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1. Introduction

Globalization and the expansion of supply chain networks have made logistics systems increasingly complex, with more
members directly or indirectly involved in the supply chain network (Choi et al., 2001; Wang et al., 2022). This complexity
creates challenges related to communication and transparency, resulting in inefficiencies in the logistics process. At the same
time, the expectations of all participants in the supply chain for transparency, reliability, and service are gradually increasing
(Dutta et al., 2020; Xin and Xu, 2022). As logistics supply chains become more and more complex, leading to difficulties in
logistics tracking and tracing, and most collaboration is done manually and offline leading to redundancies and errors.
Blockchain is gradually emerging as a possible solution to these challenges due to its immutable, decentralized, and traceable
characteristics (Centobelli et al., 2022). Blockchain technology has the following advantages in the logistics field: improves
supply chain transparency and traceability; reduces process complexity; improves compliance, reduces human errors, lowers
transaction costs, and improves operational efficiency (Orji et al., 2020; Pournader et al., 2019). For example, Cainiao uses
“second order exchange” blockchain technology to cover key ports, open the data between shipping companies and ports,
establish process-oriented collaboration and mutual trust, and establish an order exchange platform that is visible, time-
controllable, and risk-preventable. In addition, through blockchain and other information technology, China Storage and
Intelligent Transportation has fully collaborated with various links such as warehousing and transportation and constructed a
scale and efficient service network system. However, despite the advantages of blockchain technology, there are costs to
implement blockchain technology, and the time consumed increases as the complexity of the blockchain increases. Dutta et
al. (2020) argued that the cost of using blockchain technology is not cheap and that there should be a selective application of
blockchain after considering the economics of implementation. Kumar et al. (2020) provided a systematic approach to measure
the economics of blockchain technology adoption from cost and risk perspectives and suggested that blockchain solutions
should be used selectively and should not be applied to all business problems. Peck (2017) evaluated the cost-benefit analysis
of implementing blockchain technology and the feasibility analysis of scaling up its use in the future. Rimbaet al. (2017, 2020)
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demonstrated the importance of computational and storage costs of executing business processes on blockchain can be two
orders of magnitude higher than on a common cloud server (Amazon SWF). Therefore, companies and supply chains need to
comprehensively analyze the strategic changes in the selection and use of blockchain technologies, accurately estimate their
economic outcomes, and assess the impact on the entire supply chain (De Giovanni, 2020).

Currently, the 4PL mainly uses internet logistics platforms to manage delivery, warehousing, and cross-border logistics, and
to overcome the limitations of internet logistics, the 4PL can choose to use blockchain technology effectively. Accurate
analysis and overall assessment of blockchain applications encompasses both positive advantages and negative impacts on
the business, management, operations, supply chain, and stakeholders (Dolgui et al., 2020). On the one hand, the use of
blockchain eliminates transaction costs and losses caused by uncontrollability in internet logistics. On the other hand, supply
chain members face costs associated with blockchain implementation and management. Therefore, this paper focuses on
whether the use of blockchain can benefit both parties and whether blockchain can increase the effort level of 3PL thereby
improving the quality of logistics services. To investigate the conditions for the implementation and impact of using
blockchain on the quality of logistics services, a game problem of a logistics service supply chain consisting of a 4PL and a
3PL is considered in the case where the 4PL and 3PL act as the dominant players when the logistics system is not used and
used blockchain technology, respectively. The sequence of the event is the client seeks logistics services from the 4PL, the
4PL decides on the retail price and offers the 3PL a revenue-sharing contract, and the 3PL decides on the wholesale price and
the level of effort to be expended for delivery and performs the actual delivery. When blockchain is not used, each transaction
incurs a marginal transaction cost and incurs a loss in service quality due to the inability to fully control the 3PL’s delivery
process. Therefore, the use of blockchain eliminates the transaction costs and loss of service quality, but there are fixed and
marginal usage costs of implementing blockchain. The optimal strategies and the profits of 4PL and 3PL are solved for the
case of not using and using blockchain and the results are compared to determine under what conditions it is economically
advantageous to implement blockchain and the impact of using blockchain on the quality of logistics services. Numerical
experiments show that there exists a range of marginal costs of blockchain such that the use of blockchain gives a Pareto
improvement in the profits of both 4PL and 3PL and an improvement in the quality of logistics services.

The paper is organized as follows. Section 2 reviews the literature on blockchain and supply chain management. Section 3
describes the game of not using and using blockchain. Sections 4 and 5 model and solve the game models without and with
blockchain, respectively. Section 6 compares and analyzes the equilibrium strategies and profits of the game using numerical
experiments. Section 7 concludes the paper with general conclusions. All proof is in the Appendix.

2 Literature review

In terms of the impact of blockchain on supply chain management, Babich and Hilary (2020) identified three research themes
of blockchain technology in the field of operations management: information, automation, and tokenization. Many scholars
have also focused on the research of blockchain technology in the field of supply chain finance (Dong et al., 2023; Chod et
al., 2020; Du et al., 2020), blockchain-enabled traceability in food supply chains (Dong et al., 2023; Saurabh and Dey, 2021;
Casino et al., 2021), and the application of smart contracts (Zheng et al., 2020; Zhang et al., 2021). Blockchain technology
can also be effectively used for client order process management and to improve the efficiency, traceability, and visibility of
orders (Martinez et al., 2019). Biswas et al. (2023) addressed consumer distrust in product quality through blockchain
technology, but high energy consumption of blockchain negatively affects the environment, thus using a game theoretic model
to investigate the trade-offs between traceability and sustainability for blockchain adoption, which showed that high levels of
distrust drive firms to avoid implementing blockchain, and conversely, low levels of distrust can make blockchain an
appropriate technology. Keskin et al. (2023) studied the adoption of blockchain technology for retailers in the fresh produce
industry to obtain more transparent information about product freshness and quantified the value of using blockchain by
comparing it to the case of traditional retailers without blockchain, extending the model and analysis to the case of smart
contracts. Chang et al. (2021) used a newsboy model to study the strategic decision-making for the selection of the optimal
level of adoption of blockchain technology. De Giovanni (2020) studied a supply chain consisting of suppliers and retailers
that can be managed through traditional online platforms or blockchain. The use of blockchain removes all the risks from the
supply chain and saves on transaction costs. However, the use of blockchain costs initial implementation investment and
variable costs. The results of this study identified the conditions under which blockchain is not worth implementing and the
applicability of smart wholesale price contracts and smart revenue-sharing contracts. Zhang et al. (2023) argued that there is
aneed to balance the benefits and costs associated with the implementation of blockchain and construct a dual-channel supply
chain in which the manufacturer sells its products through both direct and retail sales channels. Through the analysis, it was
found that the blockchain adoption strategy of the supply chain members depends on the unit blockchain operating cost, direct
sales cost, and demand volatility. Shi et al. (2023) summarized the innovative applications of blockchain in different kinds of
platforms and investigated the value of different blockchain features in the field of operations management.

In terms of blockchain applications in logistics, Tijan et al. (2019) argued that the introduction of blockchain technology can
minimize major challenges in logistics such as order delays, damaged goods, errors, and multiple data entries. Li et al. (2019)
proposed a blockchain-enabled workflow operating system for e-commerce logistics services to centrally share heterogeneous
logistic resources from different clients. Choi et al. (2019) discussed how the mean-variance methodology can be applied to
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explore the global supply chain operational risks in the era of blockchain technology. Orji et al. (2020) proposed a technology-
organization-environment theoretical framework of key factors affecting the successful adoption of blockchain technology in
the cargo logistics industry and prioritized them using an analytical network process, which showed that specific blockchain
tool availability, infrastructure, and government policy and support are the three most important factors influencing the
adoption of blockchain in the freight logistics industry. Ar et al. (2020) used a quantitative approach to study the feasibility of
blockchain technology in the logistics industry based on intuitionistic fuzzy theory, and the decision-making framework
enables decision-makers to assess the feasibility of blockchain in logistics operations. It can be seen that the research on
blockchain technology in the logistics field regarding the perspective of logistics operation and management is still in a blank
state.

3. The model

To study the impact of blockchain in logistics systems on the strategies and profits of 4PL and 3PL, consider the game models
of a logistics service supply chain consisting of a 4PL and a 3PL under a logistics system not using blockchain (hereafter
referred to as the traditional game) and a logistics system using blockchain (hereafter referred to as the blockchain game)
dominated by the 4PL and the 3PL, respectively, and compare and analyze the equilibrium results and profits under the four
scenarios. Table 1 summarizes all the notations used in this paper.

Table 1
Summary of notation
Symbol Definition
y! Market potential
B Sensitivity of client demand to price
s Logistics service quality
k Sensitivity of client demand to service quality
m Marginal profit of 4PL
r Lost quality of logistics service
7] Revenue sharing parameter
[ 4PL’s marginal transaction cost when not using blockchain
Cq 3PL’s marginal delivery cost
Ce 3PL’s cost coefficient of effort
cp Marginal cost of blockchain
F Fixed cost of setting up the blockchain
t Fixed cost of using the blockchain
Decision variables
p 4PL’s unit price of logistics services
w 3PL’s wholesale price of logistics services
e 3PL’s level of effort

4. Logistics systems not using blockchain
In the traditional game model, the client’s demand function is
D, =A— Bp; + ks,

where A is the market potential, which represents the market size. p; is the unit price of logistics services, p, = w; + m;,
which indicates that the unit price is the sum of the wholesale price w; and the marginal profit m, of 4PL, and f3 is the client’s
sensitivity to price. s; = (1 —r)e; is the logistics service quality, r € (0,1) represents service quality lost due to insufficient
control of delivery, and k represents the client’s sensitivity to service quality. The profit functions for 4PL and 3PL are
respectively

Iy = max((l — Q)P — Wi — Ct)Dt
pt

7, = max(op, + wy — cg)Dy — Ceetz

we.et
where @ is the revenue sharing parameter representing the proportion of revenue that 4PL gives to 3PL, ¢, is the marginal
transaction cost of 4PL, c, is the marginal delivery cost of 3PL, c,e? represents the effort cost of 3PL, c, is the coefficient of
effort cost, and e is the effort level of 3PL.

4.1 The model dominated by 4PL

In this scenario, the logistics market is controlled by a large 4PL, and the scenario is modeled as a typical Stackelberg game
in which the 4PL is the leader and the 3PL is the follower. The 4PL decides the unit price of the logistics service p, the 3PL
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decides the logistics service wholesale price w, and the level of effort e. The timing of the events is as follows: (i) the client
seeks the logistics service from the 4PL, the 4PL sets the unit price p of the logistics service and offers the 3PL a revenue
sharing contract; (ii) the 3PL decides the wholesale price w and the delivery effort e of the logistics service and delivers.
Therefore, the equilibrium outcome of the game when the 4PL dominates in the traditional game is shown in Lemma 1.

Lemma 1 In the traditional game, the optimal strategy and the profits of 4PL and 3PL are
(4Bcer-k2(1-1)2 A+ Bep) ) (9+1)2+4B%ce(c(1+9)—ca) +k2(1-1)2Beq(1-¢?)
2B(2Bce(p+2)-k2(1-1)%(9+1)) ’

. k2(1—r)2(1+(p)(/1(p+[?(ct(p+cd((p—z)))+2/?cel(1—2<p2—2(p)+zﬁzce(3cd—ct—2ctq))
Wi = 2B(2Bce(p+2)—k?(1-1) (1) ’
o = K@D (-legter)

7 2(2ce(9+2)-K2(1-T)2 (9+1))’

« _ 2BceA(3+29)+2B%ce(cqtcy)—k2(1-1)%(p+1)(A+B(catcr))
P = 2B(2Bcelp+2)- I (1-1)? (9+1)) :
D = (K2r(1-1)(p+1)+2Bce)(A-B(ca+cr))

t 2(2Bce(@p+2)-k2(1-1)2(p+1))
. = ce(A=(caten)”

B 2(2Bce(p+2)-k2(1-1)2(p+1))’

. _ celprD(A-Bleatey)’ (+Bee—k2(1-r)?(p+D)

- 4(2Bco(9+2)-k2(1-1)2(@+1))"

* —
my =

The conditions 1 > B(c; + ¢4) and 2Bc. (@ + 2) > k*(1 —7)%(¢p + 1) need to be satisfied to ensure that the strategy is
feasible for the model and that the profits are positive. The condition 4 > f(c; + ¢4) indicates that a sufficiently high market
size is required for the execution of the transaction, and the condition 2f¢, (¢ + 2) > k(1 — r)?(¢ + 1) indicates that there
is a relationship between the client’s price sensitivity S and the service quality sensitivity k.

In the traditional game, the transaction cost c; and the loss r due to the lack of control over service quality represent the
inefficiency of the transaction. According to Lemma 1, the effects of transaction inefficiencies c; and r on the behavior of
4PL and 3PL in the traditional game are further analyzed to obtain Corollary 1.

Corollary 1 In the traditional game, the effects of transaction cost ¢, and service quality loss r on strategy and profit are as
follows:

(1) The 3PL’s effort level ef, the wholesale price of logistics services wyf;, and the unit price of logistics services p;; are
monotonically decreasing with respect to transaction costs ¢, and 7.
(i1) The client’s demand D{; is monotonically decreasing concerning the transaction cost ¢;, and the client’s demand varies
k2(1-1)2 aD: k2(1-1)2
@a-n (<ﬂ+1)’ Dty > 0; when r <  _ and A-n*(e+1) <
@=2r(p+1) or 2(p+1) P+2

concerning the loss r as follows: when r < . ((pwﬂ) and 2fc, >
k2(1-1)2%(p+1) 1) aD{;
2Bc, < oz T when 2ot D) <r<l, 5 < 0.
(iii) The 4PL’s profit I1f; is monotonically decreasing concerning the transaction cost c¢; and loss r. 3PL’s profit is
k2(1-1)%(p+1)
—<
@+2

monotonically decreasing concerning the transaction cost c; and varies concerning r as follows: when
omyy k2(1-1)?(p+1)

2-¢

A +D) 0Thy o g 4ng

2
Bee < 2—¢ > or or

< 0 when 2fc, >

According to Corollary 1(i), as the transaction cost ¢, increases, the 3PL reduces the effort exerted in delivery, and thus the
transaction cost has a disincentive effect on the effort exerted by the 3PL. In addition, the increase in service quality loss
during the delivery process causes a decrease in service quality and leads to a decrease in the attractiveness of the logistics
service to the client, thus the 3PL plans to exert less effort. Transaction costs c; and losses r lead to lower wholesale prices
offered by the 3PL because the 3PL offsets the demand reduction and balances the overall inefficiency caused by uncertain
delivery services by lowering wholesale prices. In addition, lower service quality caused by the reduction in 3PL’s effort level
hurts sales volume, and 3PL balances the impact on demand losses by lowering wholesale price.

From Corollary 1(ii), it can be found that an increase in transaction cost ¢, reduces the convenience of trading and leads to a
decrease in demand. In addition, an increase in the loss of service quality 7 in the delivery process affects client demand as
follows: when the loss of service quality is small and the client is more price sensitive, demand increases as the loss increases.
This is because, as the loss increases, the unit price of logistics services is decreases, and when the client’s sensitivity to the
unit price of logistics services is high, the number of clients attracted by the price reduction is more than the number of clients
reduced by the quality reduction. On the contrary, when the loss is small and the client’s price sensitivity is low, the demand
decreases as the loss increases, this is because as the loss increases, the unit price of logistics services decreases, when the
client’s sensitivity to the unit price of logistics services is low, the number of clients attracted by the decrease in price is less
than the number of clients reduced by the decrease in quality. Finally, when losses are high, as losses increase, the quality of
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logistics services affects clients to a greater extent than the unit price affects clients, so the quantity demanded by clients
decreases as losses increase.

From Corollary 1(iii), it can be seen that transaction cost ¢, and service quality loss r hurt the economic efficiency of 4PL and
that the increase in transaction cost reduces the profit of 3PL. In addition, the effect of transaction losses on the profit of 3PL
is as follows: when the client’s sensitivity to price is low, with the increase of losses, the profit of 3PL increases; when the
client’s sensitivity to price is high, with the increase of losses, the profit of 3PL decreases. This is because as losses increase,
all decision variables decrease, but when clients are less sensitive to price, the decrease in the 3PL’s revenue is less than the
decrease in their costs, so the 3PL’s profits increase; while when clients are more sensitive to price, the decrease in the 3PL’s
revenue is greater than the decrease in their costs, so the 3PL’s profits decrease.

4.2 The model dominated by 3PL

In this case, a 4PL and a strong 3PL form a typical Stackelberg game, in which the 3PL is the leader and the 4PL is the follower.
The sequence of decision-making is: the 3PL decides the wholesale price and effort level of logistics services, and then the
4PL decides the retail price. Therefore, when the 3PL dominates in the traditional game without using blockchain technology,
the equilibrium of the game is shown in Lemma 2.

Lemma 2 In the traditional game, the optimal strategies as well as the profits of 4PL and 3PL are, respectively

W = k2(1-1)2(crp—cq(1-9))+4Bce(ca(1—@)—cr)+4ceA(1-@)?
2= 4Bce(2—p)—k2(1-1)2 ’
. _ k(A-DA-Blcatc)
27 4Bce(2-@)-k2(1-1)%’
v _ 22ce(3—29)—((1-1)2k2-2Bce)(cq+cr)
P2 = 4Bco(2—9)—K2(1-1)? ’
D = _2Bce(=B(catcD)
827 4Bce(2-p)-k2(1-1)%
[T%, = 4Bee’A=@)A=Blca+en)?
27 (4Bce(2-9)-k2(1-1)2)2
ce(A=Bca+ce))?
4Bce(2-@)—k2(1-1)%

* —_—
T =

Conditions 48¢,(2 — ¢) > k?(1 —r)? and A > B(c, + ¢4) ensure that the strategy and profit are positive, where condition
4Bc,(2 — @) > k?(1 — r)? indicates that a certain relationship needs to be satisfied between the client’s price sensitivity
and service quality sensitivity k. Condition A > S(c; + ¢4) suggests that transaction execution requires a sufficiently high
market size.

In the traditional game, the transaction cost c¢; and the loss r caused by the lack of control over service quality represent the
inefficiency of the transaction. According to Lemma 2, Corollary 2 can be obtained, which focuses on analyzing the effects
of the inefficiency factors c; and r of transactions on the behavior of 4PL and 3PL in the traditional game.

Corollary 2 In the traditional game, the effects of transaction cost ¢, and service quality loss r on strategy as well as profit
are as follows:

(i) 3PL’s effort level ef,, client’s demand D;,, wholesale price of logistics service wy,, 4PL’s profit II/, and 3PL’s profit i},
are monotonically decreasing with respect to the transaction cost ¢; and loss 7.
(i1) The unit price of logistics services p;, is monotonically decreasing concerning the loss r. p;, with respect to transaction

2012 *
Bamm” o 2Bc, < k*(1—1)% and 222 > 0 when 2Bc, > k*(1—1)%
2(2-9) dct

. ap;
cost c; varies as follows: % < 0 when
t

According to Corollary 2(i), as the transaction cost ¢, increases, the 3PL reduces the effort made, and thus the transaction cost
has a disincentive effect on the effort made by the 3PL. In addition, the increase in service quality loss r during the delivery
causes a decrease in service quality, resulting in the logistics service being less attractive to clients, and therefore the 3PL
intends to exert less effort. An increase in transaction cost ¢; reduces the convenience of transaction resulting in a decrease in
demand and an increase in service quality loss similarly reduces the amount of demand from clients. For the 3PL, the lower
quality of service caused by the reduction in level of effort is known to hurt demand, and thus the 3PL offsets the demand
reduction and balances the overall inefficiency caused by the uncertainty of delivery service by reducing the wholesale price.
Transaction costs ¢, and service quality losses r hurt the economic efficiency of 4PL and 3PL, because as transaction costs
and losses increase, the reduction in demand leads to a reduction in profits for both parties.

Corollary 2(ii) shows that for the 4PL, when clients are less sensitive to service quality, the 4PL offsets the decrease in demand
caused by the increase in transaction costs by increasing the retail price, and when clients are more sensitive to service quality,
it prevents the loss caused by the sharp decrease in client demand due to the decrease in service quality by reducing the retail
price.
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5. Logistics systems using blockchain

This section examines the strategic choice of 4PL and 3PL as leaders in the logistics supply chain when the logistics system
uses blockchain, respectively.

5.1 The model dominated by 4PL

In the game using blockchain, the client’s demand function is

DB =/1_ﬁpB+kSB

where s is the quality of logistics service, and assumed that sz = ep, which indicates that the quality of logistics service in
the blockchain game depends entirely on the level of effort of the 3PL. Referring to Liu et al. (2018), it is assumed that the
unit price of logistics service pg = wg + mp, which indicates that the unit price of logistics service is the sum of the wholesale
price wg and the marginal profit mg of 4PL.

The profit functions of 4PL and 3PL are respectively

Iy = r%gx((l — @)pg —Wp — CB)DB —F

2
mp = max(@pg +Wwp — c4)Dp — c.ep —t
wBg.ep

where ¢ is the revenue sharing parameter, cg is the marginal cost of using the blockchain, and F is the fixed cost to implement
the blockchain. t is the cost of using the blockchain by the 3PL, e.g., the cost of training employees to use blockchain.

In the 4PL-dominated blockchain game, the equilibrium of the game is shown in Lemma 3.

Lemma 3 In the blockchain game, the optimal strategies as well as the profits of 4PL and 3PL are respectively,

« _ (4BceA—Kk2A—-Kk2Bcp)(9+1)2+4B%co(cp(p+1)—cg)+k? Bea(1-p?)
Mp1 = 2B(2Bco(p+2)—K2(p+D) ’
_ (@+Bep)p+Bea(p-2)k?(p+1)+2Bce(3Bca—Bep2o+1)+A(1-20-207) )
B1 28(2Bce(p+2)-k2(p+1)) ’
. _ k@+D(A-B(cp+ca)

BL ™ 2(2Bce(@p+2)-k2(p+1))
«  _ 2Bce(A(3+29)+B(cp+cg))—k?(@+1)(A+B(cp+cqa))
Pe1 = 26(2Bce(@+2)-K2(p+1) :
Di. — Bce(A-B(cp+ca))
BL ™ 2Bce(p+2)—k2 (@ +1)
. __ ce(A-Bleptca))’
Mg, = 2(2Bce(@+2)—k2(p+1)) F,
co(4Bce(9+1)=k?(@+1)?)(B(cp+ca) -2 -4t(2Bco(p+2) -k (p+1))

4(2Bco(p+2)—k2(p+1))’

2
Mg, = .

Conditions 28¢, (¢ +2) > k?(p + 1) and 1 > f(cp + c4)ensure that the blockchain model has positive strategies and
profits. Condition 2f¢. (¢ + 2) > k%(¢ + 1)denotes the magnitude of the relationship that needs to be satisfied between the
client’s sensitivity to price and sensitivity to the quality of logistics services. The condition 1 > B(cg + c4) indicates that the
implementation of blockchain technology requires a sufficiently high market opportunity.

Corollary 3 In the blockchain game, the effects of the blockchain marginal cost cz on the optimal strategy as well as the
profit: the effort level of 3PL ej,, the wholesale price wg, of the logistics service provided by 3PL, and the profits of both

4PL and 3PL are monotonically decreasing concerning the blockchain marginal cost cg. The retail price of the logistics service

9Pk, k2 (p+1) 2 )
= < 0 when pye < 2fc, < k*(p +1); and

Pg1 set by 4PL varies with respect to the blockchain marginal cost cg as:

% > 0 when 28¢c, > k?(p + 1).
B

When clients are more sensitive to service quality, the retail price decreases as the marginal cost of using the blockchain
increases; when clients are less sensitive to quality, the retail price increases as the marginal cost of using the blockchain
increases. This is because when the client’s sensitivity to quality is low, the value brought by using blockchain is low, and as
the cost of using blockchain increases, the 4PL needs to increase the retail price to compensate for the loss of revenue.
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5.2 The model dominated by 3PL

In this case, the 4PL and the strong 3PL form a typical Stackelberg game, in which the 3PL is the leader and the 4PL is the
follower, and the sequence of decision-making is as follows: the 3PL decides on the wholesale price of the logistics service
and the level of effort, and then the 4PL decides on the retail price. As the leader of the logistics system, the 3PL leads the
application and implementation of the blockchain technology, and the implementation cost of the blockchain is F, while the
4PL as a follower incurs the cost of using the blockchain such as the training cost t of using the blockchain. Assuming that
there is no difference in the implementation of the blockchain technology by the 4PL or the 3PL, then the client’s logistic
service demand function is identical to the demand function of the blockchain system dominated by the 4PL.

In the game using blockchain, the client’s demand function is
DB =/1_ﬁpB+kSB

where sp is the logistics service quality, assuming that sz = eg, which indicates that the logistics service quality in the
blockchain game depends entirely on the effort level of 3PL.

The profit functions of 4PL and 3PL are respectively,

Iz = r%gx((l — @)pg —wp)Dp — t

mp = max(gpg + wg — ¢4 — cg)Dg — c,e3 — F
WB,.eB

where ¢ is the revenue sharing parameter, F is the fixed cost spent by the 3PL to implement blockchain technology, which is
entirely covered by the 3PL, and cp is the marginal cost for the 3PL to use the blockchain. t is the fixed cost for the 4PL to
use the blockchain, which includes the cost of training employees to use the blockchain and so on.

In the blockchain game dominated by 3PL, the equilibrium of the game is shown in Lemma 4.
Lemma 4 In the blockchain game, the optimal strategies as well as profits of 4PL and 3PL are respectively,

* :k(l—ﬁ(caﬂs))
B2 ™ 4(2-¢)Bce—k?

. _ 4(1-@)Ace+(4Bce—k?)(cq+cp)
Wiz = (1= ¢) 4(2-@)Bce—k?

« _ 23=2¢)cer—(k2—2Bce)(cq+cp)
Pe2 = 42— @)Bce—ic?
m,, = 4(1-p)Be¢(A-Blea+ep))” ;

(4(2_(P)Bcez_k2)2
_ ce(A-B(ca+cB)) _
B2 = T4 p)peo—k? F

Conditions 4(2 — @)Bc, > k? and A > B(cg + c4) need to be satisfied, which ensures that the strategies and profits of both
parties are positive under the 3PL dominated blockchain model. Condition 4(2 — @)fc, > k? indicates that there is a
relationship between client sensitivity to price and sensitivity to logistics service quality. Condition 1 > B(cg + c4) indicates
that the implementation of blockchain technology requires a high enough market opportunity.

Corollary 4 In the blockchain game, the effect of blockchain marginal cost cz on the optimal strategy as well as profit is
respectively,

(1) 3PL’s effort level e, the profits of both 4PL and 3PL are monotonically decreasing concerning the blockchain marginal
cost cg.

(ii) The retail price of logistics service pg, set by 4PL varies with respect to the blockchain marginal cost c as 5aDCBz =

B
—(k2-2Bce) g, 2 _ . OpB, 2

preRmY E—— then Fon < 0 when 2f8¢c, < k* < 4(2 — p)fce; . > 0 when 0 < k* < 2fc,.

(iii) The wholesale price of logistics service wg, varies with respect to the blockchain marginal cost cp as 66‘4232 =
B

(1-9)(4Bce—k?) 2 _ Wh2 _ . 2 oWy

RSy , then when 48¢, < k* < 4(2 — ¢)Bc., s < 0; when 0 < k* < 48c,, Y > 0.

It can be seen that when the client’s sensitivity to the quality of logistics services is high, the retail and wholesale prices
decrease with the marginal cost of using the blockchain; when the client’s sensitivity to the quality is low, the retail and
wholesale prices increase with the marginal cost of using the blockchain. This is because when clients are less sensitive to the
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quality of logistics services, the value brought by using blockchain is lower, and as the cost of using blockchain increases, the
4PL and 3PL need to increase retail and wholesale prices, respectively, to compensate for the loss of revenue.

6. Comparative analysis

To compare the equilibrium of the traditional game and the blockchain game, numerical analysis is performed in this section.
It mainly analyzes the change of effort level e and wholesale price w of 3PL, retail price p of 4PL, profit IT and  of both
parties and system profit with parameter cg in the blockchain game. The values of the setup parameters are as follows: 4 = 3,
B=2,k=1,¢c,=1,c;=0.01, ¢, =0.04, ¢ =02, r=0.02, t = 0.02, F = 0.1, cg € [0,0.6], with the parameter
settings referring to De Giovanni (2020) and ensuring that the results of both games are meaningful.

6.1 Analysis of effort level and service quality

3.5
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............... e
1 2
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Fig. 1. 3PL’s efforts level in traditional game and blockchain game

Fig. 1 shows the change in 3PL’s effort level with the marginal cost of using blockchain in the traditional and blockchain
game. The effort level of 3PL in the blockchain game gradually decreases in the marginal cost of blockchain cg. When the
blockchain marginal cost cg is small, the use of blockchain technology will make the 3PL’s effort level higher than that in the
traditional game, and because the logistics service quality in the traditional game and the blockchain game are s, = (1 —r)e;
and sp = ep, respectively, the logistics service quality in the blockchain game is higher than that in the traditional game when
the blockchain marginal cost is low.

6.2 Analysis of price and sales
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Fig. 2. Retail price of logistics service in the traditional Fig. 3. Wholesale price of logistics service in the
game and blockchain game traditional game and blockchain game

Figs. 2-4 represent the change in retail price of logistics services of 4PL, the wholesale price of logistics services of 3PL, and
the client demand with the marginal cost of using the blockchain. From Figs. 2-4, there exists blockchain marginal cost cg
such that pgp > p;, eg < e, wg < Wy, and Dy < D,. This is because although the use of blockchain removes some of the
inefficiencies associated with traditional supply chains and transactions, the higher fixed and variable costs incurred by
blockchain applications result in the fact that traditional transaction costs may be partially replaced by blockchain costs, with
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the result that the use of blockchain may seem unattractive.
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Fig. 4. Demand in the traditional game and blockchain game

Indeed, while the reduction of transaction inefficiencies is an obvious advantage, the presence of blockchain costs means that
the 4PL charges higher prices, with the result that logistics service becomes less attractive to clients. As a result, there is less
demand from clients, which leads to a reduction in 3PL’s efforts towards delivery, leading to a deterioration in overall demand.
In addition, as can be seen in Fig. 4, the use of blockchain by 4PL can increase demand when the marginal cost of blockchain
cp is small, this is because the use of blockchain effectively removes inefficiencies, such as quality loss and transaction costs,
which exist in the traditional supply chain business process.

6.3 Analysis of profit

Figs. 5-6 represent the changes in the profits of 4PL and 3PL concerning the blockchain marginal cost, respectively. The
profits of both 4PL and 3PL decrease in the marginal cost of blockchain and that there exists a range of marginal costs of
blockchain that makes the blockchain technology beneficial to both 4PL and 3PL, i.e., there exists a region of Pareto
improvement in which the profits of both parties are increased. In addition, there exists a range of marginal costs where both
parties are worse off after the implementation of the blockchain, and the profits of both parties are negatively affected by the
cost of the blockchain. This result is mainly caused by the variable costs incurred by transactions within the blockchain, and
while they reduce traditional transaction costs, they also bring new variable costs in terms of data size and volume as well as
protecting the transaction, making the blockchain economically unattractive. Therefore, companies implementing blockchain
should first evaluate the marginal costs, and when these costs are high, only the reduction in transaction costs cannot justify
its adoption. If the marginal costs of blockchain are affordable, supply chain members may improve economically by
eliminating quality of service losses and transaction costs.
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Fig. 5. 4PL’s profits in the traditional game and blockchain
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Fig. 6. 3PL’s profits in the traditional game and blockchain

6.4 Analysis of sharing parameter

Figs. 7-10 represent the impact of the revenue sharing parameter on the effort level of the 3PL, the profit of the 4PL, 3PL, and
the system, respectively. The parameters are fixed as F = 0.1, cg = 0.01, ¢ = [0,0.5], and the rest of the parameters are the
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same as in the previous section. As can be seen from Fig. 7, the effort level of the 3PL is gradually increasing in the revenue
share parameter, this is because the 4PL offering the revenue-sharing contract allows the 3PL to receive increased revenue
from improved service quality, so the more sharing parameter the 4PL has, the more it promotes the 3PL to make effort.
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From Figs. 8-10, it can be seen that there exists a revenue-sharing parameter that makes the logistics system most profitable,
this is because as the sharing parameter increases, the increase in the level of effort makes the logistics efficiency improve
and makes the 4PL profit gradually increase, but the increase in the level of effort is accompanied by a significant increase in
the cost of effort paid by the 3PL, which leads to a decrease in the profit of the 3PL, so the cost of effort restricts the system
efficiency to be further improvement.

7. Conclusions

Blockchain technology has gained a lot of attention due to its advantages of decentralization, tamper-proof information, as
well as information transparency and traceability. We consider the game in a logistics service supply chain consisting of a 4PL
and a 3PL when the 4PL does not use and uses blockchain. When not using blockchain technology the 4PL has transaction
costs in the transaction process and the loss of service quality due to the inability to fully control the 3PL’s delivery process.
The use of blockchain technology can eliminate transaction costs and the loss of service quality, but there are fixed costs and
marginal utilization costs of implementing blockchain. Therefore, we investigate the equilibrium strategies of 4PL in the
traditional game and the blockchain game and the conditions under which blockchain is worth implementing. Numerical
experiments show that when the marginal cost of blockchain is not too high, the use of blockchain leads to Pareto
improvements in both 4PL and 3PL’s profits and an improvement in logistics service quality.
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Appendix A: Proof of Lemma 1

The profits of 4PL and 3PL are

I, = H;ft‘x((l — Q)P — W — Ct)Dt = rr;)z:x((l —Q)m, — ow; — Ct)(/1 —B(my +wy) + k(1 —1)e,)
m, = max(ep; + w, — ca)D; — coe? = max((p + Dw, + om; — ca) (A — B(m, +w,) + k(1 —)e) - c,e?
wt.et wt.et

Taking the first-order partial derivatives of the objective function of the 3PL with respect to the wholesale price and the level
of effort respectively, we have

= (9 + D= Bme +w)) + k(L =1)e) = B((p + Dwe + om; = cq)

d

B_’Z =k(1- r)(((p + Dw, + om; — Cd) —2c.e,

Let % =0, % = 0, the following optimal response function for 3PL is obtained
t t

_ (@+1)(2ceA+k2(1-1)2(@me—cg) ) ~2ce B((1+29)me—cq)
£ (@+1)(4cef-k2(1-1)2(p+1))
o, = KA=((@+DA-Fmet+ca)
¢ 4cef—k2(1-1)2(@+1)

(A.1)

(A2)

Substituting w; and e, into the 4PL’s profit function I1; and solving for the derivative with respect to m, for I1,(m.), and let

Mg
e 0 yields

(4BceA—k2 (1-1)2(A+Bcy) )@+ D2 +4B2ce(ce(1+9) —ca) +k(1-1)2Bea(1-¢?)
2B(2Bce(9+2)~k2(1-)2(p+1))

Substituting m;; into Egs. (A.1) and (A.2), yields w{; and e/;, which in turn yields p;; = wiy + miy, Dy = A — Bpfy +
k(1 —r)ey, IIf; and f5.

*
mey =

Appendix B: Proof of Corollary 1
6] The partial derivatives of the 3PL’s effort level e;; concerning the transaction inefficiency parameters c, and r

degy — —Bk(p+1)(1-1)
dce 2(2Bce(@+2)—k2(1-1)%(p+1))
defy — k(@+1)(A=B(ca+c))(=2Bce(@+2)—k2(@+1)(1-1)?)

or 2(2Bce(@+2)—k2(1-1)2(+1))°

<0

The partial derivative of the wholesale price of logistics services wy; with respect to the transaction inefficiency parameter c;
is

awiy _ k*2(1-1)2(1+9)9p—2Bce(1+2¢)

dce  2(2Bce(p+2)-k2(1-1)2(p+1))

. k2(1-1)2%(p+1) . .. .. awy,
From Lemma 1, it follows that 28¢c, > oz needs to be satisfied to ensure that the solution is positive. From e
t
201-+)2 20142 2(1-+)2 *
0, we get 2fc, < KQA90@+D) Also since L2 @te o kKA1 ((pﬂ), then 28 < 0 holds.
2¢+1 2¢+1 @+2 act

The partial derivative of wholesale price w¢; with respect to r is



L. Wang et al. / International Journal of Industrial Engineering Computations 15 (2024) 13

owyy A

I 2B(2Bce(9+2)-k2(1-1)2(9+1))"

where A= <—2k2(1 -1+ @) (A(p +B(cep + calep — 2)))) (2Bc.(p +2) —k2(1—1)*(p + 1)) — (kz(l -
)2(1 + @) (zl(p + ﬁ(ctq) +cq(p — 2))) + 2Bc, A(1 = 2¢9?% — 2¢) + 2%c,(3cg — ¢; — ZthJ)) 2k2(1—-7)(p +1) <0.

The partial derivative of the unit price of logistics services p;; with respect to the transaction cost c; is

iy 2Bce—k*(1-1)%(9+1)
dce  2(2Bce(p+2)-k2(1-1)2(p+1))’

k2(1-1)2%(p+1) B
o+2

2(1_+)2 *
k2(1 —1r)%(p +1). Also since k2(1 —r)%(p + 1) > %, then % > 0 holds.
t

Lo i . ]
To ensure that the solution is greater than zero, it is necessary to satisfy 2fc, > Y e p” > 0, we get 28c, >

The partial derivative of the unit price p;; with respect to r is

pyy _ 4k*(A-1)(p+1)*Bce(=A+B(ca+cr))

I 2B(2Bcelp+2)-k2(1-T)2(p+1))”

(ii) The partial derivatives of the client’s demand D{; with respect to the transaction costs ¢, and r are respectively

aDfy _ —B(kAr(1-r)(e+1)+2Bce)
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It follows from Lemma 1 that to ensure that the solution is positive, it is necessary to satisfy 2fc, >
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(ii1) The partial derivatives of the profits of 4PL and 3PL with respect to the transaction costs ¢; and loss r are respectively
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Appendix C: Proof of Lemma 2

The profit functions for 4PL and 3PL are respectively

Iy = n;lftlx((l — Q)P — Wi — Ct)(/1 — Bpe + k(1 —1)ey)
e = max(@p, +w, — ca)(A = fp, + k(1 —1)e) = ceef

Taking the first-order partial derivative of the objective function I1; with respect to the retail price p;, we have

ol
a—p: =1-9p)A—Bp:+k(1—1)e) — ,3((1 — Q)P — W — Ct)

a

Let a—;[t = 0 to obtain the following optimal response function for 4PL
t

— U-9)A+kA-nie)+Bwetce)
2(1-9)B

Pt (C.1)

Substituting p, into the 3PL’s profit function 7., we have
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Solving for the derivatives for 1, with respect to w; and e, respectively, yields
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Let awe = Va0 = 0, and simplify to get
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Substituting w/, and e/, into Eq. (C.1) further yields

« _ 22ce(3=29)=((1=1)2k%=2Bce)(ca+cr)
P2 = 4Bco(2-p)—KE(1-1)?

o _ 4Bce*(1-9)(B(cqtc)—1)>

27 (aBce(2-p)-k2(1-1)2)2

ce(Blca+c)=1)?
4Bce(2—@)—k2(1-1)?
D = _2BeeO=Bleatce)

27 4Bce(2-p)-k2(1-1)?

*
Ty =

The conditions 48¢,(2 — @) > k*(1 —r)? and 1 > S(c; + c4) ensure that the model’s strategy and profits are positive.
Appendix D: Proof of Corollary 2

(1) The partial derivatives of the 3PL’s effort level e/, with respect to the trading inefficiency parameters c; and r are,
respectively:

dey _ —BK(A-r)@Alcatcr))
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The partial derivatives of the wholesale price of the logistics service wy, with respect to the transaction inefﬁciency parameters

Wiy _ _ _ 4Bce=gk?(1-)? K?(1-1)? 1 _ 1 e@-e) _ (- <p)
¢; and r are —= e = thenzg)KPATR then from 4fc, > and T, T T, e 0, which
201 _ 2 Wiz _ 8k2(1—T)(l—q’)zce(/l—ﬁ(ct*'ca))
shows that 48c, > @k*(1 — r)* holds, and hence <0.In addltlon, a = B rp) K21 <0.

The partial derivatives of the clinet’s demand Dy, with respect to the transaction costs ¢, and r are respectively

f _ _ -2B%ce

b #Ba-g) KA1 0,

i _ _ 4Bce(A=B(cgter))k?*(1-1) <0
or (4Bce(2-p)—k2(1-1)2)?2 ’

The partial derivatives of the profits of 4PL and 3PL with respect to the transaction costs c; and r, respectively, are

ollz, _ —8B%ce*(1-p)(A-B(ca+tcr))

dee  hce—pie-n? < O
oMy, _ _ 16k*(1-1)Bce’ (1-9)(A-f(ca+cr))? <0
or (4Bce(2-9)—-k2(1-1)2)3 ’
mt, _ _ —2Bce(Alcater)) 0

dct 4Bce(2—p)—k?2(1-1)2 ’

omt, _ _ 2k2A-mce(A-Bleaten)” <0

or (4Bce(2-p)—k2(1-1)2)2 '

]
(i1) The partial derivatives of the retail price of the logistics service p;, with respect to the transaction costs ¢; and r are apctz
t

2Bce—k?(1-1)2 k2(1-1)? 1 4 1-2(2—-¢) k?(1— r) 2 R
Peev) KT T)Z,thenfrom 2Bc, > o) and e = e < 0, we have when ———= oy < 2Bc, < k2(1 —1)2,
aptz < 0; when 2fc, > k2(1 —1)?, aptz > 0.In addltlon = 4k?c,(1-7)(3 — 2¢) ﬁ(cd+ct) 4 <0.

(4Bce(2-p)—k2(1-1)2)2
Appendix D: Proof of Lemma 3
In the 4PL-dominated logistics system, the profit functions of 4PL and 3PL are respectively

Iy = H;gx((l —@)pp —wp —cg)Dg — F = H;gx((l — @)mg — pwp — c5)(A — B(mp + wp) + keg) — F
Tp = M%?;(QDPB +wp —cg)Dp —coef —t = Mrgae);(((l’ + Dwg + @mp — cq)(A — B(mp + wp) + kep) — cef —t

Taking the first-order partial derivatives of the objective function of the 3PL with respect to wholesale price and effort level,
respectively, we have

T = (¢ + DA~ B(my +wy) + keg) = B((@ + Dws + omy — c,)
anB =k((p + Dwp + omp —cy) — 2c.ep

Let a”B =0and 2? = 0 to obtain the following optimal response function for 3PL
B

_ ((p+1)(2¢e/1+k2(<me—cd))—ZCEB((1+2<p)mB—cd)
WB = (@+1)(4cef-k2(p+1))
en = k((@+1)A-B(mp+ca))
B 4cef—k2(p+1)

(D.1)

(D.2)

Substituting wg and ep into the 4PL’s profit function I1g, and solving for the derivative of ITz(mg) with respect to mg, and
let 228 = o yields
amB

o _ (4Bced—k2A-K2Bcp)(p+1)2+4B2ce(cp(@+1)—cq)+k?feq(1-9?)
Mp1 = 2B(2Bce(p+2)—K?(p+1)

Substituting mp, into Egs. (D.1) and (D.2) yields wg, and eg,, which in turn yields pg, = wg, + mpq, Dgy = 4 — Bpp: +
kegq, 151, and ;.
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Appendix E: Proof of Corollary 3

.. N . Owp, _ ok?(@+1)—2fce(2¢+1) owp,
Solve for the derivative of wg, with respect to cg, we have S 2(2Be(@r) K@) Let Dep > 0, then 2f¢c, <

k2(p+1)

Pk (p+1)
2¢p+1

K2 (p+1)  @k%(p+1) _
o+2 20+1

To guarantee the existence of a solution, it is necessary to satisfy that 2fc, > , and since

2 —p? B
K@rD=0%) o hen 261 < 0 holds.
p+2 dcp

. .. " " . . ol -1
Solving for the derivatives of 1}, and 5, with respect to cg, respectively, we have —2 = BeeBlepre ) 0, and

dcp 2Bce(p+2)—k2(p+1)
* _1.2 2 -
0mpy _ Bee(#hce(p+-kA@+1D*) (B Cotea)=D 0, Thus, the optimal profits of both 4PL and 3PL are monotonically decreasing
dcp 2(2Bce(p+2)—kZ(p+1))

with respect to cg.

Oppy _ _ 2Bce~k*(p+1) 9By
dcs — 2B TD-KE@TD)" Let 3en > 0, then 2fc, >

2 2 f
k*(p + 1) . Also, since 2fBc, > %, then we have when % <2Bc, <k*(p+1), 6? < 0; when 2fc, >
B

Solving for the derivative of pg; with respect to cg, we have

K2(p + 1), "a”il > 0.

Appendix F: Proof of Lemma 4

In the game using the blockchain, when the 3PL is dominant, the profit functions of the 4PL and the 3PL are, respectively, as
follows

I, = H;gx((l — @)pp —wp)(A — Bpp + kep) —t

— 2
gy = VIE;%);(QOPB +wp —cq — cg)Dp — coeg — F

Taking the first order partial derivative of the objective function I, with respect to the retail price pg, we have

dllp,
ap = (1 - @) — Bpp + kep) — B((1 — @)ps — wp)
B
Let aar;B 2 = (, we obtain the following optimal response function for 4PL
B
_ (-@)(i+kep)+puwp
B 2B(1-¢)

Substituting pp into the 3PL’s profit function, we have

_ ¢(A+kep) , C-@wp kep+A  Bwp \ _ 2 _
g2 _Mrg?g);( 28 + 2(1-¢) Ca CB)( 2 2(1—(p)) ceey —F

Solving for the derivatives of mg, with respect to wy and ep yields

0mpy _ _ _ (2-¢)Bwp
g 1 -@)keg +1) e T B(cq +cp)
237

dep %k(keg + ) + kwg — k(cqg + cg) — 4c.ep

Let ?;\:/i =0and 06723 2 = 0 to obtain the following optimal response function for 3PL
B B

= g)(kes 1) + (1= p)Blea+cx)
5 2—-9)B

which further yields

« _ k(A=B(ca+cp))
B2 ™ 42-p)Bce—k?
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4(1—@)Ace+(4Bce—k?)(cqt+cp)

wiz = (1= ¢) 4G-g)Beek?
« _ 2(B3=2¢)Ace+(2Bce—k?)(cqtcp)
Bz — 4(2-¢)Bce—k?

f - —_ 2Bce(A=Blcatcp))
D, = A — Bpp + ksg = 4g2—¢’)ﬁce—k2
— 4(1—-@)Bcé(A-B(cqa+cp)) —t

B2 ™ (az-)Bee—k?)?
x Ce(l—ﬁ(cdﬂs))z _
B2 ™ 4(2-¢)Bce—k?

Appendix G: Proof of Corollary 4

Solving for the derivatives of e}, IT},, and 75, with respect to cg, we have aaecﬁ <0, aanci < 0, and aanci <0.
B B B

The derivative of the retail price of logistics service pg, with respect to the marginal cost of blockchain cp is B;CBZ =

B
—(k2-2Bce) 2 _ 9B, . 2 9B,

TP pee i then when 28¢c, < k* < 4(2 — ¢)pc,, Per < 0; when 0 < k* < 2fc,, Ser > 0.

The derivative of the wholesale price of logistics service wg, with respect to the marginal cost of blockchain cj is 36\/232 =
B

(1-9)(4Bce—k?) 2 _ wp, . 2 wp,

Yoy — , then when 48c, < k* < 4(2 — ¢)Bc,, e < 0; when 0 < k* < 4fc,, e > 0.
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