilibrium. 
Observation 1 states that a good direction of competition that

ncreases the upstream leader’s return and downstream firms’

rofits is along the cross-price and cross-capability sensitivities:

 β12 , γ 12 ) in (L) and ( ν12 , ϑ12 ) in (M). 

bservation 2. For both demand models, if a technology dimen-

ion is versatile (i.e., it can be used by more firms and industries)

r if the appropriation period for the technology lengthens, both

iers of the supply chain earn higher profits in equilibrium. This is

rue even if higher versatility comes at the expense of higher com-

etition in terms of increasing cross-capability sensitivity, cross-

rice sensitivity or at the expense of higher costs of adoption. 

It is highly intuitive for higher scalability – a technology be-

ng used by more firms and industries – to increase the upstream

eader’s return from it. However, Observation 2 emphasizes a less

ntuitive version: this is generally true even if the versatility of the

echnology ( α1 or λ1 ) comes at the expense of higher adoption

ost ( κ1 , k 1 ), self-price sensitivities ( β11 , ν11 ) and cross-capability

ensitivities ( γ 12 , ϑ12 ), three factors which always negatively affect

P. 

Observation 1 and 2 point out the two important indicators of

 technology that imply higher returns to an upstream leader, and

ence its viability to be created in the first place. The main intu-

tion illuminating how they work is the downstream benefit. The

xact mechanism behind each should be different, however, in all

hese directions of changes, the consumer market expands in terms

f volume and/or demand. 

bservation 3. The equilibrium technological capability sold to the

ownstream tier is relatively stable in TP. 

Observation 3 confirms the importance of TP as a good barom-

ter of whether higher levels of a technology are demanded by the

upply chain ( Q 

∗). The maximum level that will be passed from

he upper tier to the lower tier is primarily a function of the up-

tream laggard capability ( M 

2 ) and downstream TP. Clearly, from

ables 5 and 6 , Q 

∗ is mostly stable when τ is constant and the pa-

ameters ( y 1 , y 2 ) are varied, while the other quantities in the tables

ary significantly. 

The common denominator of the observations above is: for a

iven level of technology demanded, if the technology dimension

n question is used by industries which have relatively strong fac-

ors (greater in magnitude), both for and against TP, it tends to

rovide a higher return to the upstream leader while increasing

he downstream firms’ profits through the expansion of consumer

arkets both in volume and/or consumer prices. This combined

bservation is especially important for the creation of upstream

echnologies which have steep associated R&D costs. 

. Discussion 

As Bhaskaran and Krishnan (2009) and others emphasize,

arket characteristics are crucial in explaining the level of 

evelopment of technologies, especially those that require the par-

icipation of multiple supply chain tiers. In this paper, we describe

nd solve a rich model of market engagement in price and technol-

gy wedded to a two-tier competitive supply chain, with a whole-
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Fig. 4. Technology 3 is not demanded beyond laggard capability. Technology 2 is 

profitable for the upstream leader, but not demanded at high levels. Technology 1 

is highly demanded but profitable. 
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sale exchange based on both technology and volume. We show

how the market characteristics influence the two related yet dif-

ferent elements behind the creation, adoption, and diffusion of

upstream technologies: technological potential and the upstream

leader’s return. 

We demonstrate that technological potential (TP) is a good

measure of the level of a technology demanded by consumer mar-

kets and that it results from the relative magnitudes of two 

competing sets of factors. TP is shown to be increasing in the sen-

sitivity of the downstream firms to each other’s prices; i.e., a tech-

nology being used by isolated industries and firms operating in

near monopoly conditions is not the ideal case for it to be de-

manded at high capability levels. This result is parallel to earlier

results in a different branch of literature on the effects of competi-

tion on the creation of cost-reducing technologies that are licensed

in the technology markets ( Kamien & Tauman, 2002 ). 

We also demonstrate that an upstream technology is more prof-

itable and hence has a better chance of being financed, if the 

implied downstream tier has strong market characteristics, both in

favor and against TP. That is to say, a technology dimension is more

likely to bring a higher return to an upstream technology leader if

the two competing sets of market factors – one in favor and one

against – both have high magnitudes. Therefore, downstream mar-

ket characteristics impact the driver behind the financial viability

(creation) of a technology differently than they affect the level of

technology demanded. Thus, for an upstream technology to be fur-

ther developed by some upstream firms, adopted by downstream

firms, and diffused into the consumer markets, the market charac-

teristics of the downstream tier should be both balanced (the sets

of factors in favor of technology potential should have relatively

higher magnitude than those of the factors that are against the

technology potential) and collectively strong in magnitude (given

the relative magnitudes, both sets of factors should have nominally

high magnitudes). Such a case results in greater diffusion either

in the form of volume and/or price expansion in the consumer 

markets. 

6.1. Balance versus strength of downstream market factors 

For the technology to be demanded above the upstream laggard

capability, TP needs to exceed M 

2 , too. For it to be supplied, the

upstream leader’s return should exceed its investment costs. The

former is a result of the relative magnitudes of two sets of factors,

as discussed in Section 5.1 . The latter is a result of the overall mag-

nitudes of all factors (combined strength) whether they increase or

lower TP ( Section 5.2 ). Hence, the downstream market factors’ ef-

fect on the two requirements for the development, adoption and

diffusion of upstream technologies bifurcates along these two di-

rections. 

Fig. 4 demonstrates three circumstances an upstream technol-

ogy may find itself in: “Technology 3” has a TP which is lower than

upstream laggard capability ( τ 3 < M 

2 ). No extra capability level of

Technology 3 is demanded by the consumer markets. “Technol-

ogy 2” has a TP that is higher than upstream laggard capability

( τ 2 > M 

2 ) and provides relatively higher return than that of “Tech-

nology 1,” which compensates the upper tier much less yet is de-

manded at higher levels ( τ 2 < τ 1 ). 

In terms of balance of the downstream factors, Technology 1 is

the superior case. In terms of total strength of downstream factors,

Technology 2 is a better case. The third technology is unfortunate

in both senses. We speculate that the DuPont’s Stainmaster car-

pet example discussed in Section 1 is a scenario where the TP is

below the prevailing carpet technologies (i.e., Technology 3), but

the technology was imposed upon the downstream firms and the

failure became very public. (As discussed in Section 1 , this exam-

ple applies to a licensed process rather than a wholesaled product
ut some lessons may be transferable.) The bankruptcies of the in-

egrator firms reduced downstream competition and thus reduced

uPont’s upstream returns, as our model also suggests. The reason

n upstream technology does not reveal itself in consumer prod-

cts can be one of these three cases. 

Some technologies with high TP levels may suggest down-

tream tiers with relatively weak market characteristics (small

agnitudes of the parameters) such that the resulting return curve

rom that technology does not encourage investment by any of the

pstream firms. In Technology 1, the balance of factors may be very

avorable; on the other hand if this is a socially desirable technol-

gy the focus should be in increasing the returns for the potential

pstream developers. The primary obstacle resides in the upper

ier and subsidies directed primarily toward that tier may resolve

he problem. 

In the case for Technology 2, some technologies may be created

n the upper tiers but are held up there because their TP level in

he downstream tier is low (which results in lower Q̄ (M 

2 ) ). Provid-

ng higher subsidies to the upstream tier only increases their rent

ut does not advance the technology. 

.2. Speculations about some contemporary technologies 

Diagnosing which of the two elements behind the delivery of

he technology by the supply chain fails may be helpful both for

anagement practices and governmental policies. Some technolo-

ies might have a low TP, and hence are not truly demanded at

igh levels. We suspect that cell phone battery life may be of this

ype. Although, consumers frequently complain about the battery

ives of new smartphones, which have a myriad of other desir-

ble capabilities, we suspect that the cross-capability sensitivities

f cell-phone producers to each others’ phones’ battery lives is

rohibitively high. A smartphone producer which attains a long

attery life can significantly increase its demand, but only at the

xpense of other firms. Hence, in equilibrium the cell-phone in-

ustry does not expect a significant market expansion and return

rom advancing this capability (i.e., high γ 11 but with high γ 12 ).

he true TP level for cell-phone battery life until the next recharge

ay not be far above the current approximate half-a-day of active

sage. 

On the other hand, batteries for electrical cars are advancing

ar more rapidly. Due to the necessary infrastructure investments

hat will take time, advancing electric car technologies are not an

mmediate threat to current conventional gasoline powered vehi-

les. Yet, the benefit to a potentially superior electrical car is still

igh. Hence, we suspect there is a high γ 11 and relatively low γ 12 

or the total power level that can be stored in an electric car bat-

ery, implying a large TP. Moreover, this relatively new industry
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ight have strong market characteristics, high adoption costs, high

ross- and self-price and capability sensitivities, which we show

as the potential of a large return to an upstream developer of

onger-lasting electric car batteries. Interestingly, Elon Musk, the

EO of electric car manufacturer Tesla Motors, has evangelized bat-

ery technologies in transportation, naturally, but also for home

torage of solar energy ( Smith & Sweet, 2015 ). Presumably the lat-

er is to foster faster innovation in battery technology, with Musk

oping for a spillover from one burgeoning application (home en-

rgy storage) to another (vehicle energy storage). If this is not suf-

cient, we expect subsidies directed toward the upper tier (the

eveloper of the batteries) should work better. We should note

hat these are speculations made from the perspective of consumer

downstream) market factors onto different upstream technology

imensions and to explain the markets’ true desire for them. An

pstream firm eventually has to weigh them against its own in-

estment costs and the uncertainties in R&D for any technology

imension. This upstream investment cost side is beyond the scope

f research here. We discuss this point further in Section 7 . 

.3. Implications for public policies 

In general if a seemingly desirable upstream technology has a

ow TP and strong consumer market characteristics, public policies

hould be targeted not toward the upper tier that would develop

t, but toward the consumer market to increase its TP. This may be

n the form of subsidizing adoption, increasing the appropriation

eriod by further intellectual property (IP) protection or by other

eans that increase the factors in favor of TP and reduce the ones

gainst it. An example of this would be the U.S. and California gov-

rnments’ rebate to buyers of plug-in electric vehicles. 

If a desirable upstream technology has a high TP, yet has not

een developed in the upper tier, this may be due to weak market

haracteristics in the consumer markets resulting in poor potential

eturns for the developer. Public policies targeted to further pro-

ect the lower tier will not help in making this technology more

iable and profitable for the upstream leader. The policies should

ubsidize the upper tier, whether in terms of reducing the risks

nd investment costs of the upper tier, or increasing IP protection

evel for the upper tier. A prime example of this is the Research

nd Experimentation Tax Credit under the Internal Revenue Code

ection 41, operating since 1981, where companies may tax deduct

heir R&D expenses. Our results suggest such a tax credit could be

ore effective if it were targeted to high TP industries. 

. Concluding remarks 

In this paper we study the effects of consumer market factors

n upstream technologies, which are themselves implied by the

urrent and potential use of an upstream technology dimension

n various consumer products. We demonstrated that these factors

an be used to classify different technology dimensions and that

hey influence the two necessary elements for their success, the

echnology level demanded (Technology Potential, TP) and the re-

urn to the upstream leader who develops them, differently. This

ifference is then is used to explain multiple ways an upstream

echnology may fare (or be held up) in the supply chain. Depend-

ng on which element is weaker, we suggest public subsidies to be

argeted toward different tiers of the supply chain. 

An important managerial implication of our results is that TP

nd the accompanying return function can be used by upstream

rms in their R&D project selection. They can choose technology

imensions with sufficiently steep return curves and in those tech-

ology dimensions target improvement levels which do not exceed

he TP of the consumer markets. Collecting enough data to quan-

ify TP may require more detailed models empirically to find the
arket parameter values. At the level of abstraction used in this

aper, our results might be used in an ordinal way. However, fu-

ure research to quantify TP (and R ( M 

1 )) or a proxy for it may lead

o practical tools to support project selection for research-focused

rms or venture capitalists seeking viable investment opportuni-

ies. 

A natural extension of this research is to technologies which

re not sold within a component for the consumer products but

hrough licensing in the technology markets. This alters the up-

tream compensation slightly and hence may change the upstream

eader’s manipulation strategies of the downstream tier. Comparing

he two mechanisms of technology transfers between the tiers of

 supply chain may allow us to explain the more appropriate mar-

eting mechanism (e.g., pricing, licensing, contracting) for different

ypes of upstream technologies. 

Downstream firms exert significant effort s to adopt upstream

echnologies and we have modeled their investment costs in our

upply chain model when determining the technology level de-

anded and the upstream leader returns. Moreover, a downstream

rm may exert effort to innovate to improve its own product (ar-

hitecture, design), alter its product significantly to become almost

 new product, or even invent a whole new product category to

ake use of the (potentially) developing upstream technology. In

ur model, among the consumer market factors, the idiosyncratic

actors of downstream firms represent this lower tier firm capa-

ility in creating a market for the use of the upstream technol-

gy (yet it is an exogenous input parameter to our model and can

e endogenized in a future extension). We used this factor to cap-

ure this important role of the downstream tier. However, the ex-

ct nature of interaction can be richer and itself be improved for

he overall supply chain to work better in supporting technologi-

al innovations. Downstream firms may lead or operate hand-in-

and with upstream firms to develop both the upstream technol-

gy dimension and the consumer products that make use of it.

e believe that from a supply chain perspective, there is much

o be explored in terms of new levers to push technology, ranging

rom different cooperation methods between tiers, pricing and re-

mbursement mechanisms, downstream effort s in creating the con-

umer market base to eventually finance upper tier technologies,

nd even leadership choices (e.g., Krishnan et al., 2015 investigates

hen should the downstream tier and when should the upstream

ier lead the supply chain for successful innovation.) 

Finally, the investment decisions of upstream firms depend not

nly on the consumer market factors and the two elements they

etermine as studied here – in general we can dub these as the

arket side of the problem – but also on the R&D costs, on the

ncertainties of the outcomes, and on the competition among the

pstream firms themselves. Therefore, another extension of this 

aper is a competition model among upstream firms in R&D in-

estments to develop a certain technology dimension with a sim-

lified input of market factors – for example a parameterized up-

tream leader return/profit function – distilled from this paper. 

upplementary material 

Supplementary material associated with this article can be

ound, in the online version, at 10.1016/j.ejor.2017.08.047 . 
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