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Abstract
Technology sharing among farmers has become common but controversial in recent years. To
address it,we consider two farmers engaged inCournot competition to investigatemotivations
of technology sharing and provide suggestions on contract design. One farmer (a licensor) has
developed some technology and decides whether to share technology with the other farmer
(a licensee). The licensee chooses whether to buy technology under a fixed-rate contract
or a royalty-fee contract. We propose a technology sharing ratio between two farmers to
characterize the degree of technology sharing. We find a win–win outcome for both farmers
when the technology sharing ratio is higher than a threshold under the fixed-fee contract.
While under the royalty-fee contract, the licensor only shares technology with an additional
constraint that they have similar production costs. When the licensor can design contracts, he
prefers the royalty-fee contract to the fixed-fee contract.We further interpret why the licensor
may not benefit more under the two-part tariff contract than the fixed-fee or the royalty-fee
contract.Moreover, we find that in supply chain settings, a win–win outcome for both farmers
exists if and only if the technology sharing ratio is smaller than a threshold under the fixed-fee
contract while technology sharing will not be realized under the royalty-fee contract. Finally,
we show that the strategy of whether to share technology is robust to yield uncertainty, and
both the licensor and licensee may benefit more from technology sharing because of yield
uncertainty.
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1 Introduction

Agricultural issues, especially those related to farmers, are receiving increasing attention. In
Africa, roughly 65% of its population relies on subsistence farming, contributing to almost
15% of the total GDP (Mzali, 2019; Savage, 2019). Most farmers’ yields in many agricultural
commodities are low, partly because traditional farming relies heavily on farmers themselves:
making decisions related to planting, harvesting, irrigating, applying pesticides and fertilizer
according to the regional conditions and their experience (Ling & Bextine, 2017). They
have limited access to government agents, advanced farming practices, and reliable market
information, not to mention that they have difficulty accessing credits, loans, water, and
electricity (An et al., 2015; Kiptot & Franzel, 2014). To increase their revenues, farmers
can obtain valuable technology or knowledge from their peer farmers, that is, “farmers help
farmers”.

Technology sharing among farmers has emerged and thrived recently. Though a more
significant number of non-governmental organizations (e.g., Nestle) and for-profit social
enterprises (e.g., ITC) provide abundant learning opportunities for farmers, purchasing valu-
able technology from the peer farmers is considered as an essential source since farmers of
the same community can share technology due to their similar backgrounds (Chen et al.,
2015; Matuschke & Qaim, 2009). Some farmers (i.e., licensors) have more advanced tech-
nology than others by accumulating experience and knowledge. With advanced technology,
those farmers can reduce production costs. If there are multiple new technology adopters,
as is often the case in agricultural innovation, the process of learning new technology may
be social. Farmers may learn new technology from each other (Conley & Udry, 2010). For
instance, Nakano et al. (2018) find the technology dissemination pathways among small-
holder rice producers within a rural irrigation scheme in Tanzania. In France, farmers can
save 8–22% of pesticide consumption with technology from licensors (Lapierre et al., 2019).
In practice, technology sharing among farmers is informal and is conducted in oral contracts
(Li et al., 2012). In 2017, only about 35% of US agricultural production was raised under
contracts (MacDonald & Burns, 2019). In some areas of the United States, the government
will provide established contracts for technology sharing among farmers to avoid disputing
(MacDonald et al., 2004).

With the emergence of e-commerce platforms, technology sharing can be easily real-
ized without time and distance restrictions. for example, Avaaj Otalo is a novel platform to
encourage farmers to learn and share technology in Gujarat, India, and allows the farmers to
raise questions, interact with others, and conduct technology transactions online. In addition,
this kind of platform provides a more secure channel for the licensors to share technology
because the platform can record transactions among farmers to guarantee their revenues by
contracts (Chen et al., 2015).

The fixed-fee contract and the royalty-fee contract are two common contracts for technol-
ogy sharing among farmers. Since Rostoker (1984) finds that 39% of the licensing contracts
are of royalty fee alone, and 13% are of fixed-fee contracts alone, profound research on
the comparison between the royalty-fee contract and the fixed-fee contract has been con-
ducted from different perspectives (e.g., Savva & Taneri, 2015; Lin and Kulatilaka 2006;
Cheng et al., 2018). Under the fixed-fee contract, a licensor charges a licensee a fixed fee
for technology sharing (e.g., Federgruen et al., 2019). For example, in Ethiopia, the farmer
who obtains the technology can apply it to any number of crops through a one-time pay-
ment (Asrat et al., 2010). Differently, under the royalty-fee contract, the licensor charges a
specific fee for each unit product (e.g., Chen et al., 2017). It means, when the farmer shares
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the technology with others, the fee charged by the licensor depends on the area of crops or
the number of livestock to which the technology is applied (Becker, 2008). For example, in
Ghana, when sharing technology that can help reduce the cost of planting pineapples, the
licensor can charge the licensee according to the number of pineapple plants (Conley&Udry,
2010).

In addition to these two kinds of contracts, the two-part tariff contract is also famous under
which the licensor charges a fixed fee plus a royalty fee of each product (e.g., Mensendiek
& Mitri, 2014). Lewis (1941) first proposes the two-part tariff contract, which is initially
adopted in the electricity industry. This contract has been widely used for technology sharing
in various industries. A stream of literature focuses on contract design (e.g., Yang & Ma,
2017). For example, Sen and Tauman (2007) show that for both an internal and an external
patentee in a homogeneous product Cournot oligopoly, the optimal per-unit royalty plus a fee
contract is considered as a cost-reducing innovation. Considering the two-part tariff contract
has beenwidely applied in industry, wewonderwhether it can be applied to agricultural issues
and whether the licensor can always benefit by using it since the licensor seems to charge
more. Moreover, there is no unified opinion about which contract is better for technology
sharing in agriculture.We identify the conditions for technology sharing between two farmers
under different contracts and provide suggestions on contract selection by comparing the three
kinds of contracts above.

Technology sharing among farmers is no longer a sharing/non-sharing process but a con-
tinuous process, i.e., a technology sharing ratio exists. Alene andManyong (2006) collect data
by household-level surveys. They find that technology sharing among farmers in northern
Nigeria is not the overall packaging of the technology related to seed, insecticide, fertil-
izer, and recommended cereal-cowpea cropping pattern, but partial sharing. Only 5% of the
follower farmers gain the whole technology package, and others can only obtain a part of
the technology. Whether licensees received all or a portion of the technology, their yields
increase significantly, ranging from 720 to 1007 (kg/ha). In addition, Pacín and Oesterheld
(2015) also gather livestock and soybean production data from theArgentine Pampas and find
that when farmers obtain technology from other farmers, livestock output is 70–96% higher,
depending on how much technology is shared. The examples above all confirm the view that
there exists a technology-sharing ratio among farmers. Farmers reduce their production costs
via aggregating investment in farming equipment or learning new farming technology.

Farmers with more technology can obtain some transfer fees from sharing technology
while other farmers with less technology can decrease their production cost by purchasing
technology. A specific technology sharing ratio corresponds to a certain decrease in the
production cost (An et al., 2015; Liao et al., 2019). Therefore, we propose the concept of
technology sharing ratio to describe how much technology the licensor is willing to share
with the licensee to reduce his production cost.

We focus on technology sharing issues in agricultural supply chains which have raised
attentionworldwide. Farming supply chainswith hundreds or thousands of smallholder farms
are prevalent in many developing countries (Chen et al. 2014). For example, in Europe, seed
business relies on Syngenta’s supply chain to provide seed products for various European
markets (Comhaire & Papier, 2015). In China, the market shares of agricultural supply chains
account for approximately 30% of China’s total agricultural share in 2015 compared with
15% in 2010 (Zhang et al., 2019). Technology sharing among farmers will affect farmers’
production costs, further affecting the purchase price of downstream businesses. Thus, we
study technology licensing issues among farmers in supply chain settings.

Yield uncertainty sometimes exists in farmers’ production and operation due to external
factors such asweather conditions (e.g., Boyabatlı et al., 2019). The difference between actual
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output and the expected output is 10% on average, which is within a reasonable and control-
lable range as the weather forecast becomes more accurate and the countermeasures are more
advanced. However, news about production quantity reduction due to storms and droughts
is common (Maltais, 2020a). On the contrary, farmers harvest more than expected due to the
accidental good weather (Maltais, 2020b). Therefore, we further investigate whether yield
uncertainty affects the conditions for technology sharing among farmers.

We mainly consider four questions arising in the technology sharing scenario. Firstly,
what conditions stimulate the licensors to share technology with the licensees? Secondly,
what is the optimal contract when the licensor can choose the contract type? Thirdly, what
are the conditions for technology sharing in supply chain settings? Fourthly, whether the
technology sharing still occurs under yield uncertainty, and how does the yield uncertainty
influence farmers’ profits?

We develop a two-stage game model to address the questions above in which two farmers
sell homogenous products to consumers in the Cournot competition. We assume that one
farmer (i.e., licensor) has already developed some technology for amore efficient agricultural
production (e.g., improving farming efficiency) while the other farmer (i.e., licensee) does
not have. Thus, the licensor can still use the technology when technology sharing is achieved.

Some interesting results are found as follows. Firstly, a win–win outcome exists for the
licensor and the licensee when technology sharing is achieved under the fixed-fee contract
and the royalty-fee contract, respectively. Notably, under the royalty-fee contract, the licensor
is more willing to help the licensee whose threat is great (i.e., the licensor and licensee
have similar production costs). Secondly, when the royalty fee is medium, the profits of
the licensor and the licensee increase with it simultaneously; the licensor may not benefit
more from the two-part tariff contract than the fixed-fee contract. Thirdly, in supply chain
settings, technology sharing is achieved when the technology sharing ratio is smaller than
a threshold under a fixed-fee contract which is in stark contrast to the conditions without
double marginalization effect. Yet, technology sharing cannot be achieved under the royalty-
fee contract in supply chain settings. Finally, we find that the results of technology sharing
are robust to yield uncertainty. We also illustrate that both farmers may benefit more from
technology sharing under yield uncertainty.

This paper proceeds as follows. The related literature is reviewed in Sect. 2. Section 3
analyzes models without and with technology sharing under the fixed-fee contract and the
royalty-fee contract. Section 4 presents the analysis and ourmainfindings. Section 5 considers
two-part tariff contracts, supply chain settings, and yield uncertainty of farmers. Finally, the
conclusions are given in Sect. 6.

2 Related literature

This paper contributes to the recent literature on technology sharing and contract design.

2.1 Technology sharing

Our work is closely related to technology sharing. Some research is carried out from the
perspective of the licensor. Gallini and Winter (1985) investigate the condition for licensors
when they share their cost-reducing technologywith their competitorswhile their competitors
can also develop the technology by themselves. This paper interprets whether the licensor
should share technology and its impact from the licensor’s perspective. Our paper further
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provides the motivations and conditions for the acceptance of technology from the licensee’s
perspective. Zhao et al. (2014) assume that the licensee pays all increases from technology
sharing to the licensor and whether technology sharing can be realized only depends on the
licensor. The assumption of Zhao et al. (2014) is the special case of our paper. We portray
a win–win result for both farmers when technology sharing is realized. Other papers also
consider technology sharing in terms of risk pooling (Zhang et al., 2018), quality manage-
ment (Jiang & Shi, 2018), supply disruption (Yang et al., 2019), and financial investment
(Kulatilaka & Lin, 2006). Different from the literature, we capture the technology sharing
ratio and provide contract design for technology sharing.

Some studies related to technology sharing are done in agricultural settings. A stream of
literature (e.g., Mtega et al., 2013) demonstrates that farmers will share technology to reduce
costs. Chen and Tang (2015) and Liao et al. (2019) analyze technology sharing among
farmers to study how to maximize the total social welfare from the perspective of platforms
or governments. We focus on the interaction of technology sharing between two farmers to
investigate how the interaction affects social welfare. Alene and Manyong (2006) find that
only 5% of the follower farmers gain the whole technology package in technology sharing
settings, and others can only obtain a part of the technology. An et al. (2015) point out
that licensors do not always share all their technologies but share technology in agriculture.
Hence, we propose the concept of technology sharing ratio to characterize the relationship
among farmers from a modeling perspective.

Some papers take into account the yield uncertainty when analyzing technology sharing in
the agricultural industry. Large-scale social events, the unpredictability ofweather and natural
conditions all contribute to the uncertainty of agricultural output (Just, 2001).Deo andCorbett
(2009) claim that the actual outputs may not be consistent with the expected outcome, which
results in the decline in participant’s profits. Alizamir et al. (2019) consider government
subsidies to farmers when there exists yield uncertainty in farmers’ outputs. However, the
existing research on technology sharing in agriculture ignores the uncertain characteristics of
agricultural products. Therefore, we portray yield uncertainty into technology sharing among
farmers and focus on the contract design.

The afore-mentioned papers are in the setting where the licensor and the licensee sell their
products directly to consumers. Some works concern technology sharing issues in supply
chain settings. Chen et al. (2017) consider the supplier as a licensor and two farmers as
licensees. They emphasize the differences between two kinds of royalties in the selling and
wholesale prices, which are two different forms of the royalty-fee contract. We focus on
royalties in the selling price and consider technology sharing in a horizontal structure rather
than a vertical structure. More importantly, different from Chen et al. (2017), we explore how
double marginalization affects the contract design and the profits of two farmers in supply
chain settings.

2.2 Contract design

Much of the literature on technology sharing occurs either under the fixed-fee contract or the
royalty-fee contract (e.g., Chakraborty et al., 2018; Hu et al., 2017). Few works simultane-
ously concern both types of contracts. For example, Kamien and Tauman (1986) compare
how much profit the licensor can gain by sharing technology to the competitor, producing a
homogeneous product, using the fixed-fee contract and the royalty-fee contract in Bertrand
competition. They find that the licensor always gains a higher profit under the fixed fee con-
tract. Comparing their work, we analyze the differences between the fixed-fee contract and
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the royalty-fee contract considering the technology sharing ratio in Cournot competition and
point out which contract the licensor prefers depending on the contract parameters. Cheng
et al. (2018) analyze technology sharing strategy in the evolutionary game under either the
fixed-fee contract or the royalty-fee contract. They independently investigate technology
sharing under two different contracts but do not quantitatively compare the decisions and
profits under the two contracts. Hence, we further provide suggestions for the licensor on
contract choice and contract design.

Moreover, the afore-mentioned literature assumes that contract parameters are exogenous,
ignoring the scenario where farmers negotiate technology sharing by themselves. Therefore,
we endogenize contract parameters under both the fixed-fee contract and the royalty-fee con-
tract. Though contracts for technology sharing among farmers are rarely studied, some pieces
of evidence show that farmers need contracts to ensure the reasonableness and effectiveness
of technology sharing (e.g., Mtega et al., 2013). Hence, the research on the contract design
of technology sharing among farmers is of practical significance.

Additionally, the two-part tariff contract is used in the literature on technology sharing.
Some researchers (e.g., Mensendiek & Mitri, 2014; Yang & Ma, 2017) study the two-part
tariff contract in a supply chain where a supplier charges a retailer a royalty fee of each
product and a fixed fee. Different from their work, we study the two-part tariff contract
between two farmers engaged in Cournot competition selling horizontal products. Kitagawa
et al. (2014) study the impact of technology sharing on licensors and licensees under the two-
part tariff contract without considering the conditions for technology sharing. Furthermore,
the afore-mentioned papers all study technology sharing given the two-part tariff contract
without considering why the licensor adopts the two-part tariff contract. We compare the
two-part tariff contract with the fixed-fee contract and the royalty-fee contract, respectively,
and interpret why farmers with advanced technology adopt different contracts under different
conditions.

In summary, our research differs from the existing studies in four aspects. Firstly, we
propose the technology sharing ratio to reveal how much technology farmers will share with
others. Thus, different from Kamien and Tauman (1986) that the licensor can benefit more
under the royalty-fee contract than the fixed-fee contract, we prove that those results may
not always exist due to the introduction of the technology sharing ratio. Secondly, the extant
literature (e.g., Kitagawa et al., 2014) on the two-part tariff contract does not explain why
it is adopted. Therefore, we further compare it with the fixed-fee contract and the royalty-
fee contract, respectively, to figure out the different conditions for technology sharing under
different contracts. Thirdly,much of the literature on technology sharing (e.g., Hu et al., 2017)
carries out given the type of contracts;we study the situations inwhich licensors can determine
the contract parameters under the fixed-fee contract and the royalty-fee contract, respectively.
Hence, we provide suggestions for licensors onwhich type of contracts to adopt. Fourthly, we
explore the impact of double marginalization effect on technology sharing among farmers.
Finally, we extend to study technology sharing among farmers under yield uncertainty to find
that the strategy of whether to share technology is robust and both the licensor and licensee
may benefit more from technology sharing under yield uncertainty.
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3 Model description

3.1 Model setup

Consider an economic system consisting of Farmer 1 and Farmer 2 that sell homogeneous
products (e.g., crops) to consumers in the market. Farmers 1 and 2 simultaneously determine
their products quantities q1 and q2 at production costs c1 and c2, respectively (Chen et al.,
2015). Following Mensendiek and Mitri (2014), we assume c1 < c2 which means Farmer
1 has already developed some advanced technology for farming that can be used to lower
the production cost. The game has two stages. At Stage 1, Farmer 1 (i.e., a licensor) decides
whether to share technology with Farmer 2 (i.e., licensee) and after that, Farmer 2 decides
whether he accepts agricultural technology from Farmer 1. At Stage 2, Farmers 1 and 2
determine the quantities, respectively. The decision process of the two parties is shown in
Fig. 1.

If technology sharing is achieved, Farmer 1 will teach Farmer 2 how to apply it at the
operational level. Following Kamien and Tauman (1986), we assume that Farmer 1 will not
withdraw from the market but still produce at c1. If technology sharing is achieved, then the
production cost of Farmer 2 is c2 − k(c2 − c1). Here k represents technology sharing ratio.
For example, the ratio is the part of technology including seed, insecticide, fertilizer, and
recommended cereal-cowpea cropping pattern shared among farmers in northern Nigeria
(e.g., Alene andManyong, 2006). In our paper, the technology sharing ratio can be measured
as part of one kind of technology or part of a series of technology for agricultural activities.
The ratio can be directly measured by the portion of technology shared by Farmer 1. The
larger k is, the more technology Farmer 1 shares with Farmer 2 and the lower Farmer 2’s
production cost is. k � 0 means that Farmer 1 will not share his technology to lower the
production cost of Farmer 2, and k � 1 implies that Farmer 1 shares the whole package of
his technology with Farmer 2. In this case, both farmers produce at the same unit production
cost, i.e., c1.

The notations are described as follows.
Parameters

ci : Unit production cost, i � 1, 2 and 0 < c1 < c2.
a: Price cap, that is, the potential highest selling price. The price cap should be higher than
the unit production cost, i.e., a > ci .
k: Technology sharing ratio, 0 ≤ k ≤ 1.
F :Afixed fee that Farmer 2 pays toFarmer 1 for technology sharing of each unit of technology
sharing ratio under the fixed-fee contract and F > 0.
r : A royalty fee that Farmer 2 is required to pay to Farmer 1 for each unit sold under the
royalty-fee contract and 0 < r ≤ k(c2 − c1).

Variables

Farmer 2 decides whether to 
accept technology sharing

Farmer 1 decides whether to share 
technology with Farmer 2

Farmers make the quantity 
decisions

Fig. 1 The decision process of Farmers 1 and 2
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qsi : The quantity decisions of Farmer i / Retailer i under the scenario s.
ws
i : The unit wholesale price of product i under the scenario s.

ps : The selling price of Farmer i /Retailer i under the scenario s.
In the above, s ∈ {B, FF , RF}. B represents there is no technology sharing. FF repre-

sents technology sharing under the fixed-fee contract and RF represents technology sharing
under the royalty-fee contract.

In practice, the implementation cost is often considered as a fixed and sunk cost, which
does not change the results when normalized to 0. Consistent with the literature (e.g., Jiang
& Shi, 2018), we assume that technology sharing between Farmers 1 and 2 does not incur
any implementation cost.

3.2 Profit functions

According to the literature (e.g., Vives, 1984), consumer surplus is assumed as.

CS(q1, q2) � a(q1 + q2) − (
q21 + 2q1q2 + q22

)
/2 − pq1 − pq2 (1)

we can derive the inverse demand function from Eq. (1),

p � a − q1 − q2. (2)

where a represents the price cap.
When technology sharing is not achieved, the optimization of Farmer i can be stated as

follows:

max
qi

πi � (p − ci )qi i � 1, 2 (3)

The basic model assumes that yield uncertainty does not exist, which will be relaxed
in Sect. 5.3. Under the fixed-fee contract (denoted as FF contract), if Farmer 1 shares the
technology and Farmer 2 accepts technology sharing, Farmer 2 needs to pay a transfer fee
kF to Farmer 1. This can be done in terms of face-to-face transactions or on online platforms
such as Avaaj Otalo. The transfer fee is a one-time payment by licensees to licensors for a
corresponding technology proportion. The transfer fee increases with k, which means that
the more technology the licensor shares, the more significant transfer fee the licensee pays
to the licensor. Two farmers’ optimizations can be stated as follows:

max
q1

π FF
1 � (p − c1)q1 + kF ,

max
q2

π FF
2 � [p − c2 + k(c2 − c1)]q2 − kF .

Under the royalty-fee contract (denoted as RF contract), if Farmer 1 shares the technology
and Farmer 2 accepts technology sharing, Farmer 2 pays a transfer fee r for a unit of products
produced to Farmer 1. Two parties’ optimizations can be stated as follows:

max
q1

π RF
1 � (p − c1)q1 + rq2,

max
q2

π RF
2 � [p − c2 + k(c2 − c1)]q2 − rq2,

where r < k(c2 − c1) is assumed to guarantee that the royalty fee cannot exceed the unit
production cost saved by Farmer 2. Literally, the profit of Farmer 1 is irrelevant to the
technology sharing ratio under the RF contract. When Farmer 1 shares technology with
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Farmer 2, the farmer’s market share is influenced by the unit production cost, which has a
secondary, rippling effect on Farmer 1.

Table 1 summarizes the equilibrium decisions and profits of members and consumer
surplus when technology sharing is not achieved, and when it is achieved under the FF
contract and the RF contract, respectively.

4 Technology sharing strategy

In this section, we first explore the sensitivity analysis of some critical parameters and com-
pare theFF contract and theRF contract. Then, we provide conditions for technology sharing
when contract parameters are exogenous and endogenous, respectively. All the simplified
equations are listed in Table 2 in “Appendix”.

Proposition 1 Under the RF contract, (1) ∂π RF∗
1 /∂r < 0 iff r > r1 and ∂π RF∗

2 /∂r > 0 iff
r > r2. (2) ∂π RF∗

1 /∂r > 0 and ∂π RF∗
2 /∂r > 0 iff r2 < r < r1.

Proposition 1 suggests that under the RF contract, as the royalty fee increases, Farmer 1
increases his quantity, and Farmer 2 decreases his quantity because Farmer 2 pays a larger
transfer fee. However, the total quantity of both farmers still decreases, accordingly resulting
in a higher market price. As a result, the profit of Farmer 1 first increases due to a larger
market share, and then falls because of the lower market share of Farmer 2, which in turn
results in a smaller transfer fee. Reversely, producing a lower quantity at a higher market
price leads to the phenomenon that the profit of Farmer 2 first decreases and then increases
because the transfer fee first outweighs the extra revenue from the higher market price. Then,
the higher market price becomes the dominant force when he accepts more technology, as
shown in Fig. 2. Proposition 1 also implies that when the royalty fee is medium, farmers’
profits increase simultaneously because they can benefit from the increased market price.

Below we present the results on the comparison of profits under the FF and RF contracts.

Proposition 2 (1) π FF∗
1 > π RF∗

1 iff F > (5a − c1 − 4c2 − 4kc1 + 4kc2 − 5r)r/(9k).
(2) π FF∗

2 > π RF∗
2 iff k > max{r/(c2 − c1), (c2 − c1 + r)/(2c2 − 2c1), 0} and F <

4(a + c1 − 2c2 − 2kc1 + 2kc2 − r)r/(9k).

Proposition 2 implies that Farmers 1 and 2 cannot make a higher profit simultaneously
under a contract than the other. Farmer 1 benefits more from the FF contract than the RF
contract when the fixed fee is hefty, while Farmer 2 benefits more from the FF contract when
the fixed fee is small and the technology sharing ratio is large. When the technology sharing
ratio is small, the transfer fee is greater under the FF contract than that under the RF contract.
Farmer 2 pays a hefty transfer fee under the FF contract when the technology sharing ratio
is large.

4.1 Technology sharing strategy: exogenous contract parameters

In this section, we analyze how the technology sharing strategy changes with contract param-
eters. Note that region (A, R) represents that Farmer 1 shares technology while Farmer
2 refuses to accept technology sharing. Region (A, A) means that technology sharing is
achieved. Region (R, A) represents that Farmer 1 refuses to share the technology while
Farmer 2 is intended to purchase. Region (R, R) represents Farmer 1 refuses to share the
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Fig. 2 Profits versus r

technology, and Farmer 2 also does not intend to buy the technology; that is, technology shar-
ing harms both Farmers 1 and 2. Then, we can obtain the condition for technology sharing
under the FF contract, as shown in Proposition 3.

Proposition 3 Under the FF contract, technology sharing is achieved iff F FF
1 ≤ F ≤ FFF

2
and k ≥ max{(2c2 − c1 − a)/(c2 − c1), 0}.

According to Proposition 3, if c2 < (a + c1)/2, then k > 0. If c2 ≥ (a + c1)/2,
then,k > (2c2 − c1 − a)/(c2 − c1). Figure 3 illustrates the equilibrium strategies under
the FF contract.

As shown in Region (A, R) of Fig. 3, Farmer 1 would like to share technology when the
transfer fee is relatively large, whereas Farmer 2 refuses to accept technology sharing. The
reason is that although technology sharing increases the profit of Farmer 2 by lowering his
production cost and increasing hismarket share, the transfer fee is such large that it outweighs
the gains from technology sharing.

When FFF
1 ≤ F ≤ FFF

2 , Farmer 1 benefits from the transfer fee, and Farmer 2 ben-
efits from a larger market share than that without technology sharing, as shown in Region
(A, A) of Fig. 3. Especially when Farmer 2’s production cost is small, technology shar-
ing can be achieved regardless of the range of technology sharing ratio. This means that
when Farmer 2’s production cost is small, even if the technology sharing ratio is small
(k ≤ (2c2 − c1 − a)/(c2 − c1)), the profit of Farmer 1 increases slightly by obtaining the
transfer fee, and Farmer 2 benefits from a slightly larger market share. On the other hand,

Fig. 3 Technology sharing under the FF contract
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when the unit production cost of Farmer 2 is considerable, i.e., c2 ≥ (a + c1)/2, technology
sharing reduces the unit production cost of Farmer 2 significantly, which leads to a larger
market share of Farmer 2. As a result, the profit of Farmer 2 increases remarkably. Therefore,
Farmer 2 always accepts technology sharing given any technology sharing ratio. However,
Farmer 1 consequently loses the cost advantage over Farmer 2, which hurts his profit. When
the technology sharing ratio is large, Farmer 1 can increase the profit by the transfer fee;
when the technology sharing ratio is small, the transfer fee cannot cover the loss due to the
loss of cost advantage. Hence, a lower bound of the technology sharing ratio is required to
ensure that Farmer 1 is willing to share technology with Farmer 2.

When the transfer fee is relatively small, as shown in Region (R, A) of Fig. 3, Farmer 1
refuses to share his technology because a small transfer fee cannot compensate for the loss of
profit caused by the decrease of market size. Thus, Proposition 3 implies that farmers might
share much technology with those lacking technology, although such technology sharing will
intensify the competition. This result is consistent with the phenomenon that farmers with
technology are willing to share technology with others to decrease their production costs
in northern Nigeria (Alene and Manyong, 2006). Furthermore, the technology owners can
promote their technology to earn a more significant transfer fee.

Proposition4 Under theRFcontract, technology sharingwill be achieved iff c2 ≤ (a + c1)/2
and r RF1 ≤ r ≤ r RF2 .

We can illustrate the equilibrium strategies under the RF contract in Fig. 4. Proposition 4
implies that technology sharing will be achieved only when the two parties’ production costs
are similar. This is because when a farmer’s production cost is small, Farmer 1 benefits from
the transfer fee, and Farmer 2 benefits from a larger market share, as shown in Fig. 4a. On
the other hand, when Farmer 2’s production cost is high, as shown in Fig. 4b, technology
sharing significantly decreases Farmer 2’s production cost. However, the transfer fee is so
huge that Farmer 2 cannot afford it. Hence, Farmer 2 will not buy technology from Farmer
1. Compared with conditions for technology sharing under the FF contract, under the RF
contract, an additional constraint, i.e., c2 ≤ (a + c1)/2, is required to ensure technology
sharing because Farmer 1 gets a smaller transfer fee when Farmer 2’s production cost is high.
Consequently, the smaller transfer fee cannot compensate for the loss from selling fewer
products.

Fig. 4 Technology sharing under the RF contract
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When the royalty fee is relatively small or large, as shown in regions (A, R) and (R,
A) in Fig. 4, technology sharing will not be achieved. Reasons are consistent with those
results when the transfer fee is relatively large or small under the FF contract. Proposition
4 implies that farmers are more likely to share technology with those of similar production
costs. Furthermore, for those farmers with technology in Ghana (see Conley & Udry, 2010),
the royalty fee they charge for each pineapple cannot be too high; otherwise, farmers who
lack skills are unwilling to pay.

From Propositions 3 and 4, we can summarize the following observations. (1) Technology
sharing will be achieved when the technology sharing ratio is larger than a threshold so that
the unit production costs of two parties are identical. Though farmers will consequently face
more intense competition when their production costs are similar, which seems to be harmful
to licensors, licensors can benefit from the appreciable value of the transfer fee from the
licensee. (2) Unlike conditions under the FF contract, licensors only share technology with
licensees when their production costs are very similar under the RF contract. This is because
when licensors have a significant cost advantage over licensees, the transfer fee is so huge that
it exceeds the cost savings of licensees, which makes licensees abandon buying technology
from licensors.

Based on the conditions for technology sharing under two different contracts, we compare
twocontracts in termsof sensitivity analysis and consumer surplus. Therefore,wefirst analyze
the sensitivity of k as shown in Proposition 5.

Proposition 5 When technology sharing is achieved, (1) under the FF contract, the profits
of both Farmers 1 and 2 increase with k, i.e., ∂π FF∗

i /∂k > 0; (2) under the RF contract,
the profit of Farmer 1 decreases with k, i.e., ∂π RF∗

1 /∂k < 0, while the profit of Farmer 2
increases with k, i.e., ∂π RF∗

2 /∂k > 0.

Proposition 5 implies that the licensor prefers to share more technology under the FF
contract, whereas he shares less technology under the RF contract in the feasible region.
Under the FF contract, both the selling price and market share of Farmer 1 decrease with
the technology sharing ratio. However, due to the increase in Farmer 2’s market share, the
transfer fee increases. Therefore, the profit of Farmer 1 increases since the transfer fee plays
a key role. Under the RF contract, the transfer fee increases with the technology sharing
ratio as well. However, the rise in transfer fees is smaller than the decrease in the profit
selling Farmer 1’s products. Therefore, the profit of Farmer 1 decreases as the technology
sharing ratio increases under the RF contract. For Farmer 2, regardless of contracts, his gain
increases with the technology sharing ratio. Therefore, though technology sharing induces
a more significant transfer fee, Farmer 2 can earn a larger market share, which becomes a
dominant factor in his profit.

Proposition 6 When technology sharing is achieved, CSFF∗ > CSRF∗ > CSB∗.

When technology sharing is achieved, consumer surplus increases, and consumer surplus
will be greater under the FF contract than that under the RF contract. Though technology
sharing will intensify themarket competition between two farmers, more intense competition
leads to a lower selling price, which is beneficial to consumers. When comparing consumer
surplus between two kinds of contracts, the competition ismore intense under theFF contract,
and accordingly, consumer surplus is larger. Proposition 6 implies that contract designers (i.e.,
governments in the U.S.) can prioritize fixed-fee contracts for technology sharing, which is
beneficial to society. It can be observed that even without extrinsic incentives, technology
sharing between two selfish farmers can increase consumer surplus and social welfare.
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4.2 Technology sharing strategy: endogenous contract parameters

This section shows the contract selection and its impact when contract parameters are deter-
mined by Farmer 1. Following Ertek andGriffin (2002), we provide conditions for technology
sharing when Farmer 1 is dominant and can design the contract. The game proceeds as fol-
lows (as shown in Fig. 5). At Stage 1, Farmer 1 decides the specific contract parameters of
different contracts. Then, Farmer 1 determines whether to share technology with Farmer 2.
After that, Farmer 2 decides whether he accepts technology sharing from Farmer 1 under
different contracts. Finally, at Stage 2, two parties simultaneously decide the quantities. We
use the superscript “-” to indicate the situation in which Farmer 1 designs the contract. The
optimal decisions and profits of the two parties are shown in Appendix.

Proposition 7 (1) We have F∗ � FFF
2 under the FF contract and r∗ � r RF2 under the RF

contract. (2) In this case, we have π RF∗
1 > π FF∗

1 and π FF∗
2 � π RF∗

2 .

Proposition 7 shows that Farmer 1 benefitsmore from theRF contract than theFF contract
when the royalty fee and the fixed fee are determined by Farmer 1, as shown in Fig. 6.
Technology sharinghelpsFarmer 2 earn a largermarket share under theRF contract.However,
Farmer 1 charges a larger transfer fee under the RF contract than that under the FF contract,
which benefits Farmer 1. Thus, under the RF contract, Farmer 1 can benefit more. The profit
of Farmer 1 is always higher than that of Farmer 2. This is because whatever the technology
sharing ratio is, Farmer 1 always enjoys the cost advantage over Farmer 2. Proposition 7
implies that Farmer 1 can benefit more while Farmer 2 cannot benefit from technology
sharing when Farmer 1 can design contracts. Proposition 7 implies that it is beneficial to
licensors when they share much technology. This is inconsistent with Alene and Manyong

Farmer 1 decides 
contract parameters

Farmers make the quantity 
decisions

Farmer 1 decides whether 
to share technology with 

Farmer 2

Farmer 2 decides 
whether to accept 

technology sharing

Fig. 5 Decision process when Farmer 1 designs the contract

Fig. 6 Profits comparison when
Farmer 1 designs the contract
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(2006), who show that technology sharing among farmers in northern Nigeria is not the
overall but partial technology. One possible reason is that from the licensees’ perspective,
they refuse to purchase a higher technology ratio since it is expensive. Therefore, technology
sharing will not harm the licensees’ profits. Since there is no uniform opinion about which
contract is more suitable for sharing technology among farmers, we believe that signing
royalty-fee contracts for licensors is more appropriate.

Corollary 1 (1) Under the FF contract, technology sharing will be achieved iff either c2 <

(a + 4c1)/5 or {(a + 4c1)/5 ≤ c2 ≤ (2a + 3c1)/5 and 2(5c2 − 4c1 − a)/(c2 − c1) ≤ k ≤
1}. (2) Under the RF contract, technology sharing will always be achieved.

Under the FF contract, when Farmer 2’s unit production cost is relatively high (c2 ≥
(2a + 3c1)/5), technology sharing will not be achieved. This is because technology sharing
can effectively reduce Farmer 2’s production cost, which results in a larger market share for
Farmer 2 but a smaller one for Farmer 1. Therefore, Farmer 1 will not share his technology
with Farmer 2. When the unit production cost of Farmer 2 is within the middle range,
the technology sharing ratio requires a lower bound because Farmer 1 will not share his
technology in exchange for a small transfer fee.When Farmer 2’s production cost is relatively
low, Farmer 1 benefits from a considerable transfer fee, and Farmer 2 gains a larger market
share as long as technology sharing is achieved. Under the RF contract, Farmer 1 can benefit
from technology sharing because of the hefty transfer fee. Concluded from Propositions 3
and 4 and Corollary 1, we obtain that there always exists awin–win outcome for both farmers
when technology sharing is achieved.

Corollary 2 (1) The profit of Farmer 1 increases with the technology sharing ratio, i.e.,
∂π s∗

1 /∂k > 0. (2) The profit of Farmer 2 remains unchanged no matter how the technology
sharing ratio changes, i.e., ∂π s∗

2 /∂k � 0 (s ∈ {FF , RF}).
Figure 6 also shows the impact of k on farmers’ profits. The intuition of Corollary 2 is that

Farmer 1 grabs all the profits from technology sharing. Thus, the gain of Farmer 2 remains
the same as that without technology sharing. Farmer 1 benefits from a larger transfer fee as
the technology sharing ratio increases. For Farmer 1, the monotonicity of technology sharing
ratio remains unchanged given the RF contract while it is reversed under the FF contract
when Farmer 1 designs the contract. This is because Farmer 1 will grab all the increase of the
whole system from technology sharing, and in this case, Farmer 2 cannot enjoy the benefits
of technology sharing. On the contrary, Farmer 2 can enjoy a portion when the contract is
exogenous. Corollary 2 implies that farmers with technology can share the whole technology
with those farmers lacking technology. This is consistent with the fact that 5% of farmers
share the entire technology package with follower farmers (Alene and Manyong 2006).

Corollary 3 For consumer surplus, we have CS
FF∗

> CS
RF∗

> CS
B∗
.

The specific explanation of Corollary 3 is similar to that in Proposition 5.
From Sect. 4, we can derive the following managerial insights. (1) In general, a win–win

outcome exists for both the licensor and the licensee under the FF contract and the RF
contract, leading to the technology sharing between them. (2) When technology sharing is
achieved, consumer surplus and social welfare will increase. (3) The licensor should choose
the RF contract rather than the FF contract when he can design the contract, which will
benefit him more. (4) The profit of the licensor decreases with the technology sharing ratio
when contract parameters are exogenous while increases with it when contract parameters
are endogenous.
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5 Model extensions

5.1 Two-part tariff contract

A two-part tariff contract has been widely applied in practice. We aim to introduce it into
agricultural technology sharing and study how the two-part tariff contract affects both parties
of technology sharing. Furthermore, we show whether the two-part tariff contract can benefit
licensors more than the fixed-fee contract or the royalty-fee contract. Under the two-part
tariff contract, if Farmer 1 shares his technology and Farmer 2 accepts technology sharing,
Farmer 2 pays Farmer 1 not only kF , but also rq2. We use the superscript “TT” to indicate
the case when technology sharing is achieved under the two-part tariff contract. Two parties’
problems can be stated as follows:

max
q1

π1 � (p − c1)q1 + rq2 + kF . (4)

max
q2

π2 � [p − c2 + k(c2 − c1)]q2 − rq2 − kF . (5)

Proposition 8 (1) πT T∗
1 < π FF∗

1 iff c2 > (a + c1)/2. (2) πT T∗
1 > π RF∗

1 .

We can illustrate the contract choice for Farmer 1 in Fig. 7. The profit of Farmer 1 is smaller
under the TT contract than that under the FF contract when Farmer 2’s unit production cost
is high. This is because although Farmer 1 charges kF plus rq2, Farmer 1 suffers a significant
loss in his profit by selling his products because technology sharing significantly decreases
Farmer 2’s production cost, which is initially large. The loss of his profit due to the increased
competition exceeds the transfer fee, and in this case, a higher transfer fee does not mean a
higher profit for Farmer 1. On the other hand, Farmer 1’s profit under the TT contract is more
significant than that under the RF contract, which implies that Farmer 1 can benefit from a
more substantial transfer fee under the TT contract. Proposition 8 means that, besides the
fixed fee, if the unit production costs of farmers are similar, the farmer with technology can
further charge the technology seeker according to the production quantities (e.g., crops or
livestock) in the setting of precision agriculture. Such a two-part tariff contract is acceptable
to licensees and can benefit licensors.

Proposition 9 Under the TT contract, technology sharing will be achieved iff c2 ≥
(a + c1)/2, max {0, a + c1 − 2c2 − kc1 + kc2} < r ≤ k(c2 − c1) and FTT

1 ≤ F ≤ FTT
2 .

Fig. 7 Contract choice for Farmer
1
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Under the TT contract, although Farmer 2 is charged more by Farmer 1, Farmer 2 benefits
from the decrease in production cost, which remarkably increases the market share of Farmer
2.We can see that the difference in conditions for technology sharing between theFF contract
or the RF contract and the TT contract is that technology sharing will be achieved if and
only if Farmer 2’s production cost is relatively high. This is because the competition is fierce
when the production costs of farmers are very similar. The intensified competition decreases
the incentive of Farmer 1 to share technology with Farmer 2.

Corollary 4 The profit of Farmer 1 decreases with k, i.e., ∂πT T∗
1 /∂k < 0, and the profit of

Farmer 2 increases with k, i.e., ∂πT T∗
2 /∂k > 0.

It is recalling Proposition 5, the profit of Farmer 1 increases with the technology sharing
ratio under the FF contract, while decreases with it under the RF contract. Corollary 4
implies that the profit of Farmer 1 still increases with the technology sharing ratio under
the TT contract, which means that the royalty fee becomes a dominant force in increasing
Farmer 1’s profit under the TT contract. In addition, the profit of Farmer 2 still rises with
the technology sharing ratio under the TT contract. The specific explanation is similar to
Proposition 5.We can also see fromCorollary 4 that if k is endogenous under the TT contract,
k must be an extreme value in its range.

5.2 Technology sharing in supply chains

Technology sharing is sometimes achieved among agricultural supply chains. For example,
some farmers concentrate on farming or grazing, and they will sell their products through
downstream retailers (e.g., groceries). Commonly, we assume that farmers will sign a whole-
sale price contract with the downstream (Jang&Klein, 2011). Hence, we take the technology
sharing problem in supply chain settings into consideration to investigate how the double
marginalization effect affects farmers’ technology sharing and provide the conditions for
introducing retailers. At Stage 1, Farmer 1 decides whether to share technology with Farmer
2 and then Farmer 2 decides whether he accepts technology sharing from Farmer 1. At Stage
2, Farmers 1 and 2 announce the wholesale prices to their retailers. After that, the retailers
decide on quantities. The decision process in supply chain settings is shown in Fig. 8.

The optimization of Retailer i can be stated as follows:

max
qi

πri � (p − wi )qi (6)

Under the FF contract, the optimization of Farmers 1 and 2 can be stated as follows:

max
w1

π FF
1 � (w1 − c1)q1 + kF . (7)

Farmer 1 decides whether 
to share technology with 

Farmer 2

Retailers decide 
quantities

Farmer 2 decides 
whether to accept 

technology sharing

Farmers determine the 
wholesale prices

Fig. 8 Decision process in supply chain settings
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max
w2

π FF
2 � [w2 − c2 + k(c2 − c1)]q2 − kF . (8)

Under the RF contract, the optimization of Farmers 1 and 2 can be stated as follows:

max
w1

π RF
1 � (w1 − c1)q1 + rq2,

max
w2

π RF
2 � [w2 − c2 + k(c2 − c1)]q2 − rq2.

Using the backward induction technique, we can obtain the equilibrium decisions and the
optimal profits of Farmers 1 and 2 and retailers, as shown in Table 4 in “Appendix”.

Proposition 10 Under the FF contract, technology sharing will be achieved in sup-
ply chain settings iff c2 ≥ (25a + c1)/26, F FF

3 ≤ F ≤ FFF
4 and k ≤

(104c2 − 100a − 4c1)/(157c2 − 157c1).

Compared with the results without retailers in Proposition 3, there are two main differ-
ences. Firstly, technology sharing will only be achieved in supply chain settings when Farmer
2’s production cost is higher than Farmer 1’s. However, technology sharing does not have
such a constraint when retailers are not concerned. This is because when Farmer 2’s produc-
tion cost is small, the competition is fierce between two upstream farmers, and the double
marginalization effect further lowers the profit margin of Farmer 1. Accordingly, Farmer 1
will share his technology only when the transfer fee is relatively large, while Farmer 2 will
accept technology sharing when the transfer fee is negligible. Therefore, they cannot agree
on the transfer fee in supply chain settings. Secondly, when the technology sharing ratio is
substantial, technology sharing will not be achieved in supply chain settings, while it can
be achieved without the double marginalization effect. When the technology sharing ratio is
considerable (approaching 1), Farmer 1 charges toomuch for technology sharing. For Farmer
2, the transfer fee of technology sharing is greater than the increased profit from technology
sharing. Additionally, the retailers divide a part of the profit, which harms the profit of the
upstream farmers. Since the wholesale price intensifies the double marginalization effect,
Farmer 1 shares a little technology to Farmer 2 to exchange a small transfer fee.

Proposition 11 Under the RF contract, technology sharing cannot be achieved in supply
chain settings.

Under the RF contract, although Farmer 1 can get a transfer fee from Farmer 2, it cannot
compensate for the loss of self-profit caused by the loss of cost advantage. Thus, Farmer 1
has no incentive to share his technology though Farmer 2 is willing to accept technology
sharing.

We suggest that farmers that sell products by retailers or groceries should conduct tech-
nology sharing under the fixed fee contract.

5.3 Technology sharing under yield uncertainty

In this subsection, we investigate the strategy of farmer’s technology sharing under yield
uncertainty due to natural factors such as climate changes and limited water. The actual
quantity produced is given by γi qi , where γi is a random variable reflecting the random yield
forFarmer i (i�1, 2).Weassume thatγ1 andγ2 are identically and independently distributed,1

1 Suppose γ1 and γ2 are identical. The corresponding equilibrium outcomes are the samewith those in Sect. 4.
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and the mean and variance of the yield uncertainty are μ � E
[
γi

]
and σ 2 � Var

[
γi

]
,

respectively. Without loss of generality, we take μ � 1 to focus on the impact of the variance
of yield uncertainty on technology sharing. In this case, the market price is given by the
inverse demand function:

p � a − γ1q1 − γ2q2. (9)

Farmers have to pay for the production cost according to the production quantity tar-
geted by themselves before harvest. Therefore, when technology sharing is not achieved, the
optimization of Farmer i can be stated as follows:

max
qi

π B
i � E

[
γi qi p − ciqi

]
i � 1, 2 (10)

Under the FF contract, the optimization of Farmers 1 and 2 can be stated as follows:

max
q1

π FF
1 � E

[
γ1q1 p − c1q1 + kF

]
. (11)

max
q2

π FF
2 � E

[
γ2q2 p − [c2 − k(c2 − c1)]q2 − kF

]
. (12)

Under the RF contract, the optimization of Farmers 1 and 2 can be stated as follows:

max
q1

π RF
1 � E

[
γ1q1 p − c1q1 + rq2

]
. (13)

max
q2

π RF
2 � E

[
γ2q2 p − [c2 − k(c2 − c1)]q2 − rq2

]
. (14)

According to Eqs. (9)–(12), we thus can obtain that under the FF contract, technology
sharing will be achieved if and only FFF

6 < F < FFF
5 . It indicates that technology sharing

will be realized under the FF contract when the transfer fee is medium. This is consistent
with Proposition 3 and suggests that though yield uncertainty can affect the target production
of farmers, it will not qualitatively affect the conditions for technology sharing. The above
analysis implies that regardless of yield uncertainty, the strategy of technology sharing among
farmers still holds.

Next, we explore how the variance of yield uncertainty influences farmers’ willingness to
promote technology sharing under the FF contract. As the variance of the yield uncertainty
increases, Farmer 1’s additional gain from sharing technology is larger, meanwhile, Farmer
2’s additional gain from purchasing technology is larger only when the production cost of
Farmer 2 is high (i.e., c2 > a+7c1−4c1k

8−4k ). Denoting �π FF∗
1 � π FF∗

1 − π B∗
1 and �π FF∗

2 �
π FF∗
2 − π B∗

2 . We have Proposition 12.

Proposition 12 Suppose technology sharing is achieved. Under the FF contract, (1) for
Farmer 1, �π FF∗

1 increases with σ , i.e., ∂�π FF∗
1 /∂σ > 0. (2) For Farmer 2, �π FF∗

2
increases with σ iff {c2 > a+7c1−4c1k

8−4k and σ < σ1}, i.e., ∂�π FF∗
2 /∂σ > 0.

Under the RF contract, according to Eqs. (9), (10), (13), and (14), technology sharing will
be achieved if and only if r RF4 < r < min

{
r RF3 , r RF6

}
or max

{
r RF4 , r RF5

}
< r < r RF6 .2

It indicates that a medium royalty fee can guarantee the realization of technology sharing,
which is consistent with Proposition 4. This shows the robustness of technology sharing
under the RF contract.

2 The proofs of conditions for technology sharing under the FF contract and the RF contract are shown in the
“Appendix”.
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However, how the variance of the yield uncertainty influences farmers’ willingness to
promote technology sharing under the RF contract cannot be analytically given. Therefore,
we numerically investigate the impact of the variance of yield uncertainty, as shown in
the “Appendix”. We illustrate that sharing technology can help Farmer 1 cope with yield
uncertainty under the RF contract. While for Farmer 2, he will purchase technology from
Farmer 1 when the variance of yield uncertainty is relatively small.

6 Conclusions

In the competitive settings of farmers, some farmers with technology (i.e., licensors) are
confronted with the difficulty that they do not know whether to share their technology with
their peers, while others without technology (i.e., licensees) puzzle whether they should
purchase it to increase profit. Both non-sharing technology and blindly sharing all technol-
ogy are considered unsatisfactory strategies because technology sharing is a double-edged
sword. For the licensors, too much technology sharing may significantly decrease their com-
petitiveness, whereas little technology sharing may make technology sharing less profitable
for them. Meanwhile, the licensees need to make a tradeoff between the increased marginal
profit and the transfer fee. Hence, we propose a technology sharing ratio to better characterize
technology sharing.

We identify the conditions for technology sharing between two farmers under the fixed-fee
contract and the royalty-fee contract when contract parameters are exogenous and endoge-
nous, respectively, and we show how different contracts work. We offer a win–win outcome
for farmers when technology sharing is achieved under the fixed-fee contract and the royalty-
fee contract.Additionally, as the technology sharing ratio increases, the profits of both farmers
simultaneously increase under the fixed-fee contract, whereas under the royalty-fee contract,
the profit of the licensor decreases,while the profit of the licensee increases. Since the achieve-
ment of technology sharingwill lead to the licensor’s loss of cost advantage, amore intensified
competition will make the whole market share larger, which is beneficial to consumers. The
managerial insight is that governments can promote the achievement of technology sharing
among farmers. This paper indicates that the licensor prefers the royalty-fee contract to the
fixed-fee contract when contract parameters are endogenous. This is because the transfer fee
is larger under the royalty-fee contract than that under the fixed-fee contract corresponding
to the same technology sharing ratio.

We further consider the two-part tariff contract and introduce technology sharing to the
settings of supply chain and yield uncertainty. We provide technology sharing conditions
for the licensor under the two-part tariff contract and find that the fixed-fee contract can
perform better than the two-part tariff contract when the production costs of the licensor
and the licensee are similar. Afterwards, in supply chain settings, we observe that a small
technology sharing ratio can guarantee technology sharing under the fixed-fee contract. In
contrast, technology sharingwill never be achieved under the royalty-fee contract. Finally, we
find that the results of technology sharing are robust considering yield uncertainty, and show
that sharing technology might enhance both farmers’ profits when yield uncertainty exists.

Since we have obtained some managerial insights, we hope this work will inspire more
future research on this topic. First, based on the models and results of this paper, one can con-
sider the conditionwheremultiple farmers seek technical help.Hence, farmerswith a technol-
ogy need to decide howmany farmers to share technology with and howmuch technology to
communicatewith each farmer. Second, one can extend the analysis considering the uncertain
demand to investigate how farmers cope with the uncertainty in technology sharing settings.
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See Tables 2, 3 and 4.

123



698 Annals of Operations Research (2022) 314:677–707

Ta
bl
e
2
A
bb
re
vi
at
io
ns

in
Se
ct
.4

In
de
x

E
xp

re
ss
io
ns

Pr
op

os
iti
on

s

r 1
(5
a

−
c 1

−
4c

2
−

4k
c 1

+
4k

c 2
)/
10

Pr
op
os
iti
on

1

r 2
(a

+
c 1

−
2c

2
−

2k
c 1

+
2k

c 2
)/
2

Pr
op
os
iti
on

1

F
F
F

1
(c
2

−
c 1
) [
2a

−
c 1
(4

−
k)

+
c 2
(2

−
k)
]/
9

Pr
op
os
iti
on

3

F
F
F

2
4(
c 2

−
c 1
) [
a
+
c 1
(1

−
k)

−
c 2
(2

−
k)
]/
9

Pr
op
os
iti
on

3

r
R
F

1
{
[5
a

−
c 1
(1

+
4k

)−
4c

2
(1

−
k)
]−

√
(c
1
+
4c

2
−

5a
)2

+
36

(c
2

−
c 1
)2
k2

−
72

k(
c 2

−
c 1
)2

}
/
10

Pr
op
os
iti
on

4

r
R
F

2
k (
c 2

−
c 1

)
Pr
op
os
iti
on

4

123



Annals of Operations Research (2022) 314:677–707 699

Ta
bl
e
3
A
bb
re
vi
at
io
ns

in
Se
ct
.5

In
de
x

E
xp
re
ss
io
ns

Pr
op

os
iti
on

s

A
1

μ
8
{
4c

2 2
[4

−
9 (
2

−
k )
k ]

+
c2 1
[1

−
36

(2
−

k )
k ]

−
40

ac
2
μ
+
25
a2

μ
2
+

2c
1
c 2

[ 4
+
36

( 2k
−

k2
)]

−
10

c 1
aμ

}

A
2

4μ
6
σ
2
{
10

c2 2
[2

−
3 (
2

−
k )
k ]

+
c2 1

( 1
−

51
k
+
30

k2
)
−
ac

2
(4
9

−
9k

)μ
+
30

a2
μ
2
+

c 1
c 2
[9

+
3 (
37

−
20

k )
k ]

−
a (
11

+
9k

)μ
c 1
}

A
3

4μ
4
σ
4
{
c2 2
[3
3

−
37

(2
−

k )
k ]

+
c2 1
[1

−
k (
44

−
37
k )
]−

6a
c 2

(1
3

−
5k

)μ
+
46
a2

μ
2
+

2c
1
c 2

[ 6
+

( 59
k

−
37
k2

)]
−

2c
1
a (
7
+
15
k )

μ
}

A
4

16
σ
6
{μ

2
{
5c

2 2
(1

−
k )

2
−

c2 1
k (
3

−
5k

)
−
ac

2
(1
1

−
7k

)μ
+
6a

2
μ
2
+
(c
2
+
c 1
k

−
c 2
k

−
aμ

)2
σ
2
+

c 1
[c

2
+
c 2

(1
3

−
10

k )
k

−
a (
1
+
7k

)μ
]}

}
A
5

aμ
( 5μ

2
+
2σ

2
)
−

2c
2
(1

−
k )

( 2μ
2
+

σ
2
)
−

c 1
[ (1

+
4k

)μ
2
+
2k

σ
2
]

F
T
T

1
[ (
2a

−
4c

1
+
kc

1
+
2c

2
−

kc
2
)(
c 2

−
c 1

)k
+
r (
c 1

+
4c

2
+
4k

c 1
−

4k
c 2

−
5a

+
5r

)]
/
(9
k)

Pr
op

os
iti
on

9

F
T
T

2
4 [
k(
c 2

−
c 1
)+

r ]
[a

+
c 1

−
2c

2
+
k(
c 2

−
c 1
)−

r ]
/
(9
k)

Pr
op

os
iti
on

9

F
F
F

3
8 (
c 2

−
c 1

)(
kc

1
−

7c
1
+
2c

2
−

kc
2
+
5a

)/
67
5

Pr
op

os
iti
on

10

F
F
F

4
2 (
c 2

−
c 1

)(
16
1k

c 1
−

32
c 1

+
11
2c

2
−

16
1k

c 2
−

80
a )

/
67
5

Pr
op

os
iti
on

10

F
F
F

5
(c

2
−c

1
)μ

2
[ c 2

(2
−k

)−
c 1

( 4−
k+

4σ
2
) +
2a

( 1+
2σ

2
)]

(1
+
2σ

2
)(
3+

2σ
2
)2

Se
ct
io
n
5.
3

F
F
F

6
4 (
c 2

−c
1
)( 1+

σ
2
)[
c 1

(1
−k

)−
c 1
kσ

2
−c

2
(2

−k
)( 1+

σ
2
) +
a( 1+

2σ
2
)]

(1
+
2σ

2
)(
3+

2σ
2
)2

Se
ct
io
n
5.
3

r
R
F

3
m
in

{
(c

2
−

c 1
)k
,
a( 1+

2σ
2
) +
c 1

[ (1
−k

)+
kσ

2
] −c

2
(2

−k
)( 1+

σ
2
)

1+
σ
2

}
Se

ct
io
n
5.
3

r
R
F

4
[ A

5
−( 9μ

4
+
12

μ
2
σ
2
+
4σ

4
) √

A
1
+
A
2
+
A
3
+
A
4
]

(1
0μ

4
+
20

μ
2
σ
2
+
8σ

4
)(
3μ

2
+
2σ

2
)2

Se
ct
io
n
5.
3

123



700 Annals of Operations Research (2022) 314:677–707

Ta
bl
e
3
(c
on

tin
ue
d)

In
de
x

E
xp
re
ss
io
ns

Pr
op

os
iti
on

s

r
R
F

5
m
ax

{
(c

2
−

c 1
)k
,
a( 1+

2σ
2
) +
c 1

[ (1
−k

)+
kσ

2
] −c

2
(2

−k
)( 1+

σ
2
)

1+
σ
2

}
Se

ct
io
n
5.
3

r
R
F

6
[ A

5
+
( 9μ

4
+
12

μ
2
σ
2
+
4σ

4
) √

A
1
+
A
2
+
A
3
+
A
4
]

(1
0μ

4
+
20

μ
2
σ
2
+
8σ

4
)(
3μ

2
+
2σ

2
)2

Se
ct
io
n
5.
3

σ
1

T
he

sm
al
le
st
ro
ot

of
√

(8
a

−
8c

2
−

4c
1
k
+
4c

2
k )

σ
6
+

(1
2a

+
8c

1
−

20
c 2

−
10

c 1
k
+
10

c 2
k )

σ
4
+

(6
a
+
14

c 1
−

20
c 2

−
10

c 1
k
+
10

c 2
k )

σ
2
+
7c

1
−

8c
2

−
4c

1
k
+
4c

2
k
+
a

�
0

Pr
op

os
iti
on

12

123



Annals of Operations Research (2022) 314:677–707 701

Table 4 The optimal decision and profit in supply chain settings

No technology sharing Technology sharing under the FF
contract

Technology sharing under the
RF contract

p∗ (5a + 2c1 + 2c2)/9 [5a + 2(1 + k)c1
+(1 − k)c2]/9

[5a + (2 + 2k)c1
+(2 − 2k)c2 + 3r ]/9

w∗
1 (5a + 8c1 + 2c2)/15 [5a + (8 + 2k)c1

+(2 − 2k)c2]/15

[5a + (8 + 2k)c1
+(2 − 2k)c2 + 6r ]/15

w∗
2 (5a + 2c1 + 8c2)/15 [5a + (2 + 8k)c1

+(8 − 8k)c2]/15

[5a + (2 + 8k)c1
+(8 − 8k)c2 + 9r ]/15

q∗
1 (10a − 14c1 + 4c2)/45 [10a + (4 − 14k)c1

+(2 − 2k)c2]/45

[10a − (14 − 4k)c1
+(4 − 4k)c2 − 3r ]/45

q∗
2 (10a − 14c1 + 4c2)/45 [10a + (4 − 14k)c1

−(14 − 14k)c2]/45

[10a + (4 − 14k)c1
+(14k − 14k)c2 − 12r ]/45

π∗
r1 4(5a − 7c1 + 2c2)2/2025 [20a − 4(7 − 2k)c1+

4(2 − 2k)c2]
2/2025

[10a − (14 − 4k)c1

+(4 − 4k)c2 − 3r ]2/2025

π∗
r2 4(5a + 2c1 − 7c2)2/2025 [20a + 4(2 − 7k)c1+

4(7 − 7k)c2]
2/2025

4[5a + (2 − 7k)c1

−(7 − 7k)c2 − 6r ]2/2025

π∗
1 2(5a − 7c1 + 2c2)2/675 [10a − 2(7 − 2k)c1+

2(2 − 2k)c2]
2/675 + kF

[
50a2 + (14k − 4)c1

−(4 − 4k)c2 − 6r ]2/675

+ r [10a + (4 − 14k)c1+

(14 − 14k)c2 − 12r ]/45

π∗
2 2(5a + 2c1 − 7c2)2/675 2[5a + (2 − 7k)c1 − (7 − 7k)c2]

[5a + (2 + 23k)c1 − (7 + 23k)

c2]/675 − kF

2[5a + (2 + 8k)c1 − (7 + 8k)

c2 − 6r ][5a + (2 − 7k)c1
−(7 − 7k)c2 − 6r ]/675

Proof of Table 1 When technology sharing is not achieved, since ∂2πi/∂q2i � −2 < 0,
πi is a concave function of qi . Hence, solving the first-order conditions ∂π1/∂q1 � 0 and
∂π2/∂q2 � 0, we have qB∗

1 � (a − 2c1 + c2)/3 and qB∗
2 � (a + c1 − 2c2)/3. Then we get

pB∗, π B∗
1 , and π B∗

2 from Eqs. (2), and (3). Plugging qB∗
i and pB∗ into Eq. (1), we can get

CSB∗
i . As shown in the second column of Table 1.

When technology sharing is achieved under the FF contract or the RF contract between
Farmers 1 and 2, proofs are similar to that without technology sharing.

Proof of Proposition 1 Under the RF contract, to guarantee
∂π RF∗

1 /∂r � [5a − (1 + 4k)c1 − (4 − 4k)c2 − 10r ]/9 < 0, we have r >

(5a − c1 − 4c2 − 4kc1 + 4kc2)/10. To guarantee ∂π RF∗
2 /∂r � [(1 − 2k)c1 −

2(1 − k)c2 + a − 4r ]/3 > 0, we have r > (a + c1 − 2c2 − 2kc1 + 2kc2)/2. Since
(a + c1 − 2c2 − 2kc1 + 2kc2)/2 > (5a − c1 − 4c2 − 4kc1 + 4kc2)/10, we have Proposi-
tion 1.
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Proof of Proposition 2 To guarantee π FF∗
1 − π RF∗

1 �
[r(4c2 + c1 − 5a + 4kc1 − 4kc2 + 5r) + 9kF]/9 > 0, we have F >

(5a − c1 − 4c2 − 4kc1 + 4kc2 − 5r)r/(9k). To guarantee π FF∗
2 − π RF∗

2 �[
(a − 2c1 + kc1 + c2 − kc2)2 − (a + c1 − 2kc1 − 2c2 + 2kc2 − 2r)2 + 9kF

]
/9 >

0, we have F < 4(a + c1 − 2c2 − 2kc1 + 2kc2 − r)r/(9k). To guarantee
(5a − c1 − 4c2 − 4kc1 + 4kc2 − 5r)r/(9k) < 4(a + c1 − 2c2 − 2kc1 + 2kc2 − r)r/(9k),
we havemax{r/(c2 − c1), (c2 − c1 + r)/(2c2 − 2c1)} < k < 1. Hence, we have Proposition
2.

Proof of Proposition 3 Under the FF contract, Farmer 1 shares his technol-
ogy when π FF∗

1 > π B∗
1 , Hence, solving the inequality π FF∗

1 − π B∗
1 �

[(c2 − c1)(4c1 − kc1 − 2c2 + kc2 − 2a) + 9F]/9 > 0, we have F ≥ FFF
1 � (c2 −

c1)[2a − c1(4 − k) + c2(2 − k)]/9 > 0. By solving the inequality π FR∗
2 − π B∗

2 �
[4(c2 − c1)(c1 − kc1 − 2c2 + kc2 + a) − 9F]/9 > 0, we have F ≤ FFF

2 � 4(c2 −
c1)[a + c1(1 − k) − c2(2 − k)]/9. To guarantee FFF

1 < FFF
2 , we have {c2 ≥ (a + c1)/2

and k > (2c2 − c1 − a)/(c2 − c1)} or c2 < (a + c1)/2. Then we have Proposition 3.

Proof of Proposition 4 Similar to the proof of Proposition 3, by solving the inequality group.⎧
⎨

⎩

π RF∗
1 − π B∗

1 � (c2 − c1)(k2c2 − k2c1 − 2ak + 4kc1 − 2kc2
−5ar + rc1 + 4rc2 + 4krc1 − 4krc2 + 5r2)/9 > 0

π RF∗
2 − π B∗

2 � 4(kc2 − kc1 − r )(c1 − kc1 − 2c2 + kc2 + a − r )/9 > 0
, we have Propo-

sition 4.

Proof of Proposition 5 Under the FF contract, since ∂2π FF∗
1 /∂k2 � 2(c1 − c2)2/9 > 0,

∂2π FF∗
2 /∂k2 � 8(c1 − c2)2/9 > 0, i.e., π FR∗

i is a convex function of k. The first-
order conditions of k are ∂π FF∗

1 /∂k � 2(c2 − c1)[(2 − k)c1 + kc2 − a]/9 + F � 0
and ∂π FF∗

2 /∂k � 4(c2 − c1)[(1 − 2k)c1 + 2(k − 1)c2 + a]/9 − F � 0. Then
we can get kFF∗

1 � [
4c21 + 2a(c2 − c1) − 6c1c2 + 2c22 − 9F

]
/
[
2(c2 − c1)2

]

and kFF∗
2 � [

4c21 + 4a(c1 − c2) − 12c1c2 + 8c22+9F
]
/
[
8(c2 − c1)2

]
corre-

sponding to the minimum profits of Farmers 1 and 2. According to{
π FF∗
1 − π B∗

1 � [(c2 − c1)(4c1 − kc1 − 2c2 + kc2 − 2a) + 9F]/9 > 0

π FF∗
2 − π B∗

2 � [4(c2 − c1)(c1 − kc1 − 2c2 + kc2 + a) − 9F]/9 > 0
, we can get

that.

k > max{ 4c21+2a(c2−c1)−6c1c2+2c22−9F

(c2−c1)2
,

4c21+4a(c2−c1)−12c1c2+8c22−9F

4(c2−c1)2
}. Since kFR∗

i <

min{ 4c21+2a(c2−c1)−6c1c2+2c22−9F

(c2−c1)2
,
4c21+4a(c2−c1)−12c1c2+8c22−9F

4(c2−c1)2
}, we have ∂π FF∗

1 /∂k > 0 and

∂π FF∗
2 /∂k > 0.
Under the RF contract, in the same way, we can get ∂π RF∗

1 /∂k < 0 and ∂π RF∗
2 /∂k > 0.

Proof of Proposition 6 CSFF∗−CSB∗ � (c2 − c1)[4a − (2 + k)c1 − (2 − k)c2]k/18, since
a > c2 > c1, we have c2 − c1 > 0 and (2 + k)c1 + (2 − k)c2 < 4c2. Hence, we have
4a − (2 + k)c1 − (2 − k)c2 > 0 and CSFF∗ − CSB∗ > 0. In the same way, we can get
CSRF∗ − CSB∗ > 0 and CSFF∗ − CSRF∗ > 0. Then, we have Proposition 6.

Proof of Proposition 7 Under the FF contract, when Farmer 1 decides F , the problem of
Farmer 1 is,

max
F

π FF
1 � (p − c1)q1 + kF

s.t . π FF
2 − π B

2 ≥ 0
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We get F∗ � FFF
2 . Under the RF contract, when Farmer 1 decides r , in the same way,

we have r∗ � r RF2 . According to the derivation above, the profit functions of Farmers
1 and 2 are π FF∗

1 �[
(a − c1 + 2c2)2 − 2(c2 − c1)(5c2 − 4c1 − a)k + 5(c2 − c1)2k2

]
/9

and π FF∗
2 �(a + c1 − 2c2)2/9 under the FF contract and

π RF∗
1 �[

(a − c1 + 2c2)2 − 3(c2 − c1)(2c2 − c1 − a)k
]
/9 and π RF∗

2 �(a + c1 − 2c2)2/9
under theRF contract.Wehaveπ RF∗

1 −π FF∗
1 � k(c2 − c1)[(1 − k)5c1 − (4 − 5k)c2 − a]/9 >

0. Thus we have Proposition 7.

Proof of Corollary 1 Under the FF contract, when Farmer 1 designs the contract, to guar-
antee π FF∗

1 − π B∗
1 � [

5(c2 − c1)2k2 − 2(c2 − c1)(5c2 − 4c1 − a)k
]
/9 > 0, we have

max{2(5c2 − 4c1 − a)/(5c2 − 5c1), 0} ≤ k < min{2(5c2 − 4c1 − a)/(5c2 − 5c1), 1}.
Proof of Corollary 2 When Farmer 1 designs the contract, π FF∗

1 is a convex function of
k due to ∂2π FF∗

1 /∂k2 � 10(c1 − c2)2/9 > 0. Given ∂π FF∗
1 /∂k � 0, we have k∗

1 �
(5c2 − 4c1 − a)/(5c2 − 5c1). Since k∗ < 0, we have ∂π FF∗

1 /∂k > 0.

Proof of Corollary 3 The proof of Corollary 3 is similar to that of Proposition 5.

Proof of Proposition 8 Under the TT contract, since ∂2πi/∂q2i � −2 < 0, πi is
a concave function of qi . Hence, by solving the first-order conditions ∂π1/∂q1 �
0 and ∂π2/∂q2 � 0, we have qTT∗

1 � [a + (k − 2)c1 + (1 − k)c2 + r ]/3 and
qTT∗
2 � [a + (1 − 2k)c1 + 2(k − 1)c2 − 2r ]/3. Then we get the selling price pT T∗ �

[a + (1 + k)c1 + (1 − k)c2 + r ]/3 from Eq. (2). Thus, we have πT T∗
1 � [a + (1 − 2k)c1 +

(2k−2)c2−2r ]2/9+kF and πT T∗
2 � [2a− (1+k)c1 +(k−1)c2 +r ]2/18−kF from Eqs. (4)

and (5). To guarantee πT T∗
1 − π FF∗

1 � (5a − c1 − 4kc1 − 4c2 + 4kc2 − 5r)r/9 > 0, we
have c2 < (a + c1)/2. We always have πT T∗

1 − π RF∗
1 � kF > 0.

Proof of Proposition 9 Solving the inequality group⎧
⎨

⎩

πT T∗
1 − π B∗

1 � (c2 − c1)(k2c2 − k2c1 − 2ak + 4kc1 − 2kc2
−5ar + rc1 + 4rc2 + 4krc1 − 4krc2 + 5r2)/9 + kF > 0

πT T∗
2 − π B∗

2 � 4(kc2 − kc1 − r )(c1 − kc1 − 2c2 + kc2 + a − r )/9 − kF > 0
Similar to the proof of Proposition 3, we have c2 > (a + c1)/2, max{0, a + c1 − 2c2 −

kc1 + kc2} < r < k(c2 − c1) and FTT
1 < F < FTT

2 .

Proof of Corollary 4 Under the TT contract, since ∂2πT T∗
i /∂k2 > 0, πi is a convex func-

tion of k. The corresponding first-order conditions of k for Farmers 1 and 2 are given
by ∂πT T∗

1 /∂k � 2(c2 − c1)[(2 − k)c1 + kc2 − a + 2r ]/9 + F � 0 and ∂πT T∗
2 /∂k �

[(1 − 2k)c1 + 2(k − 1)c2 + a − 2r ]2/9 − F � 0. Then we can get kT T∗
1 � 2c1 − c2 −

a + 2r/(c2 − c1) and kT T∗
2 � 2c2 − c1 − a + 2r/(2c2 − 2c1) corresponding to the minimum

profits of Farmers 1 and 2.Wefind that kT T∗
1 > 1 and kT T∗

2 < min{0, a+c1−2c2−kc1+kc2}.
Hence, ∂πT T∗

1 /∂k < 0, and ∂πT T∗
2 /∂k > 0.

Proof of Table 4
When technology sharing is not achieved in supply chain settings, using backward induc-

tion technique, since ∂2πri/∂q2i � − 2 < 0, πri is a concave function of qi . Hence, solving
the first-order conditions ∂πr1/∂q1 � 0 and ∂πr2/∂q2 � 0, we have q1(w1, w2) �
(a − 2w1 + w2)/3 and q2(w1, w2) � (a + 2w1 − w2)/3. Since ∂2πi/∂w2

i � − 4/3 < 0,
πi is a concave function of wi . Bringing qi (w1, w2) into Eqs. (7) and (8), we solve the
first-order conditions ∂π1/∂w1 � 0 and ∂π2/∂w2 � 0, and have wB∗

1 � (5a+8c1 + 2c2)/15
and wB∗

2 � (5a+2c1 + 8c2)/15. Then, we have qB∗
1 � (10a − 14c1 + 4c2)/45 and qB∗

2 �
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(10a+4c1 − 14c2)/45. Next, introducing qB∗
i and wB∗

i into Eqs. (2), and (6)–(8), we have
pB∗
i , π B∗

ri and π B∗
i . Under the FF contract and the RF contract in supply chain settings,

proofs are similar to that when technology sharing is not achieved.

Proof of Proposition 10 Under the FF contract in supply chain settings, if π FF∗
1 > π B∗

1 ,
Farmer 1 shares technology. If π FF∗

2 > π B∗
2 , Farmer 2 will accept technology sharing.

Hence, solving the inequalities.
{

π FF∗
1 − π B∗

1 � [
2(2kc1 − 7c1 − 2kc2 + 2c2 + 5a)2 − 2(2c2 − 7c1 + 5a)2

]
/675 + 9F > 0

π FF∗
2 − π B∗

2 � k
[
(64 − 322k)c21 + (224 − 322k)c22 + 160a(c2 − c1) + 4(161k − 72)c1c2 − 675F

]
/675 > 0

Similar to the proof of Proposition 3, we have Proposition 10.

Proof of Proposition 11 Under the FF contract in supply chain set-
tings, similar to the proof of Proposition 4, solving the inequality

group.

⎧
⎪⎪⎨

⎪⎪⎩

π RF∗
1 − π B∗

1 � [3r (65a − 66r − c1 − 64c2) + 8k(c2 − c1)(2c2 − 7c1
−24r + 5a) + 8k2(c2 − c1)2]/675 > 0

π RF∗
2 − π B∗

2 � [24r (7c2 − 2c1 + 3r − 5a) + 2k(c2 − c1)(7c2 − 2c1
+6r − 5a) − 112k2(c2 − c1)2]/675 > 0

, we have

Proposition 11.

Proof of Footnote 2 Suppose there exists yield uncertainty. Under the FF contract, since
∂2πi/∂q2i � −2μ < 0, πi is a concave function of qi , by solving the first-order conditions

∂π1/∂q1 � 0 and ∂π2/∂q2 � 0, we have qB∗
1 � μ

[
c2μ+a

(
μ2+2σ 2

)]−2c1
(
μ2+σ 2

)

3μ4+8μ2σ 2+4σ 4 and qB∗
2 �

c1μ2−2c2
(
μ2+σ 2

)
+aμ

(
μ2+2σ 2

)

3μ4+8μ2σ 2+4σ 4 . Then, plug qB∗
1 and qB∗

2 into Eqs. (9) and (10), we get pB∗, π B∗
1

and π B∗
2 . Similarly, we can get qFF∗

1 , qFF∗
2 , pFF∗, π FF∗

1 and π FF∗
2 .

To guarantee π FF∗
1 > π B∗

1 and π FF∗
2 > π B∗

2 , we have FFF
6 < F < FFF

5 .
The proof of condition for technology sharingwith yield uncertainty under theRF contract

is similar.

Proof of Proposition 12 Under the FF contract, we have �π FF∗
1 �

Fk
(
1+2σ 2)(3+2σ 2)2+

[
a+c2−c1(2−k)−c2k+2(a−c1)σ 2]2−[

a+c2+2aσ 2−2c1
(
1+σ 2)]2

(1+2σ 2)(3+2σ 2)
2

By solving the first-order condition of �π FF∗
1 with respect to σ , we obtain

∂�π FF∗
1

∂σ
�

4kσ(c2−c1)
{
4a

(
1+2σ 2

)2
+c2(2−k)

(
5+6σ 2

)
+c1

[
k
(
5+6σ 2

)−2
(
7+14σ 2+8σ 4

)]}

(1+2σ 2)
2
(3+2σ 2)

3 > 0, then we have Proposi-

tion 12 (1).
The proof of monotonic results of Farmer 2 with yield uncertainty is similar.

The impact of the variance of yield uncertainty

Denote �π RF∗
1 � π RF∗

1 − π B∗
1 and �π RF∗

2 � π RF∗
2 − π B∗

2 , we mainly use the following
parameters: c1 � 0.1, c2 � 0.8, a � 1, r � 0.1 to show the impacts of yield uncertainty on
farmers’ profits under the RF contract, as shown in Fig. 9.
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(a) Farmer1 (b) Farmer 2

Fig. 9 Impacts of yield uncertainty on farmers’ profits
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