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ABSTRACT

ARTICLE INFO

Coordination mechanism design is an important issue in agricultural supply
chain. This study investigates agricultural supply chain coordination contracts
in the presence of output uncertainty. It considers a two-level supply chain
comprising a farmer and a retailer, where the farmer faces capital constraints
and shows stockout-averse (SA), waste-averse (WA), or stockout- and waste-
averse (SW) preferences. The results show that the retailer order, production
input, and supply chain expected utility in the decentralized decision frame-
work are lower than those realized under the centralized decision model;
hence, the wholesale price contract cannot coordinate the supply chain. Nev-
ertheless, the designed coordination contract mechanism coordinates the
supply chain efficiently and realizes a flexible distribution of benefits between
the farmer and the retailer. Furthermore, when the revenue-sharing coeftfi-
cient meets specific conditions, both the farmer and the retailer achieve a
win-win situation. Finally, we verify the coordination contract design using
numerical simulations and analyze the effects of SA and WA preferences on
decision-making and the supply chain expected utility. This study provides
theoretical guidance for the coordination mechanism design of agricultural
supply chain with capital constraints and behavioral preferences.
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1. Introduction

Agricultural production is influenced by uncertain environmental factors (such as the weather,
war crisis, human factors, etc.). Hence, farmers are cautious regarding the amount of production
input needed. Before the production season, retailers pre-order agricultural products from
farmers based on the predicted market demand. Then, farmers organize the agricultural produc-
tion according to the retailer's orders. However, uncertainty in the output may lead to a mis-
match between agricultural output and retailer orders. Overproduction or underproduction
generates losses to farmers; hence, they may become waste-averse (WA) or stockout-averse
(SA) [1]. In addition, some farmers have limited funds; due to the long production cycle of agri-
cultural products, they may face capital constraints. Therefore, designing an effective supply
chain coordination contract mechanism is crucial for managing farmers' financial constraints
and behavioral preferences.
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When faced with capital constraints, farmers may seek financing from formal financial insti-
tutions or other legal channels [2], such as trade credit and bank credit [3-6], advance payment
discounts (advance payment) [7-9], and purchase order financing [9]. Therefore, research has
begun focusing on financing services and financing strategies [10-13]. However, a financing
strategy may benefit the individual but may not the entire supply chain. Hence, a coordination
contract mechanism is needed for achieving coordination in the supply chain and a "win-win"
situation for all participants. The literatures indicate that the wholesale price contract [14], op-
tion contract [15], revenue-sharing contract and buyback contract [16-19], output penalty con-
tract and cost-sharing contract [19], general contract based on risk compensation [20], and two-
way revenue-sharing contract [21] may coordinate the supply chain efficiently.

However, when addressing supply chain coordination problems in the presence of financial
constraints, the above literatures assume that the output is determined, and participants are risk
neutral. Therefore, this study’s original contribution lies in the following three aspects:

e The output is assumed to be randomly determined owing to the uncertainty in the agricul-
tural production.

e Agricultural products may be in excess or insufficient; hence, we consider that the farmer
may have behavioral preferences: stockout- and waste-averse (SW), WA, or SA prefer-
ences.

e We design a supply chain coordination contract mechanism and analyze the influence of
behavioral preferences on participants’ decision-making and the expected utility of the
supply chain.

The remainder of this paper is organized as follows. Section 2 describes the problems, as-
sumptions, and notations. Section 3 presents the model. Section 4 introduces the design of the
coordinated contract mechanism. Section 5 provides a numerical simulation analysis, and Sec-
tion 6 provides our concluding remarks.

2. Model’s setup, assumptions, and notations
2.1 Problem description

We address the case of a two-level supply chain comprising a financially constrained farmer and
a retailer. According to the predicted market demand, the retailer books agricultural products Q
to the farmer in advance. The farmer determines its production input g according to the retail-
er's order. Since the output of agricultural products is randomly determined, the farmer's output
is uq, where u is the random output factor, with u € (0, B) [22]. In the sales season, the farmer
sells agricultural products to the retailer at the unit wholesale price w agreed in the contract.
The retailer resells them to consumers at unit price p, satisfying consumer demand. This mecha-
nism is shown in Fig. 1.

u .
T Minfug.Q) Minfug,Q)
_q» Farmer w "| Retailer » Market
€T p
Q

Fig. 1 Schematic diagram of the study structure

2.2 Model assumptions

Assumption 1: The market price of agricultural products p is inversely proportional to the num-
ber of agricultural products min {Q, ug}, namely, p = A — min {Q, uq} [23]. A is the highest price
that consumers are willing to pay, and min {Q, uq} is the transaction volume of the farmer and
retailer, namely:

Q,Q=uq
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Assumption 2: The farmer has SA preferences when the production cannot meet the retailer’s
order, as Q > ugq. In the case of insufficient production, an additional penalty 1(Q — uq)™ is gen-
erated; A is the shortage aversion coefficient. On the other hand, the farmer has WA preferences
when the output is in excess, namely, Q < uq. In this case, an additional penalty B(uq — Q)" is
imposed on the excess production; f is the WA coefficient. Similar assumptions are made in the
literature [1].

Assumption 3: Since farmers may have different behavioral preferences, we consider situations
where the farmer has WA, SA and SW preferences.

Assumption 4: We consider a scenario in which a farmer faces capital constraints, namely, cq >
T. To supplement the insufficient funds (cq — T)™, the farmer obtains financing from a third par-
ty. The financing rate is r, and the financing cost is r(cq — T)™; c is the unit production cost of
agricultural products, and T indicates the funds held by the farmer.

Assumption 5:p > w > c.
Assumption 6: The farmer and the retailer have symmetrical information.

2.3 Notations

All the symbols used in this article are summarized in Table 1.

Table 1 The listing of notations

Symbols Descriptions Symbols Descriptions

c Unit production cost A Stockout-aversion coefficient
w Wholesale price B Waste-aversion coefficient

p Retail price C (top right corner) Centralized decision model

q Production input B (top right corner) Decentralized decision model
Q Order quantity H (top right corner) Coordination contract mechanism
u Random output factor SA Stockout-aversion

F(u) Cumulative distribution function of u WA Waste-aversion

fw Probability density function of u N4 Stockout- and waste-averse

T Funds held by the farmer T Financing rate

1'[}1; Retailer’s expected profit * Optimal value

[[L!' Supply chain expected utility Ul{; The farmer's expected utility

i € {SW,SA,WA},j € {C,B,H}

3. Alternative models
3.1 Centralized decision model

In the centralized decision-making framework, the farmer and retailer belong to the same collec-
tive, and both aim to maximize the expected utility of the entire supply chain. When the farmer
has SW preferences, the utility of the supply chain is:

5w = (A —min{Q, uq}) min{Q,uq} — 4(Q —uq)* — Bluqg — Q)* —cq —r(cq —T)* (1)

In Eq. 1, (A—min{Q,uq}) min{Q,uq}represents sales revenue, and A(Q —uq)* and
B(uq — Q)* are punishments for production shortage and overproduction, respectively; cq is
the production cost, and r(cq — T)™ is the financing interest cost.

According to Eq. 1, the expected utility of the supply chain is:

Q Q
né, =(A+21+p) Q—qqu(u)du +2q2qu(u)du—Q2—/1Q—[B,u+(1+r)c]q+rT (2)
0 0

The first partial derivatives of I1$,, with respect to Q and q are, respectively:

= a1 (3] -2fo -0 ()] - 10 g
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Ny, (A+2+p—-29)Q

Q
=(4q—A—/1—B)quF(u)du+ F(g)—ﬁ,u—(1+r)c=0 (4)

By solving Egs. 3 and 4 simultaneously, we obtain the optimal order quantity Q% and pro-
duction input quantity g, in the centralized decision framework:

(A+/1+ﬁ)[1—F< )]_z[g SC,;,F(E;V)]—A:O
qSW

L (5)
(40— 42— ) [ Puyau + LHAHE - 250 (q ) fu—(1+1)c =0
0 Sw

Asw

We then obtain the optimal expected utility of the supply chain, as follows:
QS QSW

Cx*
Ny = (A+2+p)|05 — asy | W Fwdu| + 2q5, s F(u)du — — Q% 6)
0 0

—[Bu+ (A +1)clqsy +rT

If the farmer only has SA preferences, A > 0, and = 0; however, if the farmer only has WA
preferences, A = 0 and 8 > 0. The optimal decision and the supply chain expected utility in the
centralized decision framework may be obtained in the same way; this analysis step is, there-
fore, omitted.

3.2 Decentralized decision model

In the decentralized decision framework, the farmer determines the amount of production input
g to maximize their expected utility, and the retailer determines the order quantity Q to maxim-
ize their expected profit. We assume that the farmer and retailer have the same decisional pow-
er; hence, they play a Cournot game. When the farmer has SWpreferences, the expected utility of
the farmer and the expected profit of the retailer are as follows:

UF = E[wmin{Q,uq} — A(Q —uq)* — g(uq -t —cq—r(cqg—T)]=(w+p)Q -

Q (7)
Buq — q(w + A+ B) [ Fwdu — cq — r(cq — T)
= E[(A — min{Q, uq}) miré{Q, uq}—w min{QQ, ugl=(A-w)Q—Q*—(A- ©)
w)q fOEF(u)du + 2q° fOEF(u)du
The first and second partial derivatives of U with respect to q are:
Q
OUF _ Q (9 (a
W—(W+A+ﬂ) EF(E)_J;) Fwdu |—Bu— (1 +1r)c (9)
0°Ug Q7 10
507 ———(w+/‘l+ﬁ)f< )<o (10)
The first and second partial derivatives of [1Z with respect to Q are:
anR Q Q
-l r Q) ale-w ()
st ()2 (@) <o

222 Advances in Production Engineering & Management 17(2) 2022



Supply chain coordination contract design: The case of farmer with capital constraints and behavioral preferences

. d2u, ong . . .
Slnce F <0, and R <0, when2VE aq , anda—QR = 0, in the decentralized decision frame-

work, the optlmal order quantity Q2% and production input quantity qZ;, may be obtained as

T el e ()

B B 05y (13)
w+21+p) %F( 5?)— BSWEu)du | —Bu— (1 +71)c=0
sw qsw 0

Under decentralized decisions, the optimal expected utility of the farmer, the optimal expected
profit of the retailer, and the optimal expected utility of the supply chain are, respectively:

QSW

" 14
U =(w+ B)QEy — Buabi — a8 (w + A+ B) [ Fadu — c(1 +1)qly +1 U
& i 15
B =(A—w)Q8y — Q%" — (4 —w)aly [ Fwdu +2q8” [ Fw)du (13)

Qgﬁ/ QSW
M8 = (A+2+B) |05 — aBiy [ ™ Faodu| +2q5" [ ™ Fwdu - 05" ~ 105 (16)

0 0

—[Bu+ (A +7)lqs;, +rT

If the farmer only has SA preferences, A > 0, and § = 0; however, if the farmer has WA pref-
erences, A = 0, and > 0. The optimal decision behavior and supply chain expected utility un-
der decentralized decision may be obtained using the above procedure; hence, this analysis step
is omitted.

The above model analysis suggests the following proposition:

Proposition 1: Supply chain coordination under decentralized decisions cannot be realized.

root Under decentralized decisions, if the supply chain realizes coordination, QZ}, = Q§;;,, and

q8: = q&,. A comparison between Egs. 5 and 13 indicates that supply chain coordination may
only be realized when both w =—f and w = —(4 + f8) are satisfied, which contradicts w > 0;
thus, supply chain coordination cannot be realized in this context.

4. Coordination contract mechanism design

In the decentralized decision-making framework, both the farmer and the retailer aim to maxim-
ize their interests, ignoring the best interests of the entire supply chain. Therefore, to maximize
the expected utility of the supply chain, an effective coordination contract mechanism is needed,
so that both the farmer and the retailer are willing to participate in the mechanism.

Inspired by the literature [16, 19, 24], we design a coordination contract mechanism in which
the retailer gives ®(0 < ® < 1) times of their sales income to farmers, and the retailer shares
A(0 < A< 1) times of the shortage punishment, 8 (0 < 6 < 1) times the overproduction pun-
ishment, and k(0 < k < 1) times the financing interest costs of the farmer.

Under the proposed coordination contract mechanism, if the farmer has SA and WA prefer-
ences, the farmer's expected utility and the retailer's expected profit are, respectively:

Uf = E[w min{Q,uq} + ®(4 — min{Q, uq}) min{Q, uq} — (1 — AA(Q — uq)* (17)
—(1-0)Bug— Q" —cq— (1 - kr(cq—T)]
N4 = E[(1 — ®)(A — min{Q, ug}) min{Q,uq} — w min{Q, uq} — kr(cq — T) (18)

—A(Q —uq)* — 6B (ug — Q)*]
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Hence, we obtain the following proposition:

Proposition 2:

e Under the proposed coordination contract mechanism, if the coefficient satisfies Eq. 19,
the supply chain may be coordinated;

e the farmer's behavioral preferences do not affect the coordination contract mechanism

design:

( 6=1+2-0
B
A=1-9O (19)
k_wu+(1—cl>)(1+r)

rc

Proof: Substituting Eq. 19 into Egs. 17 and 18, we obtain:
(wu + @c — )T

UF = Iy, +
g (20)
u c (wu + &c — )T
Mg =1 —-P)gy, — c
Eq. 20 indicates that uil _ My =0 and oMt _ My = 0 are both valid; hence, Q& = Q%;
: aq aq aQ 6Q ) 4 sw sw

and q&;, = q&},,, achieving coordination in the supply chain. In addition, Eq. 19 also shows that 6,
A, k are independent of A and f8; in other words, the behavioral preferences of the farmer do not
affect the design of the coordination contract mechanism.

The premise that the farmer and retailer are willing to participate in the coordination con-
tract mechanism is a Pareto improvement of benefits; we, thus, derive Eq. 21, and we obtain the
following proposition:

wu + dc —c)T

U§I=¢H§W+( s - ) > UE*
(wu + &c — )T .

M = (1 — )My, — - > g

(21)

Proposition 3: If the revenue-sharing coefficient ® meets ®; < ® < ®,, , both the farmer and
retailer are willing to participate in the coordination contract mechanism, and both achieve a
win-win situation, where @, and &, satisfy Eqgs. 22 and 23:

( _C(T+UF*)—TW[,4
T (T +ng,
_ (T + gy, — NE*) — Twy
B c(T + 15,
UF* +TIR" — gy,
¢ -0, = C*
T+ 1S,

(22)

2

<0 (23)

5. Results and discussion: numerical simulation

We resort to the numerical simulation method to further verify the correctness of the above
conclusions and obtain more robust findings. Without loss of generality, the parameters are set
as follows: A=100,r=0.1,B=2,c=1,w=3,T=5 1= =1
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Table 2 Calculation results under different models

Farmer's expected Retailer's expected  Expected utility of

Model ® Q q utility profit supply chain
Centralized deci- 8636  300.95 — — 3729.91
sion model
Decentralized — 2634 3417 26.43 1655.64 1682.07
decision model

0 86.36 300.95 10 371991 372991
Coordination 0.1 86.36 300.95 383.49 3346.42 372991
contract 0.2 86.36 300.95 756.98 297293 372991
mechanism 0.4 86.36 300.95 1503.96 2225.95 3729.91
0.8 86.36 300.95 2997.93 731.98 372991
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Fig. 2 Effect of ® on farmer's expected utility and retailer's expected profit

5.1 Analysis of the coordination contract

Table 2 and Fig. 2 indicate that the optimal order, production input, and expected supply chain
utility in the decentralized decision framework are lower than those realized under the central-
ized decision model. The designed coordination contract mechanism coordinates the supply
chain and realizes a flexible distribution of benefits between the farmer and retailer. In particu-
lar, when the revenue-sharing coefficient is 0.0044 < ® < 0.5527, the farmer and retailer
achieve a win-win situation.

5.2 Sensitivity analysis

To further understand the impact of farmers’ behavior preferences on decision-making and the
expected utility of the supply chain, we separately analyze three different scenarios.

Analysis of SW preferences

If the farmer has SW preferences, namely, A>0 and 8 > 0, we obtain the findings reported in
Figs. 3-7. The following five conclusions may be drawn:

e In the centralized decision model, the optimal order, production input, and expected sup-
ply chain utility are greater than those realized under the decentralized decision model.

e The optimal order in the centralized and decentralized decision models decreases with
W A coefficient §.

e The optimal order in the centralized decision model decreases with SA coefficient 4, while
the retailer order in the decentralized decision framework increases with SA coefficient A.

e Whether in a centralized or decentralized decision model, the optimal production input is
an increasing and decreasing function of SA coefficient A and WA coefficient 3, respective-
ly.

e Whether in a centralized decision model or decentralized decision model, the expected
utility of the supply chain is an increasing and decreasing function of SA coefficient 1 and
W A coefficient §, respectively.
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Fig. 5 Effect of 4 and 8 on expected utility of supply chain under centralized decision and
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Fig. 7 Effect of 1 and 8 on expected utility of supply chain under centralized decision and
decentralized decision model

Analysis of SA preferences

If the farmer has SA preferences, that is, 4 > 0 and f = 0, we obtain the results reported in Figs.
8 and 9. Therefore, the following three conclusions can be drawn:

e The optimal order (expected supply chain utility) in the decentralized decision model in-
creases with SA coefficient A, while the opposite result is obtained in the centralized deci-
sion model.

o Whether in the centralized or decentralized decision model, the optimal production input
increases with the SA coefficient 4.

e The optimal order, production input, and expected supply chain utility in the centralized
decision model are greater than those realized under the decentralized decision frame-

work.
500
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Fig. 8 Effect of A on retailer's order and farmer's production input under centralized decision and
decentralized decision model
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Fig. 9 Effect of A on expected utility of supply chain under centralized decision and decentralized decision model
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Analysis of WA preferences

If the farmer only WA preferences, that is, A = 0 and § > 0, we obtain the results reported in
Figs. 10 and 11. The following two conclusions can be drawn:

o Whether in the centralized or decentralized decision model, the optimal order, production
input, and expected utility of supply chain decrease with WA coefficient £.

e The optimal order, production input, and expected supply chain utility in the centralized
decision model are greater than those realized under the decentralized decision frame-

work.
90
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g bS]
< 500
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Fig. 10 Effect of § on retailer's order and farmer's production input under centralized decision and
decentralized decision model

Expected utility of supply chain

Fig. 11 Effect of § on expected utility of supply chain under centralized decision and decentralized decision model

6. Conclusion

This study examines the design of supply chain coordination contracts in the presence of
farmer’s capital constraints and behavioral preferences. It addresses the case of a two-level sup-
ply chain comprising a farmer and a retailer. The farmer faces capital constraints, seeks financ-
ing from a third party, and may have SW, SA, and W A preferences. The full-text analysis suggests
the following conclusions:

e In the decentralized decision framework, the supply chain cannot be coordinated. Howev-
er, the designed coordination contract mechanism coordinates the supply chain efficiently
and realizes a flexible distribution of benefits between the farmer and the retailer. Fur-
thermore, when the revenue-sharing coefficient is small (0.0044 < ® < 0.5527), both the
farmer and the retailer achieve a win-win situation.

e In the centralized decision model, regardless of the behavioral preferences of the farmer,
the optimal order, production input, and expected utility of the supply chain are always
greater than those realized under the decentralized decision scheme.
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e The farmer's optimal production input is always an increasing and decreasing function of
SA coefficient A and WA coefficient 8, respectively.

e In the centralized decision model, the retailer's optimal order always decreases with SA
coefficient 4, but the opposite result holds in the decentralized decision framework. The
retailer's order always decreases with WA coefficient £.

e The expected utility of the supply chain is always an increasing and decreasing function of
SA coefficient A and WA coefficient 5, respectively.

The coordination method proposed in this paper can be applied in other industries with simi-
lar backgrounds. However, it may not be applicable in the cases of random demand, supply chain
competition, and information asymmetry. These are all future research directions.
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