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ABSTRACT Due to the deteriorated and obsolete nature, fresh produces generate a large amount of carbon
emission, which has reduced the quality of modern life. This makes it important for agricultural supply
chain trading (ASCT) to achieve efficient trading time and more social welfare based on efficient auctions.
This paper is among the first contributions that incorporate bilateral bidding into auction mechanism design
for produce trading problem. Two double auction mechanism are proposed to realize the optimal resource
allocation and pricing of produce. This paper aims to realize efficient allocation and dynamic pricing in
produce trading. We first consider a produce market with m growers and n sellers, and develop the multiunit
nonreductionmechanism (MNR) andmulti-unit trade reduction (MTR)mechanism in themarket. According
to the supply and demand relationship in the produce market, we consider two market scenarios of supply
and demand oversupply, and overdemand, and formulated corresponding auction allocation and pricing rules.
The two novel MUDA mechanisms have been constructed to allocate fresh produce with more reasonable
prices in bilateral trade markets. Furthermore, a numerical study and analysis were considered to verify the
effectiveness and efficiency of the two agricultural trading mechanisms. Numerical study results show that
the proposed MTR mechanism can achieve efficient resource allocation.

INDEX TERMS Agricultural supply chain trading, multiunit double auction, produce bilateral exchange,
produce carbon emission.

I. INTRODUCTION
Fresh products (such as produce, meats and seafood, etc.)
are a necessity of life, and, as such, play a pivotal role
in human evolution. Firs, fresh produce, meat and seafood
has a high yield. China, for instance, produced a total of
749.12million tons of vegetables, 286.92million tons of fruit,
77.48 million tons of meat and 65.49 million tons of seafood
in 2020. On the other hand, more than 150 types of vegetables
have circulated in food markets. The abundant output and
wide variety of fresh products always require fast circulation
in supply chain to gain additional market value. Similar to
classic perishable products (such as computer, iPhone, hotels,
gifts, toys, concert tickets, etc.), fresh products have long
delivery times and a finite shelf-life. Yet fresh products,
since they are particularly perishable, also generate a lot of
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circulation loss, spoilage and there are not salvage value after
the sale period [1]. For example, approximately 200 million
tons of fruits and vegetables are lost during circulation. The
mechanism of agricultural supply chains has an enormous
impact on both economic development and living standard.

The production and management of agricultural supply
chain is essential for the environment protection, especially
in carbon emission. For example, global agricultural land
releases more than 14% of global anthropogenic greenhouse
gas emissions. The food supply chain emits up to 26% of
greenhouse gas emissions, which is the second largest indus-
try in terms of greenhouse gas emissions after the energy and
construction industries. In the composition of Chinese green-
house gas emissions, agricultural activities ranked third after
energy activities and industrial production activities, account-
ing for 6.7% of the country’s total greenhouse gas emis-
sions. What’s more, refrigeration transportation constitutes a
major source of energy consumption and carbon emissions
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in fresh produce trading [2]. Optimal allocation of resources,
energy conservation and green technology innovation make
the low-carbon policy play an important intermediary role
in promoting carbon emission efficiency [3]. For produce
trading problem, auction mechanism can realize optimal allo-
cation of resources to reduce the carbon emission.

In general, agricultural supply chain trading (ASCT)
involves exchange and delivery of commodities, support ser-
vices and the exchange of information in fresh produce trad-
ing. It carries the same advantages with usual supply chain
trading such as matching demand and supply, facilitating
goods exchange and providing a supporting service, and
usually comprises sellers, buyers and a market intermedi-
ary [4]. Supply chain trading is only based on price and does
not incorporate product characteristics such as long delivery
times, unbalance nature in supply and demand, and short
shelf-lives. Therefore, more non-monetary attributes should
be considered as part of ASCT such as quality, amount, deliv-
ery time, and source of production. Pasternack first considers
the pricing decision faced by a producer of a commodity with
a short shelf or demand life [5]. Meanwhile, the agricultural
supply chain selects suitable mechanisms to lower transaction
costs only, neglecting transaction time [6]. A novel com-
prehensive agricultural supply chain trading mechanism is
imperative to promoting both living standard and economic
development.

Auction is defined as ‘‘a market institution with an explicit
set of rules determining resource allocation and prices based
on bids of market participants’’ [7] Auction mechanisms
make two contributions to product markets: they eliminate
haggling and provide for efficient allocation. To date, auction
mechanisms for ASCT are mainly open-cry auctions, involv-
ing English and Dutch auctions [8], [9], [10], [11] where
bidders can observe their competitors’ bids. However, sealed-
bid auctions will come to dominate the stable long-time
markets since e-commerce is the one of the critical drivers of
the circulation in trading [12]. In most relevant literature, four
essential goals are proposed when designing auction mech-
anisms: (1) incentive compatibility (IC) – truthful bidding
is a weak dominant strategy for each bidder; (2) allocation
efficiency (AE) – final allocation of output can maximize
the sum of participants’ value; (3) ex-post individually ratio-
nal (IR) – all participants obtain nonnegative utility; there-
fore, potential customers and providers are willing to bid;
(4) ex-post budget-balanced (BB) – the auctioneer has non-
negative payoff; hence, the auctioneer is willing to hold the
auction with no outside subsidies [13]. A stable and efficient
auction that realizes maximum social welfare is imperative to
ensure the imperishable and stability of produce markets.

From a practical standpoint, online auctions can improve
transactional efficiency, reduce transaction costs via specific
schemes for self-interested participants, and overcome geo-
graphical separation. The benefits of online auctions will
encourage growers from all over the country to compete with
others and gain their desired produce orders. Meanwhile,

procurers can obtain products at a lower price to realize more
utility. E-commerce has further development in recent such as
the accuracy of the community navigation map unfortunately,
limited studies have devoted attention to online auctions for
ASCT. Furthermore, a lot of study on practical mechanisms
for ASCT merely pay attention to English or Dutch auc-
tions. It is known that effective auctions such as VCG [14]
auctions are utilized to procure transportation services. Such
online auction mechanisms are practically more attractive in
two-sided exchange than one-sided exchange.

However, one-side VCG auction mechanism is unable to
achieve rapid supply and demand matching. A bilateral trad-
ing mechanism such as double auction is more suitable to
realize rapid matching, avoid to compute the NP-hard prob-
lem, and attract potential market’s participants. Moreover, the
third-party bilateral trading service is provided by a central
platform (e.g., e-marketplace, onsite market), which allows
procurers and growers to share their demands and supply
goods, to facilitate the transactions between procurers and
growers [15]. Because of the deteriorated and obsolete nature
of products, fresh produce supply chain generates a large
number of carbon emissions via refrigerated transportation,
which receives more attention in carbon emission reduction
of food [2]. Thus, double auction mechanism can reduce the
decay of produces to lessen the time of refrigeration, which
is helpful to achieve low carbon for agriculture supply chain.
The application of double auction for produce trading will
respond to the policy of ‘‘GreenMountains and ClearWater’’,
which implies that such mechanism is beneficial for energy
conservation and environment protection [16]. Last but not
least, double auction can decrease disorderly agricultural
production by matching capacities from growers and needs
of procurers, which results in the reduction of greenhouse gas
emissions from agricultural land.

For all we know, this paper is the first to research how to
extend double auction mechanisms to address produce trad-
ing problems in bilateral markets. Hence, this study attempts
to address the following questions: (1) How to collect super-
fluous products from growers and demand from procurers in
the ASCT to generate a two-sided market; (2) How to realize
produce pricing dynamically based on the supply and demand
in bilateral market; and (3) How to allocate limited products
provided by growers to limited procurement task offered
by procurers? To solve the first problem, an e-commerce
platform is created to support the process of collecting and
plays the role of market institution. Consequently, we intro-
duce two different MUDA mechanisms to achieve dynamic
pricing: the multiunit nonreduction (MNR) mechanism and
the multiunit trade reduction (MTR) mechanism, which can
be proved by their properties. To solve the final problem,
different allocation and pricing rules are proposed under the
MNR and MTR mechanisms. Finally, the MTR mechanism
can realize IC, BB, IR, and AsE (asymptotic efficiency)
which provide support for sustaining a stable fresh product
market.
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The primary contributions of this research are highlighted
as follows: (1) To the best of our knowledge, this work is the
first to introduce the double auction mechanisms to realize
the maximum value of ASCT. The proposed mechanism can
effectively promote the profit of produce providers and the
utility of customers and supplement the blank of bilateral
auction application research (2) Some key findings have been
obtained by comparing the performance of MNR mechanism
with that of MTR mechanism. Such findings provide insight-
ful views for produce providers and customers and verify the
effectiveness and applicability of the proposed approach.

The remainder of this article is constructed as follows.
In Section II, the literature related to the fresh product supply
chain, double auction mechanisms and auction based ASCT
are investigated. Section III describes the model of product
trading. In Section IV, to design the MUDA mechanism,
we propose the multiunit nonreduction mechanism (MNR)
and multiunit trade reduction (MTR) mechanisms in the
bilateral market, respectively. To evaluate the efficiencies
of the mechanisms, numerical analyses are conducted, and
managerial implications are discussed in Section V. Finally,
our conclusions and some directions for future research are
summarized in Section VI.

II. LITERATURE REVIEW
In this section, we briefly review related topics: 1) fresh
produce supply chain; 2) double auction; and 3) Auction-
based ASCT. After our review of the literature, we identify
some research gaps.

A. FRESH PRODUCE SUPPLY CHAIN
In the first category, the question of a fresh produce sup-
ply chain has been widely studied, such as, with regard to
the design of supply chain network, member cooperation in
supply chain, and reviews of relevant literature. Blackburn
and Scudder use the example of sweet corn and melons
to investigate design strategies of supply chain [17]. They
find a hybrid sensitive model to minimize loss in the supply
chain. Soto-Silva note that the supply chain has the nature of
enormous unbalance between supply and demand in the food
and agribusiness sector [18]. They review scientific models
adopted in the agricultural supply chain and conclude by dis-
cussing several such as the deficiency of integral methods for
the design of agricultural supply chain. Cai propose a contract
between producers and distributors, and a contract between
producers and third platform logistics (3PL) providers to
integrate the supply chain [19].

Wu takes the risk preference of the third-party logistics
into consideration and proposed two model mechanisms to
integrate the decentralized channel, which finally realize
cooperation for entire channel [20]. Ma proposed the cooper-
ation mechanism in a three-grades agricultural supply chain
and improves sales dramatically and boost the profit of each
supply chain member [21]. Ahumada and Villalobos review
the contributions in the production management and alloca-
tion planning for fresh produce and diagnose some future

requirements for modeling the produce supply chain [22].
Borodin proposed a configurable overview about the appli-
cation of operations research methodologies for dealing with
uncertainties according to fresh produce supply chain. They
aim to investigate the present art, gaps in actual research, and
further loads on the article [23]. In recent, green agricultural
supply chain has received much attention. Wang consider
refrigerated transportation services among agricultural sup-
ply chain and develop a carbon trading mechanism, which
provides strategies to pricing fresh produce [1]. Bortolini
propose a three-objective allocation decision maker where
operation cost, carbon emission cost and delivery time are
incorporated to model, which apply the system to handle the
allocation of produces [24].

The above works mainly explores the fresh produce sales
flow from upstream suppliers to retailers. However, we may
improve circulation efficiency via an efficient allocation and
pricing scheme for fresh produce.

B. DOUBLE AUCTION MECHANISMS
The last theme concentrates on a multi-attribute auction.
In recent studies about auctions, double auctions have
attracted much attention. Not like one-sided auctions, double
auctions can allow sellers to increase their bids as buyers
increase their own bids. In double auctions, many auction
mechanisms which realize truthful are proposed to solve
resource distribution problems and those mechanisms are
then categorized into multi-stage methods and trade reduc-
tion scheme. Commodities in the multiunit trade reduction
mechanism are fractionized into distinct markets and each
market’s least profitable trade pair is sacrificed but the pair’s
bid price serves as the trade price for the remaining efficient
pairs in the same market. A mechanism proposed by [25]
deals with a simple trading situation where customers and
providers can make a single unit trading with the same
commodity. Based on McAfee’s work, Huang extended the
mechanism into a multiunit trading situation [26]. Babaioff
and Walsh develop a known single-minded trade reduction
(KSM-TR) for a bilateral market where each customer needs
to buy some commodities while each seller provides the only
one commodity [27]. Babaioff further found trade-reduction
mechanism in distributed markets [28]. To improve further
total net, Chu and Shen first find a multi-stage scheme in
which applying the price from each buyer as the bid price
minus the minimum shadow price, and the trading price of
each winning seller is the asking price plus the maximum
shadow price [13]. Chu and Shen further develop modified
buyer competition mechanisms to pricing. Nevertheless, the
above twomultistage approaches are assumed to have a single
output restriction. Thus, the property of budget balance could
not be guaranteed if a single output restriction is directly
slacked to a multiunit setting [29]. To deal with the poten-
tial situation, Chu further provides a padding approach that
intentionally finds imbalances between demand and supply
via a phantom buyer, leading to higher efficiency, higher trade

50384 VOLUME 11, 2023



Y. Zhang, H. Cheng: Novel Double Auction Mechanisms for Agricultural Supply Chain Trading

prices and lower trade prices [30]. There has also been some
application-oriented research, such as logistics procurement
services provided by e-marketplaces, truckload carrier pro-
curement services [12], [15] and multi-attribute MUDAs for
produce supply chains [31]. Wang first provide an optimiza-
tion mechanism to investigate the strategy in mixed traffic
conditions [32]. Although MUDA mechanisms have been
widely utilized in many life-fields, only limited studies apply
them to solving fresh product trading problems.

C. AUCTION-BASED ASCT
The latter focus on auctions has been utilized in practice for
fresh product allocation and pricing. Cramton point out that
the most fundamental economics questions, which are asked
and answered by auctions, are whowin the goods with certain
prices [33]. In Europe, there exists Dutch auctions for over
a century to exchange flowers [9]. The produce markets are
mainly dependent on some on-site auctions, such as tradi-
tional Dutch auctions [6], [9], [11], dual Dutch auctions [8],
and Japanese Dutch auctions [10]. McCabe et al. prove that
multiunit Dutch auctions, used for produce, fish, or cut flow-
ers, have the same theoretical properties as the corresponding
single-unit Dutch clock [11]. Kambil and van Heck propose
a novel trading mechanism driven by information technology
as a tool for determining price and organizing transactions
to partly replace the traditional Dutch auction [6]. Crawford
and Kuo studied a dual Dutch auction for aquatic prod-
ucts, where auction with bundling [8]. Kitahara and Ogawa
point out that a Japanese Dutch auction has ‘‘Mari’’-stages.
To begin with, the price drops continuously until a buyer
stops the clock. Then, the ‘‘Mari’’ signal appears briefly
(usually for a few seconds) when other buyers are able to
compete for the products at the same price [10]. Kambil
and van Heck discussed the disadvantages of conventional
Dutch auctions. First, rapid growth in the flower industry
increases the complexity of logistics service and limited space
needs to be expanded in the auctions. Second, it is difficult to
attend several auctions to bid simultaneously. Third, grow-
ers cannot understand the truthful preferences of customers
since manufacturing process are independent with the sale
of their produce [6]. To overcome the limits of on-site space
and time, online auctions for produce are studied [34], [35].
Miyashita proposes an online MUDA mechanism for pro-
duce according to their time-urgency in order to achieve
efficient and fair allocations among participants [35]. Huang
and Song adopt an agent-based optimization scheme to dis-
cover online auction plan to adjust inventory in fresh produce
supply chain [34]. The above literature pays little attention
to efficient and truthful auction mechanisms. Such auction
mechanisms for ASCT can introduce participants to reporting
truthfully and maximizing social welfare, which implies that
there is potential market in ASCT to be explored.

It can be observed from the literature described above that
although those models can improve circulation efficiency and
obtain more social welfare, they cannot achieve maximum
social welfare and truthful information revelation for ASCT.

However, previous research has established the foundation
for our work on auction mechanisms for produce trading
problems. We attempt to conclude some of the research gaps
from the review of existing literature.Most fresh produce sup-
ply chain research considers improved circulation efficiency
of flow and profit allocation amongmembers. However, there
are a few studies on auction mechanisms to achieve allocative
efficiency and maximum social welfare. Additionally, many
fields, such as transportation procurement and supply chain,
apply MUDA mechanisms to improve social welfare, but
few studies in the literature solve produce trading problems
in bilateral markets via efficient auction mechanisms. Our
paper attempts to utilize MUDA mechanism for ASCT in
a bilateral market. Finally, fresh produce is diversified and
cannot be directly sold in other fields of markets. Thus, our
paper separates multiple two-sidesmarkets based on the types
of produce involved.

III. MODEL OF PRODUCE TRADING SYSTEMS
Number equations consecutively with equation numbers in
Based on the carbon footprint analysis for the life-cycle
of agricultural products, the carbon emissions in the entire
process of production, circulation and sales of agricultural
products are decomposed into carbon emissions of produc-
tion, carbon emissions of refrigeration logistics and storage,
carbon emissions of sales and carbon emissions of decay [36].
The sum of these four parts constitutes the total carbon emis-
sions per unit of agricultural products, which increases with
the output of agricultural products increasing. Among them,
the carbon emissions of refrigeration logistics and storage
increase with the use of refrigeration logistics increasing,
decrease with the usage efficiency of refrigeration logistics
increasing. Carbon emissions from decay decrease with the
use and the usage efficiency of refrigeration logistics increas-
ing. A suitable trading mechanism have a large amount of
impact on carbon emissions in the life cycle of produces. The
trading mechanisms matching rapidly not only can reduce
refrigeration service time and decay but also alleviate disor-
derly production and vendition pressure.

There are a group of growerswho provide different kinds of
fresh produce and that produce is used tomeet the demands of
individuals, especially in developed regions (e.g., Shanghai).
At any point in time, some growers, known as providers, have
excess production (e.g., cut flowers, seafood, fruits, teas),
while some individuals, corporations, and supermarkets need
fresh produce, and they are known as procurers. Superflu-
ous yielding capacity of produce is visualized and encap-
sulated into commodities so that they can be bargained via
e-commerce platforms. Such e-commerce platform, called
auctioneer, is the market maker who plays a critical role
in collecting demand and supply together and executing the
designed auction mechanism to make market clear.

In fresh produce trading (FPT), each type of produce can
be classified into various level commodities based on quality,
weight, origin of the brand etc., as shown in Fig. 1.When pro-
curers demand fresh produce, they can submit their need for

VOLUME 11, 2023 50385



Y. Zhang, H. Cheng: Novel Double Auction Mechanisms for Agricultural Supply Chain Trading

FIGURE 1. FPT in the e-commerce platform.

a corresponding type of produce. Meanwhile, when growers
have superfluous produce yielding capacity, they can submit
the type of produce they have, the level of commodity and
auctioned quantity. Therefore, growers and procurers conduct
transactions at one level commodity of the same produce.
We propose that transactions in different produce markets
are unrelated bilateral markets and mutually independent. So,
‘‘one-unit item’’ is defined as a standard measurement of
produce purchased. For the sake of explaining conveniently,
we mainly consider one type of produce allocation and others
following the same method.

The growers and procurers of produce trade by participat-
ing in auctions via e-commerce platforms, as shown in Fig. 2.
Each procurer can offer a fresh produce order (FTO), while
fresh produce quantity (FPQ) is provided by each grower.
The term ‘‘bid’’ and ‘‘item’’ denote a participant’s declaration
and one unit commodity, respectively. Let I be the set of
procurers and J be the set of growers. A produce procurer
is defined as ‘‘she’’ and a produce provider as ‘‘he.’’ There is
a produce market with m procurers and n providers. In such
market, each procurer i (i ∈ I )wants to purchaseXi unit items
and each grower j (j ∈ J) has superfluous Yj unit items to
sell. We propose that both Xi and Yj are common knowledge
and participants are allowed to split their volumes. Let vi
and cj denote the valuation of procurer i and the cost of
grower j for per unit item, respectively. Such valuation and
cost are reservation values, which are supposed to be private
information for each grower and procurer. Similarly, let vi and
cj be the bid price of procurer iand grower jfor each unit item,
respectively.

It is assumed that each procurer and grower is a self-
interested participant who attempts to get her/his own
maximal utility. Since participants’ utilities are derived from
valuation and trading price, we make an important assump-
tion that they have quasi-linear utility. That is, if a participant
engages in transactions, her or his utility is equal to the
difference between the participant’s reservation value and
the amount of money transferred; otherwise, utility is zero.
The monetary payoff of the auctioneer (i.e., e-commerce
platform) is the difference between the total payments from

FIGURE 2. Auction-based FPT in bilateral market.

procurers and the total revenues received by growers. Mean-
while, social welfare is the sum of each participant’s utility
and the auctioneer’s payoff.

Our aim in this paper is to propose fresh produce MUDA
mechanisms, which can achieve IC, IR, BB, and AsE. Note
that AsE represents asymptotic efficiency, which shows that
market inefficiency of the mechanism approaches zero as
the number of participants increases. Therefore, AE can be
achieved if the number of auction participants has been large
enough.

A. MODEL DESCRIPTION
In this section, we define a market for single type of produce
with m procurers and n growers. Let qij be the quantity
procurer i procures from grower j and pij be the exchange
price. Note that vi and cj are procurer i’s bidding pricewith her
reservation value, and grower j’s bidding price with his cost,
respectively. Therefore, procurer i’s utility is : ui =

∑
j (vi −

pij)qij, and grower j’s utility is uj =
∑

i(pij − cj)qij. If each
participant in auction report truthful price, the maximum
social welfareV (I , J ), the sum of all participants’ utilities and
the platform’s payoff are obtained by:

V (I , J ) = max
m∑
i

n∑
j

qij(vi − cj) (1)

s.t.
J∑
j=1

qij ≤ Xi, i ∈ I (2)

I∑
i=1

qij ≤ Yj, j ∈ J (3)

qij ≥ 0 ∀i, j. (4)

Constraints (2) and (3) indicate that a procurer cannot buy
more than her demands, and a grower will not sell more than
what he owns, respectively. The auction process of trading is
thus:

Step 1: E-commerce platform, regarded as auctioneer,
organizes the auction, sends information about the beginning
of the auction to both procurers and growers, and formulates
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the rules including winner determination rule and payment
rule.

Step 2: Procurer i submits her bid (Xi,v̂i) and grower j
submits his bid.

Step 3: The e-commerce platform operators inform partic-
ipants about bidding confirmation and stop the auction.

Step 4: According to the formulated auction mechanism,
the auctioneer announces the winner and the final price and
inform both procurers and growers about the final result,
including winners and the corresponding trade price.

Step 5: The winning procurers obtain the allocated produce
provided by relevant growers and give related payment to
auctioneers based on the result.

Step 6: The winning growers receive the money from the
auctioneers and provide relevant produce according to the
allocation result and payment rule.

Note that social welfare is determined by both procurers’
and growers’ reservation value and trade prices will impact
each participant’s utility rather than the total social net profit.
In other words, the total social net profit consists of growers’
utility, procurers’ utility, and auctioneers’ payoff, and what
the trade prices affect becomes allocated as profit among
them. We use the following example to explain this further.
There are five procurers with reservation values (10, 9, 7, 6, 2)
and five growers with reservation values (1, 3, 4, 5, 9). Each
participant reports her/his truthful private information (i.e.,
reservation value) and plans to trade a one-unit commodity.
In this example, there are four pairs to realize positive total
social net profit. The first four procurers with bids (10, 9, 7, 6)
and growers with bids (1, 3, 4, 5) are selected.We assume that
the final price pij is (6+5)/2=5.5 for all winners including
procurers and growers, so those procurers gain their utility
(4.5, 3.5, 1.5, 0.5) and growers obtain their utility (4.5, 2.5,
1.5, 0.5). Social welfare is 19.

We propose that the price between the procurer with the
maximal price and the grower with the minimal price is p11 =

(10 + 1)/2 = 5.5. Similarly, p22 = (9 + 3)/2 = 6, and p33 =

(7 + 4)/2 = 5.5, pij = (6 + 5)/2 = 5.5. At present, the
winning procurers obtain their utility (4.5, 3, 1.5, 0.5) and
the winning growers obtain their utility is (4.5, 3, 1.5, 0.5).
Hence, there exists participants to be motivated to misreport
their reservation value to gain more money from the produce
trade. For instance, if the procurer with value 6 changes
her bid price to 5.5, while the others’ bid prices remain
unchanged, the utility of this procurer increases to 0.75. The
procurer has increased utility via misreporting behavior, but
it has no influence on the social welfare. In another instance,
the procurer who has truthful value 6 bids 5 as her price,
and the grower who has truthful value 5 bids 6 as his price,
meanwhile the others remain unchanged. In this instance,
there are three trading pairs. Assuming that the trade price
pij = (7 + 4)/2 = 5.5 for all winners, the winning procur-
ers gain utility 4.5, 3.5, and 1.5, and the winning growers
gain utility 4.5, 2.5, and 1.5. Thus, the social welfare is 18.
In conclusion, the performance mechanism worsens because
of participant’smisreporting behavior such that social welfare

decreases about 5.26% from 19 to 18, and the final trading
volume decreases about 25% from 4 to 3. In many cases,
the centralized methods are unavailable since both procurers
and growers own their private information, and their bidding
strategy can bring trading system loss. Thus, the design of
MUDAwill be sophisticated enough to handle the IC problem
by inducing both the participants’ private information.

IV. DESIGN OF MUDA AUCTION MECHANISM
In our schemes, we develop a truthful and efficient MUDA
mechanism for produce trading systems. In a market with
m procurers and n growers, both procurers and growers can
obtain more benefit by adjusting discriminate trade prices.
In order to encourage the participants to submit their bids as
reservation values, we apply the Vickrey-like auction both in
bilateral market. First, we sort the bid prices of all procurers
and growers, respectively. The results are presented in the
following equations:

v̂1 ≥ v̂2 ≥ · · · ≥ v̂m (5)

ĉ1 ≤ ĉ2 ≤ · · · ≤ ĉn (6)

After sorting all participant bid prices, the quantity point
when market is cleared Q∗

= min{
∑K

i=1 Xi,
∑L

j=1 Yj} where
total demand and supply are balanced, which leads to v̂k ≥ ĉl
and v̂k+1<ĉl+1. We find two market clearing situations from
the above. For case I, the total demand and supply and their
bids’ order are given by, respectively:

L∑
j=1

Yj ≥

K∑
i=1

Xi ≥

L−1∑
j=1

Yj (7)

v̂K ≥ ĉL ≥ v̂K+1 (8)

For case II, the total demand and supply and their bids must
follow the equations, respectively:

K∑
i=1

Xi ≥

L∑
j=1

Yj ≥

K−1∑
i=1

Xi (9)

ĉL+1 ≥ v̂K ≥ ĉL (10)

A. MULTIUNIT NONREDUCTION MECHANISM
When total supply and demand are balanced, we can find
the critical quantity point Q∗ from (7) and (8) or (9) and
(10). According to the MNRmechanism, K is the highest bid
price procurers make trades with, L is the lowest bid price
of growers, with procurers paying v̂K and growers receiving
ĉL . Additionally, this assumes that the total trade quantity of
MNR mechanism is Q∗. To achieve market clearance, there
are two cases of relationships between demand and supply:
over-supply and over-demand. The over-supply case and the
over-demand case are shown as (11) and (12), respectively.

L∑
j=1

Yj ≥

K∑
i=1

Xi (11)
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K∑
i=1

Xi ≥

L∑
j=1

Yj (12)

To allocate produce in each case, the winner determination
problem can be solved by well-designed allocation rules.
If equation (11) holds, all procurers with i ≤ K win their
demand quantity Xi based on the indiscriminate price v̂K ,
and all growers with j ≤ L win based on the indiscriminate
price ĉL . To figure out the final trade quantity qj′ of grower
j when all demand volume Xi are finally met, the auction-
eer announces rule 1 to rank all trading growers (j ≤ L).
A perturbation technique is adopted to break the tie if some
growers’ have an equal number of supplies. Then, let rj′ be
the ranking of grower j′. Note that grower j′ may or may not
be equal to grower j. Then, all winning growers’ rankings are
shown as following in strongly ascending order: r1′ < r2′ <

· · · < rL ′ . According to Rule 1, each grower j′ sells at least a

‘‘basic’’ volume q̄j′ = fix (
Yj′

∑K
i=1 Xi∑L′

j′=1′ Yj′
), where q̄j′ ≤ Yj′ . Let the

remaining demand be RD =
∑K

i=1 Xi −
∑L

j=1 q̄j. The final
trade volume qj′ of grower j′ is given by:

qj′ =


min

{
Yj′ , q̄j′ +

[
RD −

L ′∑
a′=(j+1)′

(qa′ − q̄a′ )

]}
,

1′
≤ j′ ≤ (L − 1)′

min {YL ′ , q̄L ′ + RD} ,

j′ = L ′

(13)

where qj′ is an integer, and q̄j′ ≤ qj′ ≤ Yj′ .
The rule 1 is summarized as follow:
1. All the procurers with i ≤ K win their demand quantity

Xi based on the indiscriminate price v̂K , and all growers
with j ≤ L win based on the indiscriminate price ĉL .

2. All winning growers’ rankings are shown as following
in strongly ascending order: r1′ < r2′ < · · · < rL ′ .

3. each grower j′ sells at least a ‘‘basic’’ volume q̄j′ = fix

(
Yj′

∑K
i=1 Xi∑L′

j′=1′ Yj′
), where q̄j′ ≤ Yj′ . Let the remaining demand

be RD =
∑K

i=1 Xi−
∑L

j=1 q̄j. The final trade volume qj′
of grower j′ is given by equation (13).

If equation (12) holds, each grower with j ≤ L sells
production volume Yj based on the indiscriminate price ĉL
and each procurer with i ≤ K procures according to the
indiscriminate price v̂K . Therefore, Rule 2 is proposed to
determine the trading volume qi′ of procurer iwhen the entire
supply volume Yi is finally exchanged. The auctioneer ranks
all selected procurers (i ≤ K ) with descending order based on
their demand quantities. Let ri′ be the grade of the procurer
i′. In fact, the procurer i′ is not equal to the procurer i. There-
fore, all the selected procurers’ rankings are organized with
strongly ascending order: r1′ < r2′ < ··· < rK ′ . According to

Rule 2, each procurer i′ procures q̄i′ = fix(
Xi′

∑L
j=1 Yj∑K ′

i′=1′ Xi′
), where

q̄i′ ≤ Xi′ and
∑K ′

i′=1′ Xi′ =
∑K

i=1 Xi. The remaining supply

(RS) is
∑L

j=1 Yj−
∑K

i=1 q̄i. Let qi′ be the volume procured by
procurer i′. Therefore, qi′ is given by:

qi′ =


min

{
Xi′ , q̄i′ +

[
RS −

K ′∑
b′=(i+1)′

(qb′ − q̄b′ )

]}
,

1′
≤ i′ ≤ (K − 1)′

min {XK ′ , q̄K ′ + RS} , i′ = K ′

(14)

where qi′ is an integer, and q̄i′ ≤ qi′ ≤ Xi′ .
The rule 2 is summarized as follow:
1. each growerwith j ≤ L sells production volume Yj based

on the indiscriminate price ĉL and each procurer with
i ≤ K procures according to the indiscriminate price v̂K .

2. all the selected procurers’ rankings are organized with
strongly ascending order: r1′ < r2′ < · · · < rK ′ .

3. each procurer i′ procures q̄i′ = fix(
Xi′

∑L
j=1 Yj∑K ′

i′=1′ Xi′
), where

q̄i′ ≤ Xi′ and
∑K ′

i′=1′ Xi′ =
∑K

i=1 Xi. The remaining

supply (RS) is
∑L

j=1 Yj −
∑K

i=1 q̄i. Let qi′ be the vol-
ume procured by procurer i′. Therefore, qi′ is given by
equation (14).

The trading volume is Q∗
= min{

∑K
i=1 Xi,

∑L
j=1 Yj}.

Therefore, the e-commerce platform operators (i.e., auction-
eers) take the total trade surplus, shown as:

UMNR
eo = (v̂K − ĉL) ∗ min{

K∑
i=1

Xi,
L∑
j=1

Yj} (15)

Additionally, each procurer’s utility and each grower’s
utility are given by:

UMNR
vi = (v̂K − ĉL) ∗ min{Xi, qi}, i ∈ {1, 2, . . . ,K } (16)

UMNR
cj = (v̂K − ĉL) ∗ min{Yj, qj}, j ∈ {1, 2, . . . ,L} (17)

From the mechanism is summarized, the above mechanism
is given as follows:
1. Gather sealed bid from all participants, including vol-

umes and prices.
2. Rank procurers’ bids as v̂1 ≥ v̂2 ≥ · · · ≥ v̂m, and

growers’ bids as ĉ1 ≤ ĉ2 ≤ · · · ≤ ĉn.
3. Clear themarket at the pointQ∗

=min{
∑K

i=1 Xi,
∑L

j=1 Yj}
where total supply and total demand are equal, which
leads to v̂k ≥ ĉl and v̂k+1 < ĉl+1.

4. Remove all participants who are excluded from auc-
tions, that is, procurers with indices i ≤ K and growers
with indices j ≥ L.

5. If equation (11) holds, use Rule 1; otherwise, use Rule 2.
The best approach to understanding the MNR mechanism

is to take an instance (see Table 1). In this instance, K =

L = 4, v̂k = 9, ĉL = 6. Since
∑L

j=1 Yj = 20 >∑K
i=1 Xi = 18, inequality (11) holds and trade volume is 18.

According to Rule 1, we can drive each grower’s quantity:
q̄1′ = fix( 8∗1820 ) = 7(forgrower2), q̄2′ = fix( 7∗1820 ) =

6(forgrower4), q̄3′ = fix( 3∗1820 ) = 2(forgrower3),
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TABLE 1. An example of MNR mechanism.

q̄4′ = fix( 2∗1820 ) = 1(forgrower1). This remaining demand
is derived by RD =

∑K
i=1 Xi −

∑L
j=1 q̄j = 2. Then, we find

the volume from the winning grower with the lowest ranking
(i.e., grower 1): q4′ = min{Y4′ , q̄L ′ + RD} = 2. Similarly,
q3′ = min{Y3′ , 2 + 1} = 3, q2′ = minY2′ , 6 + 0 = 6,
q1′ = min{Y1′ , 7 + 0} = 7.
In such mechanism, both procurers and growers submit

bid prices. Assumed that procurer i with reservation value
vi reports her private information, that is, a bid price equal
to vi. If vK = vi, procurer i has no profit. Since no pro-
curer can ensure that her bid price is higher than the Kth
bid price, each procurer submits the bid with price lower
than her reservation value. Similarly, the grower submits bid
with price higher than his reservation value. As mentioned
previously, both procurers and growers are self-interested
participants. As such, they are eager for maximizing their
utility by increasing or decreasing their bid prices submitted
based on reservation values. Thus, such mechanism is not
incentive compatible, which implies that participants submit
their bids not as reservation values. However, participants
must deal with a simple trade-off when considering others’
bidding strategies. For instance, procurers increase the bid
price and growers decrease the bid price, respectively. It is
essential to find symmetric equilibrium strategies for balanc-
ing the payoff from winning.

It is assumed that demand quantity Xi of procurer i is
an independent random sample, and the quantity Yj from
grower j is an independent random sample. Additionally,
it is assumed that private values of m procurers are selected
independently from a continuously differentiable distribu-
tion F (v) with continuous density f (v) and support on the
compact interval

[
v−, v+

]
with the mean v, and reservation

values of the n growers are selected independently from a
distribution G (c) with continuous density g (c) and support
on the compact interval

[
c−, c+

]
with the mean c. We also

assume that density functions f andg have nonnegative values.
Theorem 1: In the MNR mechanism, for each produce

procurer i(1 ≤ i ≤ m) and each grower j(1 ≤ j ≤ n), the
symmetric equilibrium strategies βp(vi) and βg(cj) are given
by:

βp(vi) =

∫ v+

v−
v

∑m
a=K

(m
a

)
{F (v)}m−a

{1 − F (v)}a∑m
a=K

(m
a

)
{F (vi)}m−a

{1 − F (vi)}a
dv

(18)

βg(cj) =

∫ c+

cj
c

∑n
b=L

( n
b

)
{1 − G (c)}n−b{G (c)}b∑n

b=L
( n
b

)
{1 − G

(
cj

)
}
n−b

{G
(
cj

)
}
b dc

(19)

where
∑m

a=K
(m
a

)
{F (v)}m−a

{1 − F (v)}a denotes the density
of the Kth highest order statistic TmK selected from F (v);∑n

b=L
( n
b

)
{1 − G (c)}n−b{G (c)}b is the density of distribu-

tion of the Lth lowest order statistic TnL drawn from the
distribution g (c).

Proof: Based on the work of [37], for each procurer i,
the symmetric equilibrium strategy is given by:

βp(vi) = Em,v[TmK |TmK < vi] (20)

where 1 ≤ K ≤ m and TmK is the Kth highest order statistic of
m procurers selected from the distribution F (v). The proba-
bility that a procurer with vi belongs those winners given the
number m is given by:

Pr
(
TmK ≤ vi |m

)
=

m∑
a=K

Pr(vi = vaamong m procurers)

=

m∑
a=K

(m
a

)
{F (v)}m−a

{1 − F (v)}a (21)

According to equations (20) and (21), we can get:

βp(vi) = Em,v[TmK |TmK < vi]

=
Em,v[TmK ,TmK < vi]

Pr(TmK ≤ vi)

=

∫ vi
v−
v
∑m

a=K
(m
a

)
{F (v)}m−a

{1 − F (v)}adv

Pr(TmK ≤ vi)
(22)

where Pr(TmK≤vi) =
∑m

a=K
(m
a

)
{F (vi)}m−a

{1 − F (vi)}a.
For each produce grower, the symmetric equilibrium strat-

egy can likewise be proven using the same method.
The theorem shows that all participants have equilibrium

strategies. To apply symmetric equilibrium strategies, m, n,
K, and L may be announced. Because all elements of the
model other than the private information are regarded as
common knowledge for both growers and procurers. But the
K and L are not determined until stopping the auction. There-
fore, we can estimate K and L via exponential smoothing
on the basis of historical data. The Kt and Lt are defined
to be the number of selected procurers and selected growers
in the tth auction, respectively. The K̂t and L̂t represent the
estimated number of selected procurers and growers in the
tth auction, respectively. Given αK and αL in the (t + 1)th
auction, respectively, K and L are given by:

K̂t+1 = αKKt + (1 − αK )K̂t (23)

L̂t+1 = αLLt + (1 − αL)L̂t (24)

Theorem 2: In the MNR mechanism, the system, includ-
ing m procurers, n growers and auctioneer, can achieve
individual rationality and weekly balanced budgets.

Proof: In our mechanism, all winning procurers, includ-
ing the one who satisfies i = K , submit their payment,
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which is less than their valuation since the sealed bid price
of procurer K is lower than valuation that ensures her utility
is positive due to equilibrium strategies. Meanwhile, all win-
ning growers including the one who satisfies j = L also gain
the money, which is higher than their bid price. Therefore, the
MNR mechanism can realize individually rational.

In previous double auctions, strong BB is defined to require
that total payments from procurers must be equal to total pay-
ments received by growers and the auctioneer should not lose
or gain in terms of payoff. It is regarded as a weekly balanced
budget when total payments received by growers are less than
total payments from procurers. Since we have v̂K ≥ ĉL in the
MNRmechanism, we can derive that (v̂K−ĉL)Q∗

≥ 0,which
implies that the auctioneer gains a nonnegative payoff. Thus,
the system achieves a weekly balanced budget.
Lemma 1:

1
ϕ(m+ 1)

≤ E[vi − vi+1] ≤
1

ω(m+ 1)
, i ∈ {1, 2, · · ·m− 1}

(25)
1

δ(n+ 1)
≤ E[cj+1 − cj] ≤

1
γ (n+1)

, i ∈ {1, 2, · · ·n− 1}

(26)

where ϕ = max{f (v) : v− ≤ v ≤ v+}, ω = min{f (v) : v− ≤

v ≤ v+}, δ = max{g(c) : c− ≤ c ≤ c+}, γ = min{g(c) :

c− ≤ c ≤ c+}, ω < ϕ, and γ < δ and they are nonnegative
constants.

Proof: If the case for growers E[cj+1 − cj] is proven, the
case for procurers is similar.

The joint distribution of cj+1 and cj is:

gj,j+1 (x, y)

= n (n− j)C j−1
n−1G (x)j−1g (x) g (y) (1 − G (y))n−j−1 dxdy,

whereC j−1
n−1 =

(n−1)!
(j−1)!(n−j)! . Thus, the expectation can be given

directly by:

E
[
cj+1 − cj

]
= n(n− j)C j−1

n−1

×

∫ c+

c−

∫ y

c−
(y− x)G(x)j−1g(x)g(y)(1 − G(y))n−j−1dxdy

= n(n− j)C j−1
n−1

∫ c+

c−
g(y)(1

− G(y))n−j−1

[
(y− x)G(x)j

j

∣∣∣∣y
c−

+

∫ y

c−

G(x)j

j
dx

]
dy

= n(n− j)C j−1
n−1

∫ c+

c−

g(y)(1 − G(y))n−j−1

j

[∫ y

c−
G(x)jdx

]
dy

we regard as
∫ y
c−
G (x)jdx as I (y). Then, the above integral

equation can be rewritten as:∫ c+

c−

g(y)(1 − G(y))n−j−1I (y)
j

dy

=
−I (y)(1 − G(y))n−j

j(n− j)

∣∣∣∣c
+

c−

+

∫ c+

c−

(1 − G(y))n−j

j(n− j)
dI (y)

=

∫ c+

c−

G(y)j(1 − G(y))n−j

j(n− j)
dy.

Thus, we can have:

E
[
cj+1 − cj

]
= C j

n

∫ c+

c−
G (y)j (1 − G (y))

n−j
dy

By integral transformation u = G (y) , the E
[
cj+1 − cj

]
can

be rewritten as:

E
[
cj+1 − cj

]
= C j

n

∫ 1

0
g−1 (u) u

j
(1 − u)

n−j
du,

where g−1 (u) =
dG−1(u)

du is the derivative of the inverse
distribution function G−1(u) and is g−1 (u) =

1
g(y) . Because

g(y) is continuous on a closed interval [c−, c+], there is a

maximum value of δ = max {g (y) : c− ≤ y ≤ c+}. Thus,
we have:

1
δ

≤ g−1 (u) ≤
1
γ

.

Noting that:∫ 1

0
uj(1 − u)n−jdu =

j! (n− j)!
(n+ 1)!

We have:
1

δ(n+ 1)
≤ E[cj+1 − cj] ≤

1
γ (n+1)

and the case for procurers is similar.
In our mechanism, the sum of efficiency loss ϖMNR(K ,L)

is termed as 1MNR, which denotes the sacrificed trade value.
Thus, if equation (11) holds, the loss is bounded by 1MNR

≤

(v1−v̂K )XK ; otherwise, the loss is bounded by1MNR
≤ (ĉL−

c1)YL .
Maximum social welfare can be expressed as:

sMNR(K ,L) = (v̂K − ĉL) ∗ min{
K∑
i=1

Xi,
L∑
j=1

Yj}

+

K∑
i=1

(vi − v̂K )Xi +
L∑
j=1

(ĉL − cj)Yj

(27)

where (v̂K − ĉL) ∗ min{
∑K

i=1 Xi,
∑L

j=1 Yj} is the auction-
eer’s payoff,

∑K
i=1 (vi − v̂K )Xi is procurers’ utility, and∑L

j=1 (ĉL − cj)Yj is growers’ utility.
Given K and L, the ‘‘inefficiency ratio’’ for the mechanism

in market irMNR is given by:

irMNR(K ,L) =
E[ϖMNR(K ,L)]
E[sMNR(K ,L)]

(28)
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Based on lemma 1, theorem 3 is derived as follows:
Theorem 3: Assume that 0 < E [X ] ,E[Y ] < ∞.

Then, using the MNR mechanism, irMNR(K ,L) ≤

O(max 1
K+1 ,

1
L+1 ), where O is a constant.

Proof: If equation (12) holds and Q∗
=

∑K
i=1 Xi, via

Lemma 1, ϖMNR(K ,L) can be rewritten as:

E
[
ϖMNR (K ,L)

]
≤ E

[(
ĉL − c1

)
YL

]
= E

[(
ĉL − c1

)]
E [Y ] ≤

LE [Y ]
γ (n+ 1)

.

Similarly, sMNR(K ,L) can be expressed as:

E
[
sMNR (K ,L)

]
= E

[
(v̂K − ĉL

) K∑
i=1

Xi+
K∑
i=1

(vi − v̂K )Xi+
L∑
j=1

(
ĉL − cj

)
Yj]

≥ KE[X ]E[(v̂K − ĉL)]+

E
[
X1+(X1+X2)+· · ·+

K∑
i=1

Xi

]
ϕ (m+1)

+

E

[
Y1+(Y1+Y2)+· · ·+

L∑
j=1

Yj

]
δ (n+1)

= KE[X ]E[(v̂K − ĉL)]+
K (K+1)E [X ]

2ϕ (m+1)

+
L (L+1)E [Y ]

2δ (n+1)
.

Thus,

irMNR (K ,L) =
E

[
ϖMNR (K ,L)

]
E

[
sMNR (K ,L)

] ≤
1

L + 1
2δ
γ

.

Also, if equation (11) holds and Q∗
=

∑L
j=1 Xj, we have:

irMNR (K ,L) =
E

[
ϖMNR (K ,L)

]
E

[
sMNR (K ,L)

] ≤

KE[X ]
ω(m+1)

K (K+1)E[X ]
2ϕ(m+1)

=
1

K + 1
2ϕ
ω

.

Theorem 3 implies that in our mechanism, if the partic-
ipants competing in auctions have large enough, the ineffi-
ciency ratio converges to zero. However, the theorem does
not answer the question of why when increasing the number
of participants, the inefficiency ratio also converges to zero.
Therefore, when K and L increase to infinity, the efficiency
loss converges to zero. To derive market efficiency with m
and n, the expected ratio of market inefficiency is defined as:

IR (m, n) =

m∑
K=1

n∑
L=1

P (K ,L) irMNR (K ,L) ,

where P (K ,L) refers to the probability that K procurers trade
with L growers successfully given that there are m procurers
and n growers. Therefore, we need to prove IR (∞, ∞) =

lim
m,n→∞

IR (m, n) → 0.

Theorem 4: The MNR mechanism is AsE in the case that
irMNR (K ,L) → 0 when K and L increase to infinity as m
and n go to infinity.

Proof: It is assumed that lim
m,n→∞

P (K = ∞,L = ∞) →

1 in the MNR mechanism, which denotes the probability
that K procurers and L growers go to infinity if m pro-
curers and n growers increase to infinity, respectively. Let
P (K = m0,L = n0) be the probability that K ≤ m0 and L ≤

n0. Thus, we have:

IR (∞, ∞) =

∞∑
K=1

∞∑
L=1

P (K ,L) irMNR (K ,L)

=

m0−2∑
K=1

n0−2∑
L=1

P (K ,L) irMNR (K ,L)

+

∞∑
K=m0

n0−2∑
L=1

P (K ,L) irMNR (K ,L)

+

m0−2∑
K=1

∞∑
L=n0

P (K ,L) irMNR (K ,L)

+

∞∑
K=m0

∞∑
L=n0

P (K ,L) irMNR (K ,L).

Based on Theorem 4, irMNR (K ,L) ≤ 1, IR (∞, ∞) can be
rewritten as follows:

IR (∞, ∞)

≤ P (K ≤ m0 − 2,L ≤ n0 − 2)

+ P (K ≥ m0 − 1,L ≤ n0 − 2)

+ P (K ≤ m0 − 2,L ≥ n0 − 1)

+ Omax
(

1
m0

,
1
n0

)
P (K ≥ m0 − 1,L ≥ n0 − 1) .

Given any ε > 0, there is O max( 1
m0

, 1
n0
) ≤

ε
2 with finite

m0 and n0 as m and n increase to infinity. Hence, the fourth
term in the RHS of the above inequality is bounded by ε

2 since
P (K ≥ m0 − 1,L ≥ n0 − 1) ≤ 1.
Hence, we can deduce that if the number of both winning

procurers and growers increases to infinity, the inefficiency
ratio of market becomes zero. The MNR mechanism can
achieve maximum social welfare and is AsE.

B. MULTIUNIT TRADE REDUCTION MECHANISM
In this paper, we develop the MTR mechanism to handle
the problem of incentive compatibility. When the point Q∗ is
determined by (7), (8) or (9) and (10), the auctioneer lets the
K − 1 highest bid price procurers trade with the L− 1 lowest
bid price growers, with procurers paying v̂K and growers
receiving ĉL . Let Q′ denote the sum of trade volume in the
MTR mechanism, given by Q′

= min{
∑K−1

i=1 Xi,
∑L−1

j=1 Yj}.
The relationships between supply and demand should be
checked to clear the market. Also, there are two cases: over-
supply and over-demand, which are given by equation (29)
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and equation (30), respectively:

L−1∑
j=1

Yj ≥

K−1∑
i=1

Xi (29)

K−1∑
i=1

Xi ≥

L−1∑
j=1

Yj (30)

In conclusion, if equation (29) holds, then the MTR mech-
anism follows Rule 3.

Rule 3:
1. All procurers with indices i ≤ K − 1 win their demand

quantity Xi at indiscriminate price v̂K
2. All growers with indices j ≤ L − 1 trade at price ĉL .

The auctioneer ranks all winning growers who satisfy
indices j < L based on the quantity of their supplies,
that is, the larger supply quantity one grower owns, the
higher ranking for the grower.

3. Let rj′ denote the ranking of the grower j′. In ascending
order, all winning growers’ rankings are given by: r1′ ≤

r2′ ≤ · · · ≤ r(L−1)′ .

4. Each grower j′ sells at least a ‘‘basic’’ quantity q̄j′ = fix

(
Yj′

∑K−1
i=1 Xi∑(L−1)′

j′=1′
Yj′

). The remaining demand is given by RD =∑K−1
i=1 Xi −

∑L−1
j=1 q̄j, which is distributed among all

winning growers based on their supply volumes and
rankings. Let qj′ be the ‘‘final’’ allocated quantity of
grower j′. Then, qj′ is given by:

qj′ =


min

{
Yj′ , q̄j′ +

[
RD−

(L−1)′∑
a′=(j+1)′

(qa′ − q̄a′ )

]}
,

1′
≤j′ ≤ (L−2)′

min
{
Y(L−1)′ , q̄(L−1)′ + RD

}
,

j′=(L−1)′

where qj′ is an integer and satisfies the inequation
q̄j′ ≤ qj′ ≤ Yj′ .

If equation (30) holds, then the MTR mechanism follows
Rule 4.
1. All growers with indices j ≤ L − 1 win their supply

quantity Yj at indiscriminate price ĉL .
2. All procurers with indices i ≤ K − 1 trade at price v̂K .

The auctioneer ranks all winning procurers who satisfy
indices i ≤ K−1 based on the quantity of their demands,
that is, the more demand a procurer has, the higher her
ranking.

3. Let ri′ denote the ranking of procurer i′. In ascending
order, all winning procurers’ rankings are given by r1′ ≤

r2′ ≤ · · · ≤ r(K−1)′ .
4. Each procurer i′ sells at least a ‘‘basic’’ quantity q̄i′ =

fix(
Xi′

∑L−1
j=1 Yj∑(K−1)′

i′=1′
Xi′

). The remaining supply is given by RS =∑L−1
j=1 Yj −

∑K−1
i=1 q̄i, which is distributed among all

winning growers based on their supply volumes and

rankings. Let qi′ be the ‘‘final’’ allocated quantity of
grower i′. Then, qi′ is given by:

5.

qi′ =


min

{
Xi′ , q̄i′ +

[
RS −

(K−1)′∑
b′=(i+1)′

(qb′ − q̄b′ )

]}
,

1′
≤ i′ ≤ (K − 2)′

min
{
X(K−1)′ , q̄(K−1)′ + RS

}
,

i′ = (K − 1)′

where qi′ is an integer and satisfies the inequation
q̄i′ ≤ qi′ ≤ Xi′

Since the total trade volume isQ′
=min{

∑K−1
i=1 Xi,

∑L−1
j=1 Yj},

the auctioneer takes the total trade surplus given by:

UMTR
i = (v̂K − v̂i) ∗ min{Xi, qi}, i ∈ {1, 2, . . . ,K − 1}

UMTR
j = (ĉj − ĉL) ∗ min{Yj, qj}, j ∈ {1, 2, . . . ,L − 1}

UMTR
eo = (v̂K − ĉL) ∗ min{

K−1∑
i=1

Xi,
L−1∑
j=1

Yj} (31)

Then, each procurer and grower’s utilities are given as
follows:

When following Rule 3, the total utility of procurers
is

∑K−1
i=1 (vi − vK )Xi and the total utility of growers is∑(L−1)′

j=1′ (cL − cj)qj. When following Rule 4, the total utility

of procurers is
∑(K−1)′

i=1′ (vi − vK )qi, and that of growers is∑L−1
j=1 (cL − cj)Yj.
Like the MNR mechanism, the perturbation technique is

introduced to break the tie and determine a final solution.
Hence, the above mechanism is summarized as follows:

1. Gather all sealed bids from participants.
2. Rank procurers’ bid prices as v̂1 ≥ v̂2 ≥ · · · ≥ v̂m, and

growers’ bid prices as ĉ1 ≤ ĉ2 ≤ · · · ≤ ĉn.
3. Clear the produce market at the pointQ∗ where v̂K ≥ ĉL

and v̂K+1 < ĉL+1.
4. Remove all participants who excluded from auction (i.e.,

procurers with indices i ≥ K and growers with indices
j ≥ L).

5. Follow Rule 3 if equation (29) holds; otherwise, follow
Rule 4.

The best approach to understand the MNR mechanism is
to take a simple instance (see Table 1). In this example, K =

L =4, v̂k = 9, ĉL = 6. Since
∑L−1

j=1 Yj = 13 <
∑K−1

i=1 Xi =

17, inequality (30) holds, and the trade quantity is 13. Accord-
ing to rule 2, we can drive each procurer’s basic volume:
q̄1′ = fix( 7∗1317 ) = 5(for procurer 1), q̄2′ = fix

(
6∗13
17

)
=

4 (for procurer 3) , q̄3′ = fix( 4∗1317 ) = 3(for procurer 2). This
remaining demand is derived byRS =

∑L−1
j=1 Yj−

∑K−1
i=1 q̄i =

1. Then, we calculate the volume obtained by the winning
procurer with the lowest ranking (i.e., procurer 2): q3′ =

min{X3′ , q̄3′+RS} = 4. Similarly, q2′ = min{X2′ , 4+0 = 4},
q1′ = min{X1′ , 5 + 0 = 5}.
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TABLE 2. An example of MTR mechanism.

Theorem 5: In the MNR mechanism, we can realize IC,
weekly BB, and IR.

If procurer K among m procurers and grower L among
n growers make successful trades, the total efficiency loss,
including two parts, is termed as:

ϖMTR (K ,L) =
(
vi − cj

) (
Q∗

− Q′
)
+ 1MTR (32)

where
(
vi − cj

) (
Q∗

− Q′
)
denotes the auctioneer’s efficiency

loss, and 1MTR is the sacrificed trade value in the MTR
mechanism. Since MTR requires sacrificing a trade volume
pair, if equation (30) holds, the efficiency loss is bounded
by 1MTR

≤ (v1 − vK )YL ; otherwise, the efficiency loss is
bounded by 1MTR

≤ (cL − c1)XK .
Maximum social welfare can be expressed as:

sMTR(K ,L) = (vK − cL) ∗ min{
K∑
i=1

Xi},
L∑
j=1

Yj

+

K∑
i=1

(vi − vK )Xi

+

L∑
j=1

(cL − cj)Yj (33)

where (vK − cL) ∗ min{
∑K

i=1 Xi},
L∑
j=1

Yj is the auction-

eer’s payoff,
∑K

i=1 (vi − vK )Xi is procurers’ utility, and∑L
j=1 (cL − cj)Yj is growers’ utilities.
Given K and L, the market ‘‘inefficiency ratio’’ for the

MTR mechanism irMTR is written as:

irMTR(K ,L) =
E[ϖMTR(K ,L)]
E[sMTR(K ,L)]

(34)

Theorem 6: In the MTR mechanism, irMTR (K ,L) ≤

�
(
max

{
1
K , 1

L

})
, where � is a constant.

The proof process is like that of Theorem 3. In case I,
if equation (29) holds, then

irMTR (K ,L) ≤ max
{
1
K

,
1
L
2δE [X ]
γE [Y ]

}
.

In case I, if equation (30) holds, then:

irMTR (K ,L) ≤ max
{
1
K
E [Y ]
E [X ]

,
1
K

2ϕE [Y ]
ωE [X ]

}
=

1
K

2ϕE [Y ]
ωE [X ]

.

In case II, if equation (29) holds, then:

irMTR (K ,L) ≤ max
{
1
L
E [X ]
E [Y ]

,
1
L
2δE [X ]
γE [Y ]

}
=

1
L
2δE [X ]
γE [Y ]

.

In case II, if equation (30) holds, then:

irMTR (K ,L) ≤ max
{
1
L

,
1
K

2ϕE [Y ]
ωE [X ]

}
.

Thus, we have inequation irMTR (K ,L)≤�
(
max

{
1
K , 1

L

})
.

Like Theorem 3, Theorem 6 dose not solve the problem
of whether market efficiency increases as the number of
participants rises. Hence, market efficiency requires further
discussion.
Theorem 7: The MTR mechanism is AsE in the case

where irMNR (K ,L) → 0 when K and L go to infinity as m
and n converge to infinity.

The proof of AsE for the MTR mechanism is similar with
that of the MNR mechanism. Hence, we find that when the
inefficiency ratio converges to zero, the trading system can
realize maximum social welfare.

V. IMPLEMENTATION AND EXPERIMENTS
A. NUMERICAL ANALYSIS
Our experiments use cut flowers as an example of a produce
trading system. The winner determination problem with cut
flowers is solved by applying MNR and MTR mechanisms.
In e-commerce platforms, operators are regarded as auc-
tioneers. In the trading system, plenty of produce procurers
compete for cut flowers provided by many growers who
plant flowers for cutting. It is assumed that all cut flowers
can meet procurers’ quality and other nonmonetary attribute
requirements. When the auction begins, both procurers and
growers submit their bids to e-commerce platforms according
to the formulated auction mechanism. After auction stops, the
auctioneer clears the produce tradingmarkets according to the
auction mechanism.

For the sake of simplicity, we propose that the number
of both procurers and growers taking part in auctions is no
more than 150. Both the procurers’ value vi(i = 1, 2, . . . ,m)
and growers’ value cj(j = 1, 2, . . . , n) follow a continuous
distribution in intervals [100,150] and [90,140], respectively.
Meanwhile, Xi and Yj also follow the distribution in inter-
vals [4, 10] and [8, 14], respectively. A pair of m procurers
and growers is expressed as (m, n). For our experiments,
we test eight groups of indicators: 1) K and L; 2) total trade
quantity; 3) auctioneer payoff; 4) procurer utility; 5) grower
utility; 6) social welfare achieved; 7) maximum social wel-
fare; and 8) allocation efficiency. All solutions are obtained
from 5000 randomly generated scenarios and average values
are reported.

Performance of the MNRmechanism is compared with the
MTR mechanism when selecting the pairs (30,30), (70,70),
and (100,100) presented in TABLE 3. In the MNR mecha-
nism, to guarantee the participants’ positive utility in an auc-
tion, each procurer’s bid price must be lower than valuation,
and each grower’s bid price must be higher than valuation.
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Note that [a, b] represents the MNR mechanism in which
procurers’ bid prices are obtained by lowering their valua-
tion following continuous uniform distribution in the interval
[a, b] and growers’ bid prices are obtained by increasing their
valuation following continuous uniform distribution in the
interval [a, b]; First, we can take different value for [a, b],
such as [1, 10], [10, 20], [20, 30]. shows that in the experi-
ment involving 30 procurers and 30 growers, performance of
the MNR mechanism decreases from 82.64% to 21.71% to
3.28% in eight groups of indicators with interval increasing
from [1, 10] to [10, 20], and to [20, 30].. As the value for [a,
b] increases, the performance of MNR mechanism is getting
worse in each experiment. Hence, the more complex the bid
strategy, the more trading loss. The allocative efficiencies of
MNR mechanism are increasing in the interval [1, 10], [10,
20] and [20, 30] with the number of growers and procur-
ers increasing. As the number of participants increases, the
impact of the range interval becomes smaller. We have an
inference that when the number of participants is small, it is
suitable to announce MTR mechanism and when the number
is bigger enough, MNR mechanism should be announced
since the process is simpler. Therefore, the MNR mechanism
is equal to the MTR mechanism when the number of partici-
pants approaches infinity. The more participants e-commerce
platform attracts, the simpler the implemented mechanism is.
To alleviate repeated experiments, the experiments consid-
ered and analyzed only the MTR mechanism.

As shown in TABLE 4, all indicators monotonically
increase according to the increase in the number of procurers
and growers, such that K rises from 6.67 to 70.23 and L rises
from 5.15 to 50.30. The increment of L’s increase is smaller
than that of K because the expected number of Xi is smaller
than that of Yj. Hence, more procurers are successful trading
in double auctions. Maximal social welfare, platform pay-
off, growers’ utility, procurers’ utility, total trade volume, and
AE increase monotonically as the number of growers and
procurers increases. Therefore, when the number of partic-
ipants approaches infinity, the inefficiency ratio approaches
zero and each participant’s utility is the biggest. Moreover,
TABLE 4 presents that AE increases as the participants
increases; that is, the ratio converges to one and the inef-
ficiency ratio converges to zero, which proves Theorem 7.
The more people participate in the auction platform, the more
profitable the platform will be.

TABLE 5 displays the impact of the number of grow-
ers when setting the number of procurers at 50. As the
number of growers increases, not all indicators monotoni-
cally increase like in the preceding TABLE 4. The payoff
of e-commerce platform (i.e., auctioneer) decreases from
307.62 to 276.49 when the number of growers increases
from 10 to 50, and finally increases to 295.47 when the
number of growers rises to 100. The difference between price
vK and cL is decreasing gradually, which leads to the payoff
of auctioneers reducing according to equation (31); the reason
for auctioneer’s payoff increasing after going to nadir is that
when the number of growers increasing largely enough, the

TABLE 3. Comparison of the MNR and MTR mechanism.

TABLE 4. Impact of the number of procurers and growers.

TABLE 5. Impact of the number of growers.

difference of trade price will not decrease sharply, but the
total trade quantity Q will rise constantly, which leads to
a payoff increment for auctioneer. The auctioneer’s payoff
decreases since the trade price of growers cL is close to the
trade price of procurers vK . Thus, the difference between
price vK and cL is decreasing gradually, which leads to the
payoff of auctioneers reducing according to equation (31);
the reason for auctioneer’s payoff increasing after going to
nadir is that when the number of growers increasing largely
enough, the difference of trade pricewill not decrease sharply,
but the total trade quantityQ′ will rise constantly, which leads
to a payoff increment for auctioneer. In comparison, grow-
ers’ utility decrease from 3,017.04 to 2,407.91. The number
of winning growers increases from 7.15 to 17.62 when the
number of growers participated in the double auction go up
from 10 to 30, leading to an increase of growers’ utility.
Moreover, as the number of growers involved in the bilateral
market increases to 100, the oversupply of produce is created,
which introduces a reduction of the trade price of growers.
Hence, the utility of growers has decreased. Although the
utility of growers has decreased, allocative efficiency has
increased. Reduction of the trade price of growers leads to
more trade volume and the increase of allocative efficiency.
When the auctioneer attracts more growers to participant, the
realized social welfare will be more.

Similarly, in TABLE 6, the payoff of auctioneers and the
utility of growers do not monotonically increase, and others
monotonically increase, given the same reason as the above
analysis for Table 5. Compared with TABLE 5, the impact
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of the number of procurers has more significant impacts on
the produce market. For example, as the number of procurers
increases, K increases from 9.92 to 45.63 and L increases
from 6.34 to 36.97, which implies that more participants win.
since procurers’ value that follow a continuous distribution in
intervals [100,150] is more than [90,140] that growers’ value
follow, the impact of the number of procurers hasmore signif-
icant impacts on the producemarket.Moreover, the total trade
quantity increases from 49.91 to 391.16 in TABLE 6, while
the volume increases from 114.85 to 359.37 in TABLE 5. This
change of data proves the impact of the number of procurers
has more significant impacts on trade quantity, which is the
reason that the continuous distribution the procurers’ value
follow is more than that of growers.

TABLE 7 illustrates the impact of value range, considering
the pair (50,50). Note that [20, 100]/ [10, 90] represents
that both the value of procurers and the value of growers
follows a continuous uniform distribution. When the value
ranges of both procurers and growers are narrowed, K, L,
total trade quantity, and AE monotonically increase. The
reason for increases in all indicators is that narrowing the
value ranges accepts more procurers and growers to satisfy
(7) and (8), or (9) and (10) when the number of both pro-
curers and growers is constant. When the value ranges of
both procurers and growers are same, the trade can obtain
maximal trade quantity and AE. Besides, maximum social
welfare, auctioneer’s payoff, and the utility of procurers and
growers monotonically decrease. Maximum social welfare
is monotonically decreased since the value of (vK − cL),
(vi − vK ), and (cL − cj) decreases when the value ranges
narrow, even if total trade quantity increases. The auctioneer
should attract the people whose value for produce are same.

Finally, an exponential smoothing approach is adapted to
estimate K and L according to equation (23) and (24). For
analysis of the αK and αL , we take this experiment of 100
procurers and 100 growers. Then, we suppose that in MNR
mechanism, procurers’ bid prices are determinized by lower-
ing their valuation and growers’ bid prices are determined by
increasing continuous uniform distribution in the interval [1,
10]. Suppose that K̂t and L̂t is equal to that of MTR mech-
anism. As shown in TABLE 8, the exponential smoothing
improves K and L. As the value of αK and αL increases, the
allocative efficiency slightly reduces. According to equation
(23) and (24), we have a conclusion that the real data have
more impact on allocative efficiency. Moreover, the influence
of αK is bigger than that of αL . It may be because the costs of
growers and values of procurers follow different continuous
distribution in intervals and the continuous distribution the
procurers’ value follow is more than that of growers.

B. MANAGERIAL IMPLICATIONS
There are some results can be summarized into managerial
implications for procurers, growers and auctioneers.

First, MUDA mechanisms determine dynamic prices for
produce in order to gain more utility for trading systems.
Moreover, AE can achieve more than 99%, which implies

TABLE 6. Impact of the number of procurers.

TABLE 7. Impact of the value range.

TABLE 8. Impact of the αK and αL.

that social welfare can be further maximized. The result
of the MTR mechanism can encourage participants to take
part in produce auctions. Hence, superfluous capability can
be collected and fully utilized and the carbon emission of
production can be reduced significantly.

Second, compared to cases in which supply and demand
are balanced, over-supply or over-demand may improve the
payoff of the e-commerce platform, as well as increase the
utility of minority participants. Obviously, in MUDA mech-
anisms, an imbalance between supply and demand is created
to effectively improve the utilities of e-commerce platform
and some participants. Thus, this situation will harm the
utilities of the most participants and further prevent them
from participating auctions.

Finally, the overlap between value range of procurers and
growers greatly influences those indicators. The larger the
overlap, themore social welfare, auctioneer’s payoff, and util-
ity of procurers and growers can be realized. On the contrary,
the smaller the overlap, the larger total trade quantity can
be realized. Although some indicators do not increase, more
participants should be involved, which can improve the social
welfare.

VI. CONCLUSION
To promote the development of the produce market and
reduce the carbon emission of agricultural supply chain,
agricultural supply chain trading has widely received peo-
ple’s attention. Motivated by the carbon reduction policies,
high trading cost, long trading time and complicate bidding
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strategies in bilateral producemarket, this paper proposes two
MUDAmechanisms to deal with produce trading problems in
bilateral markets where growers can share superfluous pro-
duce. First, we analyze the necessity and profits from apply-
ing MUDAmechanisms in produce trading markets based on
challenges faced by previous methods when existing imbal-
ances between demand and supply. Second, we introduce two
MUDAmechanisms to solve produce trading problems by an
e-commerce platform. Such two mechanisms effectively dis-
tribute any kinds of produce as long as ‘‘one unit’’ is defined.
Bid strategies for both procurers and growers are provided by
the above properties. Last but not least, with the number of
participants increasing, the two MUDA mechanisms finally
generate the same outcome from a quantitative perspective.
Finally, we verify the effectiveness and robustness of the two
mechanisms by numerical study. Our paper’s contributions
are mainly two-points: (1) To the best of our knowledge, this
work is the first to introduce twoMUDAmechanisms to real-
ize the maximum value of ASCT. The proposed mechanism
can effectively promote the profit of produce providers and
the utility of customers and supplement the blank of bilateral
auction application research. Our study provides one single
viewing for others to research ASCT. (2) Some key findings
have been obtained by comparing the performance of MNR
mechanism with that of MTR mechanism. Such findings
provide insightful views for produce providers and customers
and verify the effectiveness and applicability of the proposed
approach. The proposed mechanisms can effectively reduce
the carbon emission, trading cost and time and provide one
better approach to trade for growers and procurers.

This paper serves as effort to design mechanisms for pro-
duce trading systems. Since produce trading systems are
complex in real-trading application, our approach has some
limitations. Future works should overcome our limitations
and are extended in several directions. First, this paper only
considers one single attribute, that is price, for bilateral pro-
duce markets. But with the development of economic and
living, the nonmoney attributes of produce get more focus.
It is challenging for produce trading how to incorporate more
non-price attributes into considerations in MUDA mecha-
nisms. Thus, considering the multi-attribute double auction
of produce will be an issue worthy of further exploration
in the future. Second, the proposed approaches are assumed
that all the participant only take once auction and make all
trading demand. However, in reality, many participants will
submit bids in multiple rounds and they may adjust their bid-
ding strategies via previous auction outcomes. For example,
procurers may intentionally modify their cost functions by
learning previous auction results for more benefit. A more
complex mechanism is required to apply a case when learn-
ing from previous auction outcomes. Hence, Multi-rounds
double auction mechanism will be an interesting research
topic to consider bidder’s behavior. Third, our mechanisms
only can reduce the transaction cost and time, not consider
the transportation cost. Since growers are distributed all over
the country, production logistics play an indispensable role

in the produce market. For example, if growers are located
in different cities, produce trading could generate signifi-
cant logistics costs that then impact participants’ utilities.
Thus, in future research, incorporating the transportation cost
between growers and procurers into our model makes the
model more realistic. Finally, the proposed approach has
assumed there is one type of produce to exchange. When all
produce is integrated by an e-commerce platform, growers
and procurers may need more than one type of produce at
the same time. Therefore, a combination MUDA mechanism
should be designed to solve mixture trading problems types
for produce.
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