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Abstract: This paper explores the coordination of the agricultural cooperative to supermarket or E-
commerce supply chain, under the condition of quantity loss with a mixed decay function of expo-
nential and logistical distribution. The nature of this process is analyzed, and the corresponding
demand and supply functions with single- and multi-stage discount strategies are constructed re-
spectively to create a working model. The optimal discount ratios for supermarkets and agricultural
cooperatives in decentralized and centralized decision-making modes coupled with single- and
multi-stage discounts are calculated respectively. Finally, a universal optimal strategy is designed,
which can be applied to various quantity decay scenarios and makes the discount strategy more
generalized. The results show that discounts can coordinate supply chains more effectively; not only
is fresh agricultural produce sold before it starts to rot, but the benefit conflicts arising from both
supermarkets vs. cooperatives and traditional vs. E-commerce channels are equilibrated. Further,
multi-stage discounts are more effective than single-stage ones, but optimal discount ratios rely on
the initial quantity of fresh agricultural produce in the supply chain; its market share in the tradi-
tional distribution channel; the potential market size; retail price; the price sensitivity coefficient of
the channel; the cross-elasticity coefficient of prices between different channels; and the properties
of the quantity loss.

Keywords: Fresh Agricultural Produce Supply Chain; Coordination; Discount Contract; Quantity
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1. Introduction

In the last 20 years, the fresh agricultural produce supply chain has become a major
field of study (see, for example, Clark and Hobbs, 2018 ); Vernier et al., 2021[28]; Walker et
al., 20161)). A broad range of subjects has been researched from the abstract, such as mod-
eling (see Clark and Hobbs, 201819, Magalhaes et al., 20211'); Siddh et al., 201712)), sustain-
ability (Vernier et al., 20211?1), propagation (Smith, 2011)1"”] and operation (Nosratabadi et
al., 202012), to physical systems like retailer behavior (N. Xu et al., 20211%2)), pricing (Q. Xu
et al., 2019)BY; Gaggero et al., 2021(131), risk (Walker et al., 201612%), and contract (Zheng et
al.,, 201784). In China, agricultural cooperatives have developed rapidly in recent years,
and they cooperate with supermarkets to provide a sustainable and stable quality of agri-
cultural products to consumers. This new fresh agricultural produce supply chain works
well, however, if and only if its operational steps are properly synchronized. It is a dual-
channel supply chain that uses traditional and E-commerce channels. In the former, cus-
tomers buy fresh agricultural produce from supermarkets, who buy it from agricultural
cooperatives; in the latter, customers buy directly from agricultural cooperatives or super-
markets via the internet, which increases the convenience of their experience. After
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analyzing the literature, we found that these two channels often conflict with each other
if the wholesale price is irrational (Siddh et al., 20170'2}; Liu et al., 2020 19). Further, if the
wholesale price is higher than a certain threshold, supermarkets will lose customers to E-
commerce; if the wholesale price is lower, customers are more likely to buy from super-
markets, which could lead to a loss of profit for agricultural cooperatives. These channels
are therefore linked by the behaviors of both suppliers and consumers. More importantly,
the quantity and quality of fresh agricultural produce necessarily changes over time,
which can produce considerable losses (Magalhaes et al., 202111; Siddh et al., 201712;
Smith 2011077]) and result in a corresponding increase in price. Although this is a difficult
problem to address, coordinating the supply chain is an important step in its solution.

Fresh agricultural produce is susceptible to dehydrolysis and rotting; the former
causes a decrease in quantity and freshness, and the latter is detrimental to its quality
(Siddh, et al., 2017112]). Both events therefore result in a loss of the quality of the produce,
which indirectly affects its saleable quantity (Magalhaes et al., 20201!1) and the topological
structure of the customer base (Smith, 2011)!!71. Futher, bacterial and viral contamination
of the fresh agricultural produce can occur, which not only leads to a sharp decline in the
quality of fresh agricultural produce, but also harms human health and lives. Because this
kind of contamination is often invisible and difficult to predict, it can make supply chain
management more difficult (Mitchell et al., 2020181). Although blockchain technology can
reduce this hazard by marking rotten food (Kramer et al., 202118; Saurabh et al., 2020121),
this identification process has inherent risks (Kamilaris et al., 201917)) that work against
supply chain coordination. This highlights the need for an effective mechanism to be de-
signed. Many scientists (Clark and Hobbs, 2018°; Magalhaes et al., 2021"1]; Siddh et al.,
2017121) have proven that written contracts are a feasible and reasonable coordination
strategy for supply chains, as they specify price, quantity, quality, cost and risk as param-
eters to which all parties must adhere. Discounting prices is also an effective strategy with
which to coordinate the supply chain, as proven by Gaggero et al. (2021133]) and Tang et al.
(201812¢). The results of this previous research can help to coordinate a more efficient fresh
agricultural produce supply chain.

None of these results, however, are effective in all possible scenarios: i.e., they can
only design an optimal discount strategy for a supply chain that satisfies certain condi-
tions, and may need to be corrected if these conditions shift. Further, because the price of
fresh agricultural produce reflects their freshness (determined by the time elapsed be-
tween picking and selling), a dynamic strategy with multiple discount stages should be
designed; and because each category of food loses quantity and quality on a characteristic
curve, a universal optimal price discount ratio is difficult to determine (Nosratabadi et al.,
2020201). This paper analyzes a supply chain consisting of agricultural cooperatives and
supermarkets, and considers traditional and E-commerce channels simultaneously. It also
introduces the idea of a dual loss of quantity and quality in the distribution of fresh agri-
cultural produce. First, a supply chain with quantity loss in mixed exponential and logis-
tical distribution is examined. Then, an operating model with a single-stage discount is
constructed, and the optimal discount ratios of supermarkets and agricultural coopera-
tives with decentralized and centralized decision-making processes are calculated respec-
tively. The same analytical method is then applied to find the optimal discount ratios for
multi-stage discounts. Other scenarios of quantity loss are subsequently analyzed, and
universal optimal ratios for multi-stage discounts are obtained by inductive reasoning.
This can help ascertain different quantity loss scenarios and dual-channel supply chain
coordination.

2. The Dual-Channel Fresh Agricultural Produce Supply Chain

As the previous analysis explains, a discount contract is an effective way to coordi-
nate this supply chain. This paper will also consider the questions: What properties should
the optimal discount ratios of different enterprises contain? And: How many times should
a discount be introduced in the supply chain’s operational process?
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The particular properties of fresh agricultural produce mean that their quantity and
quality change over time. This can have two causes: physical or biochemical. Physical
changes (such as dehydration or damage in transit) trigger exponential decay. If Ql) is
the transitory quantity driven by physical change at time 7,

01 =exp(-ar+5)0, = —L— ()
exp(ax —b)

Biochemical change is considered logistic decay, because bacteria and viruses spread
from infected to healthy fresh agricultural produce. If the corresponding quantity is Q,(z)
, then

@ _ 9
" c+dexplet+ f)

The former is defined as the loss of food quantity, and the latter as the loss of food
quality. The nature of logistic decay means that the quantity decreases dynamically, as in
Equation (1). Further, physical change, like dehydration and impact damage, is inevitable,
and decreases the quantity of fresh agricultural produce over time. Although the dual loss
of quality and quantity happen synchronously, the latter is caused by both physical and
biochemical change, which are independent but parallel processes. This means that the
quantity of a product at time [ is:

Qt:QOX( 1 1 j (3)

)

+
exp(ax—b) c+dexp(et+ f)
As mentioned, the quality loss of fresh agricultural produce can be divided into two
aspects. One is physical (exponential) decay, defined by Equation (1); the other is deterio-
ration, rot and contamination as an inverted S-curve, which satisfies

O, =o(a+exp(bx+c)™") and is defined by Equation (2): expb+1/(c+dexp f)=1

The supply chain operational system discussed by Tang (2019) is shown in Figure 1:
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Figure 1. The fresh agricultural produce supply chain and discount coordination process.

The notations in this paper are:

C —the unit cost of a fresh agricultural produce at an agricultural cooperative;

g —the unit loss that occurs when products cannot be sold because of physical de-
terioration: i.e., the cost per unit of disposing of rotten food. Because fresh agricultural
produces are worthless once they are no longer fresh, they must be disposed of. In this
sense, although the scrap value of these rotten foods is zero, there are costs involved in
their disposal, which means that g > c;

¢ —the price sensitive coefficient of a channel;
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3 —the cross-elasticity coefficient of prices between channels. A channel’s price elas-
ticity demand is generally higher than the cross-elasticity coefficient demand for prices
between channels: i.e.,, x> ﬂ ;

T}, —the quality guarantee period of fresh agricultural produce;

H —the cost fixed by a particular store;

U —the potential market size for fresh agricultural produce;

O —the quantity of an order supplied to a supermarket by an agriculture coopera-
tive;

W —the wholesale price paid by a supermarket;

7y —the coefficient of fresh agricultural produce quality to demand;

Dr —the market demand in the traditional sales channel;

D , —the market demand in the E-commerce channel;

p, —the supermarket price in the traditional channel;

p, —the agricultural cooperative price in the E-commerce channel;

1), —the price to discount ratio for supermarkets in the traditional channel;

1), —the price to discount ratio for agricultural cooperatives in the E-commerce chan-

nel.
Figure 1 describes the operational process of the fresh agricultural produce supply
chain. After the fresh agricultural produce is picked, agricultural cooperatives store it in

a warehouse or transport it to a supermarket. At time 1), the fresh products arrive at the

supermarket, which then sells them to consumers. It may sell them at a discounted rate
according to fresh agricultural produce characteristics or market demand. The supermar-
ket decides when and how discounts should be applied. In the E-commerce channel, ag-
ricultural cooperatives may also apply discounts based on the same factors.

To analyze this problem, the operational process of the fresh agricultural produce
supply chain should be identified (Ezzeddine et al., 20201"}; Kollia et al., 202114}; Kurnia et

al., 2016/23)). At the first step, because quantity () is dependent on the behavior of agri-

cultural cooperatives but independent of supermarkets, () satisfies

1
0, =0, + 4)
© =0\ explat—b) c+dexplet+ 1)
But at the second step, quantity () is dependent on both agricultural cooperatives

and supermarkets, so
1
¢, +dexp(e (T,-T,)+ 1)

0, =0, x exp(—al(TW—To)+bl)+

)
1

¢, +d, exp(ez(z) —FW0)+f2)

If the quantity of fresh agricultural produce at time 7 is (5), it makes sense to apply
a discount strategy to achieve market clearing. If a product falls below the acceptable sales
quality, or if its supply far exceeds its demand, its value is 0; but it still incurs disposal
costs. If a discount strategy is applied in time, this can be avoided. In this sense, having
an effective discount strategy in place is important for both agricultural cooperatives and
supermarkets.

An effective discount strategy should achieve both market clearing and supply chain
coordination; the latter’s primary objective is to obtain maximum profit based on the for-
mer. Second, agricultural cooperatives and supermarkets must balance their distribution

X exp(—a2 (t—TW)—b2)+
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with their discount strategy to ensure a reasonable profit. Third, the discount strategy
should reduce the conflict between traditional and E-commerce channels to a negligible
level (Tabrizi et al., 2018[22]),

The complexity of this problem is rooted mainly in the changeable properties of the
quality and quantity of fresh agricultural produce, and the conflict within their supply
chain. It is therefore necessary to clarify the operational process. In the traditional channel,
agricultural cooperatives transport the fresh agricultural produce to supermarkets first in

time interval [7},,7, ], where 7| is the initial point in time, and 7, is the point of time
at which the fresh agricultural produce reaches the supermarket’s warehouse. No dis-
count is applicable at this step because the fresh agricultural produce is not yet being sold.
In the second step, ¢ €[7,, T ’ ], the fresh agricultural produce must be sold by the super-

market before it begins to rot at deadline Tf The quantity and quality of fresh agricul-

tural produce change dynamically with time, which causes the latter's demand function
to alter correspondingly, and enhances the difficulty of supply chain management. If sup-
ply and demand are equal, market clearing occurs; similarly, only if a scientific coordina-
tion mechanism is designed and implemented will the dual-channel fresh agricultural
produce supply chain be coordinated. This is a necessary condition of a healthy supply
chain (Gaggero et al., 202113]; Xu et al., (2019131; Zheng et al., 2017)34. To focus on the first
condition of equilibrium between the supply and demand of fresh agricultural produce,
the demand function must first be identified. The characteristics of this supply chain give
the corresponding demand function:

D (t)=6U—-ap,+ Bp, +

1
(6)
¢ +d, exp(el(Tw —]}))+f1)

74, exp(—a1 (T,-T,)+b, ) +

1
c, +d, exp(e2 (t—TW)+f2)

Equation (6) describes the demand for fresh agricultural produce in the traditional
channel. In this process, customers buy the fresh agricultural produce from a supermar-
ket, which causes a dynamic demand change as Equation (6). This demand has four as-
pects: (a) the demand scale QU of the traditional channel, driven by the demand pro-
portion of traditional commerce 0 and marketscale U , i.e., the constant of the demand

x| exp(—a, (t-T,)—b,)+

function of fresh agricultural produce; (b) sensitive demand «ap,, driven by retail price

p, and a price sensitive coefficient in the traditional channel & , which is accompanied
by a negative linear correlation between sensitive demand and retail price; (c) cross-elas-
ticity demand fp, from E-commerce trading, which is affected by demand in the E-
commerce channel: if demand in E-commerce decreases in a negative linear correlation
with the E-price p,, demand in the traditional channel will increase, and vice versa, and;
(d) the demand arising from quantity loss g, f(¢), which increases as quantity de-
creases. Here the loss function has two parts: quantity loss in a certain time interval
[¢,.T,]; and quantity loss from time 7|, to current time ¢, which is seen in the two frac-

tions in square brackets in Equation (6).
In the E-commerce channel, agricultural cooperatives sell fresh agricultural produce
directly to their customers via the internet. The sales behavior therefore begins at the ini-

tial point of time f;, which makes them independent of supermarkets. The correspond-

ing demand function D, (f) is:
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D,)=(1-0)U-ap,+Pp, +70,
=(1-0)U-ap,+pp, ()
1
¢ +d, exp(el(t—T}))+ﬁ)

Similarly, the demand function of agricultural cooperatives has four aspects in the E-

+7Q, % exp(—al (t—];)—bl)+

commerce channel: (a) the demand scale (1—@)U of the E-commerce channel; (b) the
sensitivity demand @ p, ; (c) the cross-elasticity demand [ p, in the traditional chan-
nel, and; (d) demand arising from quantity loss y¢q,f '(t). In the E-commerce channel,
fresh agricultural produce is sold directly to customers, so the time interval is [7},?],

which means that f'(¢) satisfies the form defined in the square brackets in Equation (7).

If the characteristics of the dual channel supply chain are reconsidered, two kinds of
management emerge: decentralized and centralized decision-making (Zhai et al., 2021(33;
Zhu et al., 2018]). In the former, cooperatives and supermarkets make decisions inde-
pendently, to maximize their own profits; in the latter, the two enterprises are regarded
as a system, and make decisions that maximize the profits of the system as a whole. In this
case, a rational profit distribution mechanism must be designed to prevent conflict be-
tween the two sides. If both decision-making modes maximize their impact, a scientific
coordination mechanism can be designed. In decentralized decision-making, the super-
market’s profit can be represented as:

7. =p]] Ddt-w0-g| 0~ D (|-

(p,+8)], D,(dt~(w+)0-H

=(p,+g)OU-ap.+Bp, (T, -T,)-(w+g)Q-H +

(p,+&)7a| exp(-a, (T, - T,)+b )+ ®)

¢ +d, eXp(el(Tw_];))—i_fi)

{[expeaz(n ~T,)+by)—exphy]

a,

Pn[c2 exp(—e, (T, —T,) — f,) +d, ]~ In(c, exp(~ f2)+d2)H

cze2
T
It relies on demand L/ D,(t)dt in time interval [7,,7], the cost wQ, the loss

T,
arising from the quantity difference between supply and demand g [Q - '[T/ D, (t)dt} ,

and the disposal cost H for unsaleable fresh agricultural produce. Similarly, the agricul-
tural cooperative’s profit can be represented as:
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z,=p, jOTF D,(t)dt + wQ —cQ (67 ~1)0 - g[(@l -1)0- jOTF Dd(t)dt}

= Q(W—H7g+gj+(pd +g)T. (1-0U -ap,+Bp,)

[exp(—a,(T, —T,)+b,)—expbh,] )

a

+(pr+g)7qu{

,LInferexp-e (T 1)~ f)+d,]-In(c exp(=/) +4, )]}
€

The corresponding profit of the agricultural cooperative described in Equation (9)

consists of the incomes from both the traditional channel WQ and the E-commerce chan-
Ty
nel p, .[0 D, (t)dt, and the cost of the loss arising from the quantity difference between

T
supply and demand g [Q - J.T/ D, (t)dt} , and the disposal cost of unsaleable fresh agri-

cultural produce .

To design a discount strategy that coordinates the supply chain, it is necessary to
analyze the operational process and the corresponding profits of the supply chain as a
whole. To do this, the supply chain should be regarded as a system that obtains the cor-
responding profit in the centralized decision-making mode. When the operational process
is considered, the profit of supply chain 7, is:

7. =pJ) D.0di+p, [ D,0t-g| 0~ [ D )t
—g[(@l —1)Q—IOTF Dd(t)dt}—cQ—c(Hl ~1)0-H

=(p, +&)[1-OU~ap,+pp,|(T, ~T,)+

(p, +g)7q{exp(—“l 00 (T —TO)+f1)}

§ {[exp(—az(TF ~T,)+b,)—expb, ]

a,

[In[c, exp(—e,(T, —T,)— /) +d,|~In(c, exp(~f,) +d, ) ]
" 6,6
+(pd +g)TF ((1—(9)U—apd +ﬂpr)
exp(=a, (T =T)) +b) —expbh,

a

+(pd+g)7qu{

ce, (10)

L Infe exp(-e (7, 1)~ /) +d,]-In(q exp(—ﬁ>+dl)}

—(c+g)0'Q-H
If Equations (8), (9) and (10) are combined, the differences of profit between decen-
tralized and centralized decision-making modes in the supply chain are calculated in
Equation (11). When the sum of the supermarket and agricultural cooperative’s profits are
compared with those of the fresh agricultural produce supply chain,

d0i:10.20944/preprints202112.0411.v1
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7z, —(zm, +m,)=(p, +&)1=20U)T, = T,)+ (= B)p, +)p, — p )T ~T,)
exp(=a,(T; —T,) +b) —expbh,

q

(P, — P79 x{

+ ln[cl exp(—e¢, (T, =T,)— 1)) +d1]_ln(c1 exp(—f,)+d, )}
€
(11)
Because there is no internal friction in the centralized decision-making mode, it is
concluded that 7, > (7, + 7). This is an essential indicator that the supply chain can

be coordinated.

3. Main Results

Nonlinearity and instability mean that there are always differences between demand
and supply for fresh agricultural produces. Because there is a certain extent of conflict
between agricultural cooperatives and supermarkets, and between traditional and E-com-
merce channels, it is necessary to coordinate the enterprises in the supply chain. Scientists
(Gaggero et.al (2021)13, TANG et.al. (2018)12¢]) have proven that discounts can redistribute
profits between the enterprises in a supply chain, and consequently make it work more
efficiently. When the properties of the supply chain are considered, it is concluded that
longer the discount time, the more competitive the supply. This can be expressed by an
essential differential equation. If the interval of an independent variable is divided into
several sub-intervals, the differential between demand and supply is small; if the sub-
interval is very small, the derivative is closer to the actual function, which means that the
discount times should be long enough to be influential, but not so long that they ignore
the corresponding costs and effects. First, the corresponding conclusion of the discount
strategy is given (see Theorem 1).

Theorem 1: There exist a positive integer # and positive numbers g ln ! () and
257 () at the n discount, where
exp(_al (Tn — Tn—1) + b] ) —exp bl
a,
" In [cl exp(—e(7, -T,.) - ) +d, ] —In (Cl exp(—/,)+d, )
€

g (=

describes the profit coupled with quantity change in the E-commerce channel, and

g;—l (t) = exp(=a,(T, -7, )+ b)) —expb,

a,

n In [cz exp(—e,(T, - T, ) f,)+d, ] —ln(02 exp(—f,) + dz)

66

describes the profit coupled with quantity change in the traditional channel. If the decen-
tralized decision-making mode is adopted, the optimal discount strategies for supermar-
kets and agricultural cooperatives are

- n—1 * - aU (I_H)Ua }/qO n-1
- - + t
Zl(n ) Zl 2ap, (p2a°)p, 2ap,(T, 1)% ©
(12)

1

PP | exp(=a (T T _)+b
n eXP( al( n n-1)+ 1)+cl+dlexp(el(7;_T—1)+ 1)

2ap,

n

and


https://doi.org/10.20944/preprints202112.0411.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 December 2021

do0i:10.20944/preprints202112.0411.v1

9 of 33

i(ﬂ;”)?i{ A T—

el | 2ap, 2ap, (Tn _T;l—l)

p Y49, o
2ap, (T, —Tnl)(ﬂz—zaz)[eXp( a(T,~T)+b) 3

n

. 1 (-0«
cz+dzexp(e2(Tw—7}))+f2) (ﬂ22a2)pd

respectively. Under the same conditions, if the centralized decision-making mode is

adopted, the optimal discount strategies for supermarkets and agricultural cooperatives
are

> (n) =i{ o 21 (1) x

= 40 (1, -7, )(B-a)

1
EmE e R

n (exp(_a1 (T,-T,_)+b)—exp(—a,(T, T, )+ b]))
4ap,(T,-T,.)(B-a)
74 (exp(_a1 (T,-T ) +b)—exp(—a,(T, T, )+ b]))
) 4p.a(T,~T,.)(f+a)
n e
4p,.c,e, (Tn -7, )(ﬂ +a)

Cl+deXp(el(Tw—Tl)+f])_exp(_al(Tw_Tl)erl) y

[In[c, exp(-e,(T, =)= o)+ s ]~ In[e; exp(-ex (T, =) = £) + & ]}
0-DU ¢ U

+ + _

4p,(B+a) 2p, 4p,(f-a)

(14)
and
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n n Tw(/lz—ll)
n-1)" 74, €Xp
= In|c, exp(—e, (T —T)— f,)+d
;(nd ) ;{4pd02€2(71,—7:,_1)(ﬂ—06)|: [ 2 p( 2( n 1) f‘2) 2]

—In [cz exp(—e,(T,, —1) - f,) +d, ]]
74, (exp(=a,(T, =T, ) +b) —exp(-a,(T, =T, ) + b))
) 4p,a, (Tn _an)(ﬂ_a)
n 74, (exp(—al(Tn ~T_)+b)—exp(-a(T. —T._,) +b1))
4p,a,(T,-T,.,)(f+a)

— yon y ) o
4p,ce, (T, ~T, ) (f+a) [ln[czexp( e, (T, -T)- f,)+d,]

—~In[c, exp(-e,(T,, —T) - f,) +d,] |x

1
- —a (T -T b
cl+dexp(el(7—;1_7:171)+fi) eXp( a (T, =T )+ 1)
+ ¢ U (20-1HU
2p, 4p,(f-a) 4p,(B+a)
(13)
respectively.

Theorem 1 gives the optimal strategy for each stage of discount, including the opti-
mal discount ratios for supermarkets and agricultural cooperatives using decentralized
and centralized decision-making modes respectively, if the quantity of fresh food loss sat-
isfies Equation (4). Because transitory optimal discount ratios at discount stage 7 are
defined by Equations (12), (13), (14) and (15), the supply chain can be coordinated at an
arbitrary stage. There are, however, other categories of fresh food quantity loss. In certain
situations, the optimal discount strategy calculated in Theorem 1 will not fit, because the
properties of the quantity loss have changed. This invokes the question: Is there a more
general and clearer discount strategy that coordinates the fresh agricultural produce sup-
ply chain with all possible quantity loss scenarios? Although this seems impossible, an
answer is given in Theorem 2.

Theorem 2: There exists a universal discount strategy for all scenarios of fresh agri-
cultural produce decay. It has two categories—fixed term and drift term —which deter-
mine the optimal discount ratios. If the coordination mechanism of the decentralized de-
cision-making mode is adopted, the fixed term of the discount ratio for supermarkets

Z;(m"‘l)* is
c u__, @-nu
2p, 4pr(/)’ Q) 4p,(ﬂ+a)

and the drift term is

7502{ j Q(t)dt—— j Q(t)dt} (17)

The fixed term of the discount ratlo for agricultural cooperatives can be generalized

(16)

as

c U 0-1)U
2p, 4p,(f-a) 4p,(B+a)

and the drift term as

(18)
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7% 1 o
Pi n= [ﬂ (ZI Q(t)dt+ OCJ‘TIH Q(t)dt} (19)

In the coordination mechanism of the centralized decision-making mode, the fixed
term discounts for supermarkets and agricultural cooperatives are

n oU pA-6)U
;(Ur l)ﬁxed " 2ap. " (B -2a)p,
and ;(77(1 )ﬁxed - (,32 _2a2)pd (21)

respectively. Similarly, the drift term discounts for supermarkets and agricultural coop-
eratives are

S, = 7;10 [ J; otdi+—— ﬂ eyl Q(t)dt} 22)

n=1 I

(20)

and i(%’ )dnﬁ 740 Z|: I Q(t)dt+ﬁ J Q(l‘)dt}
(23) "
respectively.

Theorem 2 shows that, whatever the quantity of fresh agricultural produce loss, there
is always a universal optimal discount ratio, relying on (Q(f) fitting for market clearing
and supply chain coordination.

4. The Single-Stage Discount Approach

In the supply chain operational process there exists a discount point 7, at which,

because of conflict between demand and supply, the supply chain sells fresh agricultural
produce at full price if ¢ < 7,, but a discount is required if ¢ > T, .

If the single-stage discount strategy is used (in which the discount ratios of super-

markets and agricultural cooperatives are denoted as 7], and 7], respectively), the cor-

responding prices should be 77,p, and 7], p, respectively, after the discount. Because
the discount strategy is implemented, the demand function changes accordingly. If
t < T, and no discount strategy is implemented, the demand function would not change;

butif ¢ > T,, the agricultural cooperative and supermarkets change their prices from p,

and p, to 77,p, and 7].p, respectively; according to the theory of balance between

supply and demand, the demand function must be changed. The properties of demand
for fresh agricultural produce mean that the demand function can be regarded as a linear
transformation of the original demand function. This means that in the traditional chan-
nel if ¢+ < T,
D, ()=0U~ap, +pp,+
1
¢, +d, exp(e] (T, —T0)+f])
1

¢, +dyexp(e,(t-T,)+ ;)
The demand function consists of two parts: trend —ap, + Bp, +7q,f(t); and in-

tercept QU . The element f'(¢) is defined in Equation (6). It is the adjustment effect for

a change in market demand caused by the dynamic quantity of fresh agricultural produce
in the traditional supply chain channel, and describes the decay properties of the initial

4| exp(=a,(T, = T,)+b, )+ (24)

x| exp(-a,(t-T,)-b,)+
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quantity ¢, overtime f.The agricultural cooperative’s online price p, also affects su-

permarket demand. Further, if ¢ > 7, at the discount stage,

D, ()=0U —an,p,+fBn,p, +
1
¢ +d, exp(el(TW—TB)+fl)
1
¢, +d, exp(e2 (t—TW)+f2)

When ¢ > T, the demand function shifts because the retail prices change from p,

74 exp(_al(Tw_To)"'bl)"' (25)

X exp(—az(t—Tw)—bz)Jr

and p, to 7,p, and 71,p, respectively. If prices p, and p, form a linear scale
with prices 77, p. and 77, p, respectively, then the demand function shifts accordingly,
as seen in Figure 2.

o
A

P

.
>

Figure 2: The change of demand function with price

Figure 2 shows the nature of the demand function’s change: i.e., there exists a discon-
tinuous price point at which the demand function shifts from Dr1 to Dr2 . The latter con-

sists of two parts: intercept OU and trend —an,.p, + fn,p, + 74,/ ().

In the E-commerce channel, transport is not necessary: customers buy fresh produce
directly from agricultural cooperatives, so quantity change can only occur when the fresh
agricultural produce is picked. In this case, if # < T},

D,®)=D,t)=(1-OU-ap,+pp, +70,
=(1-0)U~-ap,+pp, (26)
1
¢ +d, exp(el(t—T}))+ﬁ)

+7Q, x exp(—a1 (t—%)—b1)+

and if t21, ,
D,()=(1-0U—-an,p,+ pn.p, +70,

1
c, +d, exp(e2 (t—T0)+f2)

In the traditional supply chain, the demand function is divided into two categories:
Equation (26) describes the first step before the discount is applied; and Equation (27)
maps the changes to supply price and demand quantity afterwards (Liu et al., 202001;
Zhang et al., 20171%0). It is concluded that the common intercept (1—@)U exists in both

+7Q, % exp(—a2 (t—TO)—b2)+
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traditional and E-commerce channels, but the trend terms are different. The trend of the
former channel is -ap,+pBp, +yq,f'(t) , and that of the latter is
—an,p,+n.p,+rq,f'({t), where f'(t) isdefined in Equation (7) as the adjustment
effect of the dynamic supply quantity in the E-commerce channel of the supply chain.

(1) Price discounts in the decentralized decision-making mode
To coordinate discounts, the profits of the supply chain and its enterprises must be
analyzed. Without loss of generality, 7, =0, i.e.,, the fresh agricultural produce are dis-

tributed immediately after they are picked, and a price discount coordination process can
be specified in the decentralized decision-making mode. First, the supermarket would de-
termine the retail price of the fresh produce based on market demand after it is delivered
from the agricultural cooperative. If the retail price, discount price, market demand, pur-
chase price and quantity of the fresh produce is fixed, the corresponding profit of the su-

permarket 77, is

5 7
7.=p,[, Da@dt+n,p, [ D, (0dt~Qw-H

exp(—a, (T — 1)) +b,) —expb, " (28)
a

+(1+77r)p17/q0 X{

ln[c2 exp(—e, (T, —7})—]‘2)+a?2]—1n(c2 exp(—f2)+d2)
6,6

}—QW—H

As shown in Equation (28), the supermarket’s profit 7, has two parts: one is inde-

pendent of quantity change and the other is dependent on it. The former occurs in two
steps (non-discount and discount), which are integral to profit density functions

[(9U -ap, +ﬁpd)] on time-scale (7,,,7;) and 77,p, [(HU —an,p, +ﬂ77dpd)] on
time-scale (7;,7,) respectively. The latter is integral to the quantity decay function in
these two sequential steps, i.e., the product of dynamic prices (1+7,)p, drivenby quan-

tity loss from both physical change and decay; and the integral quantity decay function
exp(~a,(T, ~T,) +b,) ~ expb,

of quantity change due to physical loss, and the oper-
4,

In [Cz exp(—e,(T, - 1)) - f,) +d, ] —ln(02 exp(—f,)+d, ) .
ator of quantity change
66,

due to quality loss. To simplify this, the profit coupled with quantity change is denoted
as g,(t),ie,

exp(—a2 (TF — 71) + bz) —Xp bz
a,
s In[c, exp(—e,(T, —T,) - f,) +d, |- In(c, exp(— ;) +d,)
66
The properties of the discount process mean that the agricultural cooperative’s profit

g, ()=
(29)

is
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5 7 .
Ty =Py LO Ddl(t)dt+f7dpdfn D,,(1)dt+Qw—Qc (607" ~1)Qc
=p, (L -T)X(1-U —-ap,+ Bp,)
1,0, (TF —Tl)((l—a)U—anﬂd +ﬂpr77r)+
Y40Py {exp(_al (7, -T)-b))-exph,

q

. In[c, exp(—¢ (T, - T,)— f;)+d,]—In(c, exp(- f,) + d,)
clel

{exp(—a2 (T, —T,)—b,)—expb, .

+ (30)

ur

a,

[In[e, exp(—e, (T, =)= f;) +d,]~In(c, exp(~ ;) +d, )]

66

+Ow—0c—(07" -1)0c
As with that of the supermarket, the profit of the agricultural cooperative has two
sub-profits. The characteristics of the operation process, mean that the wholesale process

in time interval [1},7;] and the corresponding profit driven by quantity loss index

g,(t) should be considered, and can be described in terms of quantity loss caused by

eXp(_al (71 _%)_bl)_eprl

physical decay and quality decay

q
ln[cl exp(_el(]}_%)_ﬁ)"'dl]_ln(cl exp(_fl)+dl) . .
respectively. This means that
¢
£ ()= exp(—a1 (T,-T,) —bl)—epr1
a
(31)
. In[c, exp(—e,(T, - T,) - f,) +d,]-In(c, exp(- /) +d,)

C,é,
1€1
The optimal discount ratios of these two enterprises are important to coordinate the

supply chain, they can be decided by taking the partial derivative of 7). to Equation

(30).
or
~ = O0Up, (T, —T,)—2an,p}(T, = T,)+ Bp,p,1,(T, —=T)+ p,7 4,8, (1)
(32)
where
expl—-a,(t—=T)—b,)—exph
- (0w,

a,
. In[c, exp(—e,(t—T,)— f,)+d,|-In(c, exp(- f,) +d,)

6,6

(33)
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describes the corresponding operator of the loss at the second step. If 07, /017, =0, and
82
6772

r

—2a pr <0, the physical properties of this supply chain operation mean that the

discount ratio of the supermarket 7). satisfies

_9Up, +Bp,pily PV
2ap; 2api (T, ~T))
Similarly, the optimal discount ratio for agricultural cooperatives can be found by
calculating the partial derivative of Equation (30) based on the condition of the second-

xg,(t) (34)

r

order partial derivative of o'r L/ (3773 . Further,

)
0%t — (T, ~T)(= O | 20p2 L L2 |y, 1 L2
on, 2ap, 2a 35)
By p; Pt
+ AT (o (1) + g, (¢
s s @O+ o)
o 2 _ 402 p? .
Here, P ﬂzd = ('B > i )pd , and if f > 2a, the optimal discount ratio n, is
4 a
obtained, which satisfies
« 20(T.-T)Y1-60)U oU
g =2l 00 P P ()4 g,
(B —4a’)p, (B =4a’)p, (B —4a )T.-T)p,
(36)
If (36) is substituted for (34),
. (L -T)1-0UB
’ 20!19, (5 —4a’)p,
(37)
ZinY /3’ Y40+ P19’ —4a”) 2.()

20!1? » 40!) 2ap,(f° —4a" T, - 1))

Although there are differences between them, the optimal discount ratios 77:, and

77: consist of two aspects: the trend term of the last part of Equations (36) and (37), and

the constant term of the rest of these two equations. There is a decay effect in the trend
term described by the integral demand function, which reflects the price and decay prop-
erty coupled with dynamic quantity change. Further, the decay effects of discount ratios,
which rely on the dynamic demand quantity of fresh agricultural produce, are determined

by functions g,(¢) and g,(¢)+g,(f) respectively. This shows that discount ratios de-

pend on the operational process of the traditional supply chain channel. It can also be
concluded that, if £ > 2« , a minimum profit would be achieved, which is not desirable.

If B =2, thisisnotan optimal solution; [ < 2« is the basic condition for the supply

chain to operate normally. With this in mind, the equilibrium condition of supply and
demand in supermarkets is:

T Tp
J, D+ [ D, (0)de =0 8)

i.e., Equation (38) can be expanded to
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O=0U-ap, +Bp, )T, -T)+OU —an,p, + fn,p, )T —T)

+74, exp(—a1 (T, —Z))+b1)+

¢ +d, exp(el(Tw—To)+f1) &

1
cz+d2exp(e2(TF -T)+ f,

+74, exp(—az(TF —T1)+b2)+

) g,(0)

(39)
and the constraint condition of equilibrium between supply and demand in the agri-
cultural cooperative is

LT D, (1)dt+ jTT D,,(tydr=(6"-1)Q wo)
Then,
(07 -1)0=(A-OU —ap,+Bp)T,~T,)+(1-OU —ap,n,

(41)
+Bp,0. (I =T,) + 74, [&() + &, ()]

The balance of supply and demand equilibrates the dual channels of the fresh agri-
cultural produce supply chain, and the scientific coordination mechanism defined by the
discount ratios p, and p, ensures rational profit distribution based on maximizing
market clearing and profit in the system as a whole. These two conditions ensure that
discount ratios are always at an optimal trajectory, which stabilizes the supply chain, as
shown in Figure 3.

na , Stable attractor at #3
Attractor works at time #,

Y

Figure 3. Attractor stability

If perturbation from the environment is added, the equilibrium between the supply
and demand of fresh agricultural produce is broken, because the discount strategy can
stimulate demand growth to fill it; there must be a “potential difference” attractor that
pulls the deviation back to the optimal trajectory. Further, in decentralized decision-mak-
ing, because two enterprises make decisions independently, there are several non-syn-
chronous behaviors occur and entangle together in the operational process, which affects
the efficiency of the supply chain.

(2) Price discount in the centralized decision-making mode

In centralized decision-making, agricultural cooperatives and supermarkets are re-
garded as a whole, in which optimal prices are calculated by resolving a corresponding
optimal model. Because of the relationship between market demand and system supply,
and the operational properties of this supply chain, the supermarket’s retail price, the

online price set by agricultural cooperatives, the supermarket’s discount ratio 77, , and

the agricultural cooperative’s discount ratio 77; must be determined. The properties of
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the fresh agricultural produce supply chain mean that the profit 7, in the centralized

decision-making mode is

T T L
ﬂ-c = pr J.To Drl (t)dt + ﬂr’pr J‘Ii Dr2 (t)dt + pd J.Tb Ddl (t)dt

TF _
+1,p, In D,,(t)dt -0 Qc~
=p,(L,-T)OU —ap, +Bp,)+n.p.(OU —an,p, + pn,p, T, —T) +
Pa (A-0)U - ap, + ﬂpr) +1,D4 Q-0 - ap,n, + ﬂpﬂh) - g_lQC -H 42

1 0
¢ +d, exp(e1 (T, —TO)+f1) &

+D,749 |:exp(_a1 (Tw -1 ) +b, ) +

1 (0
c, +d, exp(ez( T)+ fz) &2

+11,0,79 {GXP( (T =T)+b,)+

+p.va.e () +n.p.va.e.(t)
Equation (42) shows that the supply chain profit has two parts: the drift term and the

constant term. The constant term is —971Qc — H , but the drift term is more complex. It
relies on the behavior of agricultural cooperatives and supermarkets, which is determined
by the price sensitive coefficient of the channel; the price cross-elasticity coefficient of the
between channels; the effective coefficient of food quality to demand; corresponding dis-
count ratios; and the quantity loss index g, (), where i= 1,2. To summarize: the profit
coupled with centralized decision-making is defined by the constant and drift terms,

which are driven by their respective prices p, ; and discount ratios 77, ;, coupled with

the corresponding demand quantities in time intervals [1;,T,), [7,,7,) and [1,,7]

respectively.
If the constraint of equilibrium conditions (38) and (40), or (39) and (41) are combined,
the order quantity in the traditional channel 0 is

0" =20u(T - 1)~ 20PN = T0)

1-6
(43)
LB, A+ )T -T,) 7 q
-0 O[gl(t)+g2(t)]
by taking partial derivative of Q from Equation (42). Substitute (43) into supply
e~ 0 an oz, =0, the optimal discount ratios for
aﬂr and

the agricultural cooperative and supermarket are
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. pa-ow Brau T, T, +1)
n. = 2 7T 2 7 &,(1)
2ap,p, (T, -T)- B p,p, (T, -T,+1)" 2ap.(T,-T)-p p.(T. T, +1)
U (T, -T)
+ 2 2 > T
2ap;p,(T. -T)- B p,p,(T. T, +1)"p,
ayq,
t
2a0p, (T, -T,)- B’ p,(T, =T, +1)° £:.()
1
expl—a, (T.—T )+b, )+
p( 2( F 1) 2) cz+dzexp(ez(TF—]])+f2)
(44)
and
. (1-0)U
M =!+&gz(t)
ap, ap,
BT =T +1) { B-0)U .\
ap, 2ap.p,(T; —=T) _ﬂzprpd (T, -T, +1)*
Bra,(T -T +1)
2 2 gz(t)
2ap, (T, ~T)- fp, (T, ~T, +1)
N 6U(T, ~T)) N )
2ep;p (T =T) = p,py (T, =T, +1)*
apryqo

& ()
2ap, (T, = 1)~ p (T, ~T,+1)°

exp(—az(TF—Tl)+b2)+ ! —H

¢, +d, exp(ez (TF _T1)+f2)

respectively. The optimal discount ratios of both 77: and 77; are determined by the point

of time of the discount; prices p, and p,;the sensitive coefficient of the price of a chan-
nel & ; the cross-elasticity coefficient of prices between channels ,3 ; and the effective

coefficient of food quality to demand g(?).

A comparison of the optimal discount ratios in the centralized decision-making mode
described in Equations (44) and (45) with those in the decentralized decision-making
mode, described in Equations (37) and (36), shows that the latter is larger than the former.
This is because there are much fewer internal conflicts in centralized decision-making,
which makes the supply chain more effective. Further, in the centralized decision-making
mode, resources, such as information, inventory and equipment, can be shared in collab-
orative planning, forecasting and replenishment (CPFR), which greatly improves opera-
tional efficiency 12120, There are, however, gaps in profit between decentralized and cen-
tralized decision-making modes, and strategies should be introduced to improve the ca-
pability of the latter.

5. Optimizing the Multi-Stage Discount Strategy
5.1. Market Clearing in Multi-Stage Discounts

The quality of fresh agricultural produce deteriorates over time, which means that
several stages of discount are necessary. This is because as the quantity and quality of
fresh agricultural produce declines, the price elasticity coefficient becomes smaller, and
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the demand function correspondingly becomes concave. The graph of the demand func-
tion is described approximately in Figure 3.

P P
A

Q Q; Q3 Qi Q? ajala?alal

Figure 3: The demand function of fresh agricultural produce and the effect of multi-stage discounts

Figure 3 shows the properties of the demand function and the way the effects of dis-
counts vary at different times. As discounts increase, supply matches demand more
closely.

Multi-stage discounts follow a process: Once the quality or quantity reaches a certain

low threshold, the corresponding price discount ratio 77:c , must be introduced to com-

pensate for the loss that occurs because of the mismatch between supply and demand,
and to distribute profit rationally between supermarkets and agricultural cooperatives.

Here, k isthe k" discount stage, ¥ and d represent the supermarket and coopera-
tive respectively. In the operational properties of the fresh agricultural produce supply
chain, discount behaviors always occur after time TW, after which the multi-stage dis-

count process can be analyzed. First, if the first discount time 7} > T, , the corresponding

process is as described in Figure 4.

-1 2 ‘nj 1 n
SM r r rI r
“d
rPr o
— .y - - == T
To T4 T .o Tni1 n
dPd dPd
5 ¥ nj1 ‘n
FPC ] B d g

Figure 4: Multi-stage discount coordination in the fresh agricultural produce supply chain

Because the price in one discount stage must differ from that in another, the corre-
sponding demand function of the dual-channel supply chain relies on the order
je{l,2,...,n} of the discount stage. According to the properties of the multi-stage dis-

count strategy in the supply chain, the price in time interval (7,,7,,,] should be 77! - D,

or 77;'_1 P, before the discount stage 7, so, the corresponding demand function at the
n" stage is determined by the discount ratio 77/’ " atthe previous stage. Generally, 77"
is smaller than 77 ' to ensure both market clearing and fair profit distribution. Accord-

ing to the properties of multi-stage discounts in the fresh agricultural produce supply
chain, the demand function of the supermarket in the discount stage 7 is:
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D, (0)=6U—an! " p,+ B, p,
1
¢ +d, exp(el(Tw_To)"'fl)

x{exp(—az(t—Tw)—b2)+ ! —‘

c, +d, exp(e2 (t—Tw)+f2)
Similarly, the demand function of the E-commerce channel in the discount stage 7
of the agricultural cooperative is:

D, ()=(1-0U ~an; ' p,+pn"'p,
1 (47)
+yq,%| exp(—a,(t—T,)—b )+
on [ p( 1( 0) 1) C1+d1eXP(el(t_To)+f1):|
Equations (46) and (47) show that in each time interval (7, ,,7,) of the discount,

the demand is deterministic due to the deterministic price. When the new discount ratio

+74, exp(—a1 (TM —TO)+b1)+ (46)

n, is introduced at time 7, , however, the demand shifts from what is decided by dis-

count ratio 77,_, to the ratio decided by 77,, according to Equation (46) or (47). This

n-1
means that demand is a piecewise function, and the points at time 7,,i=1,2,... are all
discontinuity points of the second kind. As previously analyzed, the discount ratio is an
attenuation function with multiple discount times i,i =1,2,..., to which the demand
function adjusts correspondingly.

Further, because of the anchoring effect, the discount works quickly if and only if its
stages occur over a short period. In this case, the state at the next stage is dependent on
that of the one that precedes it. To study the multi-stage discount strategy in supply chain
coordination, this property must be thoroughly understood. The demand in different
stages of this discount process can be regarded as a martingale process (Jin-you strategy
(Hu et al., 20191€), where

P(Dr,n(t) | Dr,n—l’Dr,n—Z"“’Dr,l) = P(Dr,n—l) (48)

with n,n=12,..., ie, E[P(D, ()-D,, ., |D,, D

r,n—12 r,n—2"“’Dr,1)] = 0 . Each
discount stage can then be analyzed independently, and based on this the multi-stage dis-
count strategy can be understood as a whole.

As previously explained, there are two kinds of decision-making. Decentralized de-
cision-making is similar to the single-stage discount process to a certain extent. At some
stage, however, the demand function is different because the price changes, so, the total
profit is the sum of the profits at each stage of discount. In this case, the supermarket’s

profit becomes:

T, = Zn:m”’lpr LT D, (dt-Ow-H
n=1 n-l

=>An ', (6U —an! " p, + B p )T, ~T, )+

n=1

" prd, | exp(-a, (T, ~T,)+b)+ ) g () -0w—H

¢ +d, exp(e1 (T,-T))+ £,
(49)

Equations (49) and (28) differ slightly, because each discount stage is independent of

discount time but dependent on demand, and demand satisfies the property of the mar-

tingale strategy in Equation (48). If the discount 77, is a constant, the ratio at the n"


https://doi.org/10.20944/preprints202112.0411.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 December 2021 d0i:10.20944/preprints202112.0411.v1

21 of 33

discount becomes 77/',n=1,2,..., and the profit at each stage can be calculated by Equa-

tion (49). According to a similar process and method and considering its dynamic nature,
the agricultural cooperative’s profit would be:

Ty = Zﬂj“lpdjTT" D, (H)dt+ Qw—Qc—(9‘1 —I)Qc
n=1 n-l

= inﬁ’lpd ([a-0U -an;"p,+pn'p, )T, ~T,.) +ra,x (" O+ (1)}

+0w—Q0c—(60"~1)Qc
(50)

As discussed, the corresponding constraint conditions for equilibrium between sup-
ply and demand in the traditional channel must be addressed. In dynamic coordination
terms, the supply chain is coordinated as a whole if it is coordinated at each stage using
certain strategies. Regardless of coordinative strategies, however, market clearing is cru-
cial for the supply chain to obtain maximum profit, which requires that

> p,0d=0
n=l "t

i.e,, if and only if the supply of fresh agricultural produce matches demand, there is
no internal conflict in the supply chain. If demand D, (f) is expanded at the nt» discount

stage, then

0=Y{(6U-an"p, + B’ p,)T,~T, )+
n=l1

1

+ exp(—a (T —T,)+b )+ I

n p( 1( w 0) 1) cl+dlexp(el(Tw_T('))+fi) g (@)
(51)
where

2 (1) = exp(—a,(T,-T, ,)+b,)—expb,
a,
n In [cz exp(—e,(T, T, ) f,) +d2]—1n(02 exp(—13) +d2)

66
describes the profit coupled with the quantity change in the traditional channel, and
- exp(—a,(7, —T,.))+b)—exph
g 1 (f) — 1 1 1 1
4
+ In [cl exp(—e(T,-T, )— /) +d, ] —In (Cl exp(—f,) +d, )
¢é

describes the profit coupled with the quantity change in the E-commerce channel.
According to the same method, the corresponding constraint conditions for equilib-
rium between supply and demand in the E-commerce supply chain channel are

Z’i: J; Diar=(0"-1)0

ie.,
n

(07 -1)0=2{[a-OWw-an;"p,+ B p, )T, T, )+ raue” ()]

n=1

(52)
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Equations (51) and (52) show that the equilibrium between supply and demand is
important to the sale of fresh agricultural produce. Because the produce must be fresh, the
demand functions vary at different stages, and this equilibrium is broken. It is not neces-
sary for supply to be equal to demand at every stage, but the total demand must be equal
to the total supply in all stages as a whole. This means that the respective conditions under
both decentralized and centralized decision-making modes are complex. The equilibrium
in the operational process as a whole can be understood as a degenerate distribution in
the equilibrium at each stage of discount. Although this degeneration is not strictly correct
(because the local equilibrium in sequential small time-scales in accordance with discount
stages is a sufficient but not essential condition), it is a reasonable alternative method.

The coordination of the supply chain with multi-stage discounts is analyzed In sec-
tion 5.2.

5.2. Optimal Discount Ratios in Multi-Stage Discount Strategies

In the decentralized decision-making mode, like in the single-stage discount process,
the supermarket sets the retail price based on market demand. A reasonable discount ratio

n ' can be set to encourage demand, which in turn changes the demand quantity. This
means the agricultural cooperative must produce the new discount ratio 77:;_1. In this as-
pect, there is no difference between single- and multi-stage discount strategies.

Combine Equations (49)~(52), then take partial derivative for 77 " and 77:;_1 from

(49) and (50) respectively, the partial derivative Oz, /07, " of the n discount stage is

obtained:
or, _% {(T ~T,.,)[ 0Up, — 227" p} + Bp,p 1" |
ann—l e n n—1 r r r rFPalla
: (33)
+ exp(—a, (T, -T,)+b, )+ e
Y4,P, p( 1( w 0) 1) cl+d1exp(el(Tw—T0)+fl) g (1)
2
Equation (53) shows that iz < 0. These multiple stages of the discount pro-

o)

p
cess are not independent of each other, but rather work as a system. The optimal sequen-
tial discount ratios must be determined systematically. If the properties of the discount
strategy and Equation (53) are considered, the function of the discount ratio of the retail
price of fresh agricultural produce in the traditional channel is:

S =i[ oU_ ﬁpdnzl}
n=1

n=l1 2apr Zapl‘

n

¥4
+ZI: WO_TI) exp(-a, (T, -T,)+b)+

g ()

¢ +d, exp(el(TW—TO)+fl)

(54)
Equation (54) shows that the discount ratio 77:' 7 of the supermarket’s retail price
relies on the discount ratio 77;'71 of the agricultural cooperative, and the mapping be-

tween them is relatively complex. If the solution to Equation (54) is 77: =7, (7] y ) , replace
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it into the profit function of the cooperative, then take the first order partial derivative to

n—1
n, ,wehave

671' 2 2 n-l -
: _Z{ T -1 |:(1 9)Upd—20”7d pd ﬂpdﬂd }4'7%17,1& 1(t)} (55)

» (T,-T,.,) (B> -2a7) p}

o'r
It can also be seen that & > £ and ‘f 5= Z <0
omy') = o

According to the analysis method used in 77" !, the optimal price discount ratio 77, of a

fresh agricultural produce from an agricultural cooperative in the E-commerce channel is:

3 n-1 * _ - QU 7% n-1
2 )‘Z{Zapfzap,(n—nl)gl O+

n=1 n=1
B Y90
—a,(T. T ) +b
2ap, (Tn—T,,l)(ﬂz—zaz)[eXp( a(T,~T)+b,) o
+ 1 1-0)Ua

c2+dzexp(ez(Tw_72))+f2) (ﬂzzaz)pd
Similarly, if 77:1 is inserted into the reverse function of response function

77: =7. (7] y ) , the optimal discount ratio 77: in the traditional channel is:

Z”:(U;H)*:Z": ou  (1-9)U«a N 749, ()

n=l1 n=l1 2apr (,322a2)pd 2apr(T;1 T )
(57)
PP | xp(-a (T, ~T ) +b !
+20{pr exp( al( n n—l)+ 1) ¢ +d, exp( ( )+f)

In the decentralized decision-making mode in this dual channel supply chain, agri-
cultural cooperatives and supermarkets work independently to pursue their own optimal

profits. Because of this, the analytical solution for the optimal price discount ratio 7], of

the agricultural cooperative, and the discount ratio 7, of the supermarket maximize

both market clearing and the profits of each party. An analytical process that combines
Equations (56) and (57) should therefore be applied to ascertain the optimal profits for
agricultural cooperatives and supermarkets respectively:

w =Y e[ Dd-ow-r )

n=1

B =30 ) Duod - ow-0e—(07-1)oe @9

Similarly, the profit of the supply chain as a whole would then be:
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7=y 0 p [ D, 0d+ Y0y p, " D, (0di-Qc— (67 ~1)Qc - H
n-1 =l n-1

n=1

=>{n " p,(OU —am " p, + By p )T, =T, ) +

n=1

77 p.yq,| exp(—a, (T, T,)+b )+ ] g (1) (60)

¢ +d, exp(el(Tw—Z))va1

20y [ 0=OU —any " p, + pi” p, | (T, =T, + 4,87 ()

n=1

~Qc—(67"-1)Qc—H

Take the first and second partial derivatives of 77: ; for Equation (60), the second

Hesse matrix S of 7, to 77:'71 and 77571 would be:

5271'6 8272'6 . )
o(n)y om i 2ap,’ Y (T,-T,,) 2Bp.p,).(T,-T,.)
5= e o = - " 1)
nfj[cnfl ﬂ_.: 2 2ﬂprde(Tn _T;z—l) —2ap§Z(Tn _7;171)
ony m; 8(77;' ) ] s

n

2
where ]S|=4(a2—,Bz)przpj(Z(Tn—ZH)] ,a>p,T >T ,, and |S[>0.

n=l1
n
Because -2« pfz (Tn - TH) <0 in matrix S, the second Hesse matrix of 7, to 77 -

n=1

1, . - . . o .
and 77, is a negative definite matrix, which means that 7, is a joint concave function

of 1! “and 77571. The quantity of fresh agricultural produce in the supply chain is there-

fore:

0=30(,~T,)[U (B (ni puonp) |+ 35— Zqo—T & o

n

+> Orq, | exp(—a, (T, - T,)+b, )+
= cl+dlexp(e1(Tw—1}))+f1)

(62)

In the centralized decision-making mode, although the steps of the multi-stage dis-
count are relatively complex, the basic principle is the same as in the single-stage discount
process. If the optimal quantity of fresh agricultural produce is inserted into the supply
chain profit function in the centralized decision-making mode, the derivative can be as-
certained based on discount ratios 77, ~and 77;_1. For the profit function of agricultural
cooperatives and supermarkets in the centralized decision-making mode, the optimal dis-

count ratios (U:L_l)* and (77;_1)* are


https://doi.org/10.20944/preprints202112.0411.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 December 2021

do0i:10.20944/preprints202112.0411.v1

25 of 33
n . _ n }/qo - )
n=1 (nr ) "=1{4pr (T;l_T;z—l)(ﬂ_a)gz (t)
1
Ll +dexp(e, (7, -7,.)+ ;) ~exp(a,(T,~T,.,)+h)
74 (CXP(—al (T,-T,_)+b)—exp(-a/(T,—-T,) +b1))
4a,p, (Tn _Tn—l)(ﬂ_a)
_7%(exp(—a1(Tn —T_)+b)—exp(-a,(T,~T,)+b))
4p.a (T, -T,,)(B+a)
N Y4,
4p,ce, (T, =T, ) (B+a)
1
Ll +dexp(e (T, ~T)+ £;) —exp(-a, (T, - T;)+b,) |x
[ln[c2 exp(—e,(T,—T,) - 1,) +d2]
- - Ty — 0-1HU c U
In[c, exp(=e,(T,, ~T))~ f5) +d2]]} + in (Bic) + STRRYT
(63)

and

n=1

,,Zn:‘(”;_l)* :i{“Pdcszzzxf;f)(liB_a) [In[c, exp(—e,(T, ~T) - /) +d,]
—1n[02 exp(—e,(T,., _Tl)—fz)+d2]]
74, (exp(-a,(T, =T, ) +b) —exp(~a,(T, =T, ) +b,))
_ 4p,a (T, =T, )(B-a)
AL (exp(~a,(T, =T, )+ b)) —exp(~a,(T, =T, ) +b,))
4p,a(T,~T,,)(B+a)
_4pdczez(71.7—q;;_l)(ﬂ+a)X[ln[c2 exp(—e, (7, _Tl)—fz)‘i'dz]
—In[e, exp(—e,(7, , = T)) = /) +,] | %
1
cl+dexp(e1(7:1_Tn_l)_l_fl)_exp(_al(Tn_Tn1)+b1)}}
L U @)U
2p, 4p,(f-a) 4p,(f+a)

(64)

) or, or,
respectively, where =0

n-1

,—— = 0. Further, the optimal profit of the supply chain
77 r a 77 d

*
7, in the centralized decision-making mode is:
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7

7= () pf) DL@de+ Y () pf Dt -0c~(07 -1)0c— 1

n=1 n=1

(65)

It has been proven that the profit produced in centralized decision-making is greater
than or equal to that of decentralized decision-making. Accordingly, the corresponding
discount ratios are also more reliable (Tran 2018(27]),

Although centralized decision-making is better at coordinating the supply chain and
ensuring market clearance, the synchronization between supermarket and agricultural co-
operative must be strictly controlled. As a result, decentralized decision-making is often
introduced (Neubert et al., 201812; Singh et al., 2015124; Stranieri et al., 2018123).

6. Discussion and Conclusions
6.1. Other Scenarios and Comparisons

Although there are several kinds of quantity loss, this paper examines the case of
dual decay with quality and quantity loss. This hypothesis, however, is not strictly correct,
because other scenarios can occur under certain conditions (Belkhatir et al., 20200'4]; Suhail
et al., 20201)). For example, what strategy should be used if the quantity loss is not what
Equation (3) defines, or if a demand disruption occurs, or if a series of substitutes for fresh
agricultural produces are considered synchronously? What interests the authors of this
paper is not just the coordination strategy in the particular case defined in this paper, but
a universal coordination strategy for all possible cases. All scenarios can be described by
several specific parameters, and if they are taken as fixed constants, the scenario becomes
deterministic (Inoue et al., 20208]; Tominac et al., 20200'5; Tominac et al., 20211¢l). To draw
a universal conclusion for discount coordination, other scenarios should be discussed. Be-
cause this is too complex to analyze in the scope of this paper, we examined a coordination
strategy for the different kinds of quantity loss of fresh agricultural produce. A simple

case of quantity loss that satisfies exponential distribution exp(—/I(t -1, )) is discussed
in the following paragraph.

(1) The discount strategy for quantity loss that satisfies exponential distribution
exp(=A(t—1,)):

This is a degenerate distribution of the model constructed in this paper that ignores
quantity loss Q, (c+d exp(et + f ))f1 arising from decay. Using the same analysis
method and process, the optimal discount ratio of the agricultural cooperative in a single-
stage discount strategy is considered. The optimal discount ratios of 77; and 77: in the

decentralized decision-making mode would then be

A CREET a(1-0)U

n, = e —— (66)
ﬂ‘l(TF_T{)pd(ﬂ —2a ) 2a°p, - B p,

and
L e U (e e
' 2apr 2aprﬂ'2 (TF _T;)
. (©7)

B, | ra(e - ) a(1-0)U

2ap, | 4 (TF _E)pd (182 _2052) zazpd _ﬂzpd
respectively. Similarly, in the centralized decision-making mode, the optimal discount ra-

tios of 77; and 77: would be
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. yqoeTw(ﬂa—ﬂﬂ) (e-ﬂqu —e %l ) 74, (e—ﬂqu —e Alr ) c U
= — + — —
14y (€ =) g (e e ) ap 1y
+ +
Ap (T -T)(B+a)  4pL(T,-T)(B+a) 4p(B+a)
and
R ol (e e B P S R U
My =

-~ +— +
4p,A, (TF_Tl)(ﬁ_a) 4p, A (TF_]])(ﬂ_a) 2p, 4p,(B-a)
74, (e—ﬂm _e—up) ) yqoeTw(ﬂrﬂl) (e—up —e T ) _@o-1U
4pd/11(TF_T1)(ﬂ+a) 4pdj“2(TF_Ti)(ﬂ+a) 4p,(f+a)

(69)
respectively. In the multi-stage discount strategy, the optimal discount ratios of 77:, and

77: in decentralized decision-making would be

O ) g AL (e -e*)a  (-6Ua

”:1 T L ﬂﬂ(ﬂ;_n—l)<ﬂ2_2a2)pd_<ﬁ2_2a2)pd (70)
To(l=4) ( a2l AT,
S s OU V40¢ (e —¢€ )
;(’7’ ) - Z 2ap, 2api(T,-T,.)
and iy T (71)
Br.| rale* - )a (-gua

+
2ap, | 4 (Tn _Tn—l)(ﬁz _2a2)pd (:Bz _2a2)pd
respectively. In the centralized decision-making mode, the optimal discount ratios of 77;

and 77: would be

i (" ) _ z ygee™ e (em —e ) g, ( oAl _ g A, )

S\ S 4 (T, T ) (-a)  4pA(T,-T,)(B-a)
c U yao (e —e ")
SR - 72)
2p, Ap.(B-a) 4ApA(T,-T,.)(B+a)
) Tl eo-w
4p, (T, -T, ) (f+a) 4p,(B+a)
and
i(n’“ ) ) Z ] o (e —em) .
n=1 ‘ n=1 4pdﬂ,2 (T;, —T;H)(,B—Ot) 4pdﬂ1 (7;, _T;H)(ﬂ_a)
L U 74 (G_M”" —e‘“”) 73
2p, 4p,(B-a) 4pA(T,-T_ ) (B+a)

) yqoeTw(ﬂr%) (e*ﬂzTn _ e Pl ) ) 20-1)U
4pdﬁ'2(7:1_]:1—1)(ﬂ+a) 4p,(B+a)

respectively. In the optimal discount trajectory of agricultural cooperatives and supermar-
kets, similarities exist between single- and multi-stage discount scenarios with regard to
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the dual decay of quantity and quality and the single decay of quantity. This conclusion
can be drawn by considering the quality loss of Q, (c +dexp(et+ f ))71 .

(2) Comparing quantity loss scenarios:
Three scenarios of quantity loss can be considered: (1) where the logistical function

Oy(c+dexp(et+ f ))71 arises from quality evolution and the exponential function
Q,exp(—at+b) arises from quantity evolution; (2) where the exponential function
O, exp(—at+b) is driven by quantity evolution; and (3), where the logistical function
Oy(c+dexp(et+ f ))71 is driven by quantity evolution or quality evolution. If these

scenarios are compared, itis apparent that a discount contract is an effective way to ensure
market clearance and supply chain coordination with maximal profit. The duration, size,
and point of time of discounts are crucial in this strategy. In this paper, discount size has
been discussed by considering the loss of both quality and quantity.

(3) A universal coordination strategy for multi-stage discounts:

By analyzing other quantity losses with diverse decay functions, and comparing the
corresponding results of the transitory optimal discount ratios of supermarkets and agri-
cultural cooperatives, a hypothesis can be proposed: There is a universal law that can co-
ordinate supply chains in all scenarios. If this is true, all supply chains coupled with di-
verse scenarios could be coordinated in a discount strategy that uses certain discount ra-
tios. The main idea of the coordination strategy would be the same in all scenarios, but
the corresponding parameters of discount ratios and times would vary. The next subsec-
tion will attempt to find this universal law.

It can also be concluded that the discount size in the centralized decision-making
mode relies on fixed and drift terms, regardless of which loss function arises from expo-
nential, logistical, mixed, or other types of distribution. For a multi-stage discount strat-

n *
egy, the fixed term of the supermarket’s discount ratio Z (77;’71 ) is
n=1

I N s
2p, 4p.(f-a) 4p.(f+a)

(74

while the drift term relies on the distribution properties of quantity and quality loss.
After generalizing the results of the corresponding distribution, the drift term of the su-
permarket’s discount ratio is:

! T, T,
@Z{L [ O()dr ——— [ Q(t)dt} (75)
D, ﬂ—a Toa ﬂ—i—a Ta

Equations (74) and (75) show that for supermarkets, if centralized decision-making
isinvoked the fixed term is independent of the distribution of quantity decay, but the drift
term is. Further, whatever the distribution of quantity decay, the discount ratio in the
multi-stage discount strategy will be determined by this fixed term, even if no quantity
loss occurs. The fixed term of this discount ratio is decided by the unit cost of fresh agri-
cultural produce from the agricultural cooperative; the price set by the supermarket in the
traditional channel; the potential market size; the price sensitive coefficient of the channel
price cross-elasticity coefficient between channels; and the market share in the traditional
channel, which is described in Equation (74). There are, however, distinctions between
scenarios that are driven by the properties of quantity decay and supply chain operation.
The former is decided by the characteristics of the fresh agricultural produce, and the lat-
ter is controlled by supermarket prices in the traditional channel; the price sensitive coef-
ficient of a channel price cross-elasticity coefficient between channels; and the time
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intervals in a particular discount strategy. These two fractions form the drift term, as
shown in Equation (75).

In agricultural cooperatives, the discount ratio also has two parts. The fixed term can
be generalized as

c U _ 0-1HU
2p, 4p,(f-a) 4p,(f+a)

, and the drift term as

AL Z{ j Oloydr +

| B
| Q(t)dt} @7)
P n=t PHa i

If the decentralized dec1s10n—mak1ng mode is invoked, the discount ratio is similar to
that of supermarkets. The fixed term is decided by the unit cost set by the agricultural
cooperative; the price set by supermarkets in the traditional channel; the potential market
size; the price sensitive coefficient of the channel price cross-elasticity coefficient of be-
tween channels; and the market share in the traditional channel, as described in Equation
(76). The drift term is the same as that of the supermarket, which is affected by quantity
decay and supply chain operation.

The universal law in the decentralized decision-making mode can be analyzed by
using a similar method. In this case, the fixed term is the same as that of the centralized
decision-making mode. The fixed term discount ratio for supermarkets and agricultural
cooperatives would then be

76)

LU pa-6u
;(77" )ﬁxed B 2ap, - (B —20!2)]9, 7%
O (et _M
and ;(m )ﬁxed = (ﬂz —2a2)pd (79)

respectively. Similarly, the drift term discount ratio for supermarkets and agricul-
tural cooperatives would be

(), =1 Z[ J, otdi+—— ﬂ I, Q(t)dt} (50)

and Zn:(n; )dnﬁ 740 Z[ I Q(t)dt+

n=l

t)dt
e 0 }
(81)

respectively. If the size of these two discount ratios and decision-making modes are
compared, it can be seen that the discount ratios are larger in the centralized mode, which
reflects its advantage.

It can be concluded that Equations (74), (75), (76), (77), (80) and (81) are the universal
analytical expression of discount size. The former four equations fit the coordination strat-
egy of decentralized decision-making, and Equations (74), (76), (80) and (81) fit the cen-
tralized mode. In most cases, the universal coordination mechanism of multi-stage dis-
counts with reasonable ratios will greatly benefit the supply chain and its node enterprises
(Zhang et al., 2021151).

Further, if Q(¢) = 0, the optimal discount ratios would degenerate to the result pro-

posed in [12], [18], and [34]; if Q(¢)=exp(a —bt), the optimal discount ratios would
degenerate to the result proposed in [26]; if Q(¢) is far larger than the normal quantity

(i.e., it is a supernormal disruption, in which an extreme and sudden disruption occurs)
the result calculated would match that shown in [18]. This proves Theorem 2 correct.

(4) Coordination within agricultural cooperatives:

Agricultural cooperatives are composed of several families who work together, in
order to generate more profit than they would work alone. In this kind of enterprise,
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effective management (including planning, organization, control and coordination) in-
creases its benefits.

A question then arises: How can all families obtain reasonable profits under the con-
dition of maximized cooperative payment? This problem can be described as a dynamic
stochastic cooperative game model, which is complex to resolve. A solution can be ob-
tained without losing accuracy, by solving two sequential problems: first, a corresponding
optimal model of profit under certain constraints should be constructed (this should be a
multi-objective optimization model, but whatever category of model is used, a corre-
sponding optimal solution should be obtained); second, a reasonable profit distribution
mechanism should be designed, to make sure all families are compensated fairly.

Because the first question is an optimization problem, no matter how complicated it
is it can be solved by invoking a fitness algorithm. The objective function of an agricultural
cooperative is multi-faceted: maximum profit, sustainable production, and a healthy rela-
tionship with other enterprises in the supply chain are all considerations. The objective of
an agricultural family is, however, relative simple: maximum payment. A rational pay-
ment distribution can be determined by constructing a dynamic Shapley distribution vec-
tor, if the optimal payment of the cooperative and all possible coalitions are calculated.
Because this problem is relatively simple, it was omitted from this paper.

6.2. Conclusion

The structure of a fresh agricultural produce supply chain is extremely complex.
Three kinds of coordination are involved in its operation: that between the agricultural
cooperative and the supermarket; that between traditional and E-commerce channels; and
that between families in a cooperative. The former two focus on the conflict between the
supermarket and the agricultural cooperative in the two channels, and the latter involves
conflict within the cooperative. To resolve these conflicts, coordination between enter-
prises is key. After analysis, it can be concluded that the application of discounts is an
effective coordination strategy. Further, the coordination of discounts in the centralized
decision-making mode is more effective than under the decentralized mode. The paper
then studied a scientific discount parameter.

According to supply chain operation and coordination, the supermarket encourages
demand through discounts, and the agricultural cooperative gives discounts to promote
the E-commerce channel but surrenders part of its profits to the supermarket in the tradi-
tional channel. Because the quantity of fresh agricultural produce decreases with time,
however, and because market demand is determined by supply, the price, including the
corresponding discount ratio, is difficult to ascertain. This paper introduced a multi-stage
discount strategy, and calculated each discount ratio coupled with its corresponding
stage. If the quantity decays as in Equations (1) and (2), corresponds to the loss of quantity
and quality respectively, and if the decentralized decision-making mode is introduced,
the optimal discount for the supermarket is described in Equation (71), and the discount
for the agricultural cooperative in Equation (70). If centralized decision-making is used
but all other conditions remain the same, the optimal discounts for the supermarket and
agricultural cooperative are decided by Equations (72) and (73) respectively. The central-
ized decision-making mode is superior to the decentralized mode in terms of coordination
effect.

There are, however, other kinds of quantity loss in fresh agricultural produce that
have diverse functions determined by the product’s physical properties and biochemical
characteristics. This paper discussed the loss function of exponential and logistical decay,
and found that, whatever the nature of quantity loss, there is a universal function that
describes the discount ratio. It then divided the discount behaviors into two aspects: fixed
term (which is independent of changes to quantity and quality ); and drift term (which is
dependent on these changes). In the decentralized decision-making mode, the fixed term
of supermarket discounts is given in Equation (78), and the drift term in Equation (80);
and the fixed term of the agricultural cooperative discount is given in Equation (79), and
the drift term in Equation (81). In the centralized decision-making mode, the fixed term of


https://doi.org/10.20944/preprints202112.0411.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 December 2021 d0i:10.20944/preprints202112.0411.v1

31 of 33

supermarket discounts is given in Equation (74), and the drift term in Equation (75); and
the fixed term of agricultural cooperative discounts are given in Equation (76), and the
drift term in Equation (77).

If this universal conclusion is analyzed, it is found that, regardless of what kind of
quantity loss occurs, whether decentralized or centralized decision-making is selected, or
whether the supermarket’s or agricultural cooperative’s discount ratio is considered, the
fixed term discount relies on the market share in the traditional channel; the potential
market size; the retail price; the price sensitive coefficient of the channel; and the cross-
elasticity coefficient of prices between channels. The drift term discount relies on the ini-
tial quantity of fresh agricultural produce in the supply chain; the retail price; the price
sensitive coefficient of the channel cross-elasticity coefficient of price between different
channels, and property of quantity loss.

6.3. Supply Chain Coordination and Discount Times

In the mapping between profit 7 and discount time #, it can be concluded from
the demand equations (46) and (47), and the profit equations (60) and (65), that there is a
positive correlation between 7 and 71, such that the profit 77 is positively correlated
with the discount time 7 . This is because long discount times decrease the difference
between demand and supply, which in turn decreases the cost of disposing of a superflu-
ous supply of fresh agricultural produce. Unfortunately, the discount cost cannont be an-
alyzed using the demand equations (46) and (47), or the profit equations (60) and (65),
which makes the positive correlation between 7 and 77 unacceptable. Each discount
can produce some degree of cost or loss, and this should be added to the profit equations.
The mapping between profit 7 and discount time 72 is therefore very complex, and
probably a non-negative correlation. Further, if the discount times is too large, consumers
could play a larger role in setting prices in the supply chain, and each more discount
would increase the difficulty of management of supply chain, thereby decreasing the prof-
its of the supermarket and/or agricultural cooperative. For this reason, moderate discount
times should be considered.

The dynamic discount ratio 77£* and 77;* at discount stage I are given as dis-

cussed, which raises another, more interesting, question: How long should discount
stages be to yield maximum profit, supply chain coordination and market clearing? To
ascertain this, the profits of the agricultural cooperative, supermarket and supply chain
should be considered, and the relationship between profit 7 and discount time #
should be analyzed. Discount time is therefore an important parameter in the discount
coordination strategy, and it will be studied in the authors’ next paper.
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