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With the development of sharing economy, more and more enterprises choose crowd logistics for distribution. Because the crowd
logistics platform uses social freelancers, the service quality is difcult to guarantee. Considering the reward-penalty mechanism,
dynamic diferential game models are constructed to study the optimal pricing and quality of crowd logistics services under
stochastic demand based on the optimal control theory and Pontryagin maximum principle. Te numerical simulation results
show that the optimal dynamic decisions change with the fuctuation of demand dynamically. Furthermore, the platform needs to
adjust the value of the reward-penalty factor to ensure the level of service quality and revenue in diferent situations.

1. Introduction

In recent years, the concept of sharing economy has grad-
ually emerged, and e-commerce platforms have developed
rapidly. Since “Internet + platforms” canmake full use of idle
social resources and reduce the waste of social resources,
more and more enterprises are beginning to use Internet
platforms for transactions [1]. Crowd logistics matches the
logistics distribution needs of enterprises or individuals with
the idle public personnel (the service provider) who vol-
untarily distribute through the platform, instead of deliv-
ering by full-time delivery staf. Enterprises such as Amazon
Flex, JD crowdsourcing, and Flash all use crowdsourcing
logistics for distribution. Due to the great fexibility and high
efciency of crowd logistics, it has played an essential role in
the supermarkets and express delivery terminals [2].

Te crowd logistics platform connects the demand of
customers and the supply of the service providers; therefore,
the crowd logistics platform is a typical bilateral platform.
On the one hand, consumers can place orders at any time; at
the same time, the provider can choose the working time at

will. Both demand and supply are subject to great uncer-
tainty, which is likely to lead to an imbalance between supply
and demand. On the other hand, because the service pro-
viders are social idlers and lack professional training, the
service quality are inconsistent and cannot meet the needs of
customers, which has a negative impact on the willingness of
customers to continue to use the crowd logistics platforms.
Terefore, it is of practical signifcance for the optimization
of crowd logistics system to determine the optimal pricing
strategy of the platform to adjust the imbalance of supply
and demand and to explore how to motivate the provider to
improve the service quality level.

1.1. Pricing Problems. Many scholars have conducted re-
search on the optimal pricing problems of bilateral plat-
forms. Bimpikis et al. [3] discussed the spatial price
discrimination strategy of crowd platform, emphasizing the
impact of demand mode on platform price, proft, and
consumer surplus. Sun et al. [4] determined the optimal
pricing strategy for online car rental platforms, taking into
account ride details and driver location. Tese papers
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demonstrated and studied the pricing strategy of online car
hailing platform in peak demand. Some scholars also con-
sidered the impact of network externalities on pricing under
diferent demands. Shen et al. [5] proposed a pricing method
based on topic model analysis (PTMA) to solve the task
pricing problem in software crowdsourcing. Aiming at the
problem of asymmetric information between supply and
demand in the transportation service market, Wu et al. [6]
established an intermediary pricing model to explore the
impact of spatial diferences and network externalities on the
pricing mechanism of online car hailing platform. Pour-
rahmani and Jaller [7] focused on last mile delivery activities,
provided an overview of the operational characteristics of
platforms, and then identifed pricing strategy. Zhang et al.
[8] discussed the impact of the service efciency and cross-
network externality intensity of the platform on the optimal
decision making and value-added services of the platform.
Zhao et al. [9] considered four diferent diferential pricing
strategies and obtained the optimal pricing strategy in
diferent situations. Te above literature studied the pricing
strategy of bilateral platforms but did not consider the
characteristics of market demand fuctuation and the quality
level of crowd logistics services.Terefore, we will do further
research on the basis of existing research.

In addition, many scholars have studied the supply and
demand matching of bilateral platforms. Tey modeled the
matching process between the driver and the customer as an
unobservable queue, the arrival of passengers as a Poisson
process, and the driver as a server in the queuing system. For
example, Bai et al. [10], Hu and Zhou [11], Taylor [12], and
Cachon et al. [13] used queuing theory to study the supply-
demand matching problem of online car hailing platforms. In
recent years, some scholars introduced the optimal control
theory to realize the balance of supply and demand. For ex-
ample, Wang et al. [14] constructed a crowd logistics dynamic
pricing model considering the social supply characteristics and
the loss of orders in the case of short supply. Ten, the
competition between two crowd service platforms is consid-
ered (Wang et al. [15], Sun and Xu [16], and Sun and Xu [17]).
On this basis, Guo and Li [18] considered the cancellation
behavior of passengers after booking orders in the pricing
model, obtained the optimal pricing of the platform, and
suggested to formulate appropriate default rules. Some scholars
also introduced other economic theories for analysis. For ex-
ample, Zhang et al. [19] introduced the principal-agent theory
to analyze the optimal pricing of the platform, considering the
uncertainty of demand side and supply side at the same time.
Xu et al. [20] and Wang and Xie [21] considered the dynamic
pricing under several diferent demand situations, respectively.
Wang and Xie [22] considered both direct-network efects and
cross-network efects to coordinate supply and demand bal-
ance. Compared with the existing literature, this paper will use
the diferential gamemethod to consider the game between the
service provider and the crowdsourcing platform and fnally
obtain the optimal pricing. Furthermore, the above literature
only considers one or two supply and demand situations,
which cannot cover all possible situations. Terefore, we will
study more comprehensive supply and demand situations in
this paper.

1.2. Quality Problems. In terms of product quality control,
some scholars used the diferential gamemethod to study the
dynamic decision-making problem of quality. For example,
Pang and Tan [23] established an improved Nerlove–Arrow
model to study the optimal quality decision under multi-
manufacturer competition. Kogan and El Ouardighi [24]
derived a quality improvement efort strategy using a dif-
ferential game method for duopoly markets with partial
substitute products. Li et al. [25], Ma et al. [26], and Zhou
et al. [27] all considered the impact of consumers’ reference
efect on quality level, and Ma et al. [26] also incorporated
reciprocal altruism into the model. Wang and Hu [28]
studied dynamic quality and marketing decisions with en-
vision of brand crisis in a dual-channel supply chain.
According to the above literature, the diferential game
method has attracted more and more attention of scholars.
However, they mainly focus on solving the problem of
dynamic decision making of product quality, and few
scholars use the diferential game method to study the
service quality.

In fact, the quality of crowd logistics will also change
with time dynamically; therefore, the diferential game
model can be applied to the research of crowd logistics
services. Based on the dynamic perspective, some papers
studied the optimal quality input of crowdsourcing logistics
services. For example, Meng et al. [29] discussed the optimal
quality decision making under the reward-penalty mecha-
nism and the cost-sharing contract. Ten, they explored the
impact of big data technology (Meng et al. [30]) and penalty
policy (Meng et al. [31]) on the service quality of the crowd
logistics platforms. He et al. [32] derived the optimal service
levels for the platform and the hotel in three modes, in-
cluding decentralized, cost-sharing, and integrated modes.
Liu et al. [33] proposed an optimal control model consid-
ering the impact of sales price and service level on immediate
demand and taking the service level of the competing
platform as a reference quality. Peng et al. [34] assumed that
platform operators empower service providers to improve
service quality, and the equilibrium conditions of the whole
network are obtained based on variational inequality and
equilibrium theory. Wen et al. [35] discussed the quality
control behaviors of platforms and sellers in online shopping
and analyzed the infuence of government regulation on the
evolution trend of members’ quality behavior under the
situation of information asymmetry. However, in the re-
search of these documents, the price is regarded as a fxed
value, which cannot change according to the diferent supply
and demand situations, which is not in line with the reality.
Terefore, we have considered the dynamic change of price
in the process of studying service quality comprehensively,
so that the conclusion has higher credibility and practical
signifcance.

1.3. Academic Contribution. Our paper difers from the
above studies in the following aspects.

First, according to the above literature, most scholars
only consider one or two kinds of supply and demand
situations; we discuss three kinds of supply and demand
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situations comprehensively. When supply exceeds demand,
we consider the opportunity loss cost of providers. In
contrast, we consider the cost of order delay caused by
insufcient providers. When supply and demand are bal-
anced, we do not need to consider the above two costs.

Second, although many scholars have studied the pricing
strategies of bilateral platforms under stochastic demand, most
of them only considered the competition scenario between two
platforms, and few researchers have studied the joint decision
making of platforms and service providers at the same time.
We built diferential game models of crowd logistics platform
and service provider, respectively, and solved the optimal
dynamic price of crowd logistics platform and the optimal
quality level of service provider under three situations.

Tird, in the case of unbalanced supply and demand, it is
common to study the dynamic pricing strategy and the
benefts of both parties, but few scholars have discussed the
problem of dynamic quality under the imbalance of supply
and demand. In fact, when an order is completed, the crowd
logistics platform would pay the provider in a certain
proportion. Terefore, the salary of the service provider will
change with the dynamic pricing of the platform. Assuming
that the quality control cost is constant, it will inevitably
afect the service quality level of the provider. Terefore, it is
necessary to explore the impact of dynamic prices on the
service quality and the benefts of both parties. So, the
provider will determine its own quality control level
according to the optimal pricing of the platform tomaximize
its own benefts in our model.

Finally, in order to ensure the service quality, we have set up
reward-penalty factor in the model, and the crowd logistics
platform monitors the service quality of the provider. We also
analyze the relationship between reward-penalty factor and
service quality and then put forward relevant suggestions.

2. Problem Definition and Notation

Te operation mode of crowd logistics is shown in Figure 1.
First, consumers send requests to the crowd logistics plat-
form according to their own needs. When the platform
receives an order, it shares the order information with the
platform; then, nearby social providers grab the order and
deliver it ofine. Te proft model of platforms and service
providers is as follows: the consumer pays the freight to the
platform, and then the platform pays the provider in a
certain percentage. At the same time, the crowd logistics
platform supervises the delivery service quality of the
provider.

2.1. Symbol Description. Te symbols and specifc meanings
mentioned in this paper are shown in Table 1.

2.2. Model Assumptions. For modeling purposes, the as-
sumptions are as follows:

(1) According to the assumption about supply chain in
Meng et al. [29], the service platform and provider

are considered for decentralized decision making.
Tey established the revenue function of both
parties, respectively, to explore the optimal deci-
sion of them. Terefore, assuming that the coop-
eration between the service platform and the
provider is not considered, both parties are ra-
tional people for modeling convenience; the goal is
to maximize their interests, and we play a Stack-
elberg diferential game dominated by the service
platform. In the frst stage, the service platform
determines the price of crowd logistics services. In
the second stage, the provider determines its
quality control level according to the pricing of the
service platform.

(2) Referring to the idea of Meng et al. [30], the quality
of crowd logistics will change with time dynami-
cally; therefore, we propose the dynamic difer-
ential equation of service quality, and the service
quality is afected by the quality control eforts of
the platform and the provider. Due to the direct
contact between the provider and consumers and
for the convenience of calculation, we mainly
consider the impact of the provider’s quality
control on the service quality:

_q(t) � c · w(t) − δq(t), (1)

where c is the quality infuence coefcient, which
represents the infuence coefcient of the quality
control eforts of the provider on the crowd logistics
quality; w(t) refers to the quality control level of the
provider (including personnel communication
quality, package integrity, and so on) at time t; and δ
is the attenuation coefcient of service quality. Since
the range of crowd delivery is mostly 3∼5 kilometers
nearby, its delivery targets are mostly takeaways,
fresh food, and other items that require high
freshness. If quality control is not carried out, the
freshness will decline naturally.

(3) Consumers are most sensitive to price and quality of
service when transacting; referring to Tian et al. [36]
and Liu et al. [37], we assume that the demand of
crowd logistics is afected by platform’s price and
provider’s quality. Furthermore, due to the consid-
eration of optimal decision making under random
demand, referring to the setting of market scale
change factors by Lin and Zhang [38], we can know
that the random demand function of crowd logistics
is

D(t) � D0e
− at

− αp(t) + βq(t), (2)

where a is the demand volatility factor. When a> 0,
it indicates the decline of demand. On the contrary,
when a< 0, it means that the demand increases.
When a � 0, the market demand remains un-
changed. In addition, it is assumed that the need for
crowd logistics is still positive without considering
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the service quality control of provider, i.e., D0e
− at −

αp(t)> 0.
(4) In crowd logistics, most service providers are paid by

a fxed commission model at this stage. Consumers
pay the platform for shipping, and the platform pays
the provider a certain percentage of the revenue after
the order is completed, similar to the operation of
Uber. Terefore, according to Cachon et al. [13], we
assume a linear relationship between unit reward
and price. Te supply function of crowd logistics is

S(t) � k(1 − ϕ)p(t). (3)

(5) Since we only consider the impact of the service
quality eforts of the provider on the quality of crowd
logistics, in order to ensure the level of service
quality, the platform is responsible for the supervi-
sion of the logistics service quality. According to Shi
et al. [39] and Wang et al. [40], when the quality is
lower than the industry standard value q, the plat-
form will punish the provider |ε(q(t) − q)|. When
the quality is higher than the industry standard value,
ε(q(t) − q) of rewards will be given. Terefore, the
proft functions of the platform and the provider in
the time range [0, T] are

Table 1: Description of model variables and parameters.

Symbol Description
p(t) Crowd logistics service price at time t

q(t) Crowd logistics service quality
w(t) Te quality control level of the provider
D0 Basic needs of crowd logistics services
a Te market demand volatility factor
α Price sensitivity coefcient, which indicates how sensitive customers are to the price of crowd services
β Service quality sensitivity coefcient, indicating the sensitivity of customers to crowd service quality
ε Reward-penalty factor of the crowd platform to the provider, ε≥ 0
k Price sensitivity coefcient, which indicates the sensitivity of the provider to reward
c Te unit opportunity loss cost
h Te unit order delay cost
cs Supervision cost of a crowd logistics platform to the provider
c Quality infuence coefcient
ρ Discount rate
δ Mass attenuation coefcient
kw Service cost coefcient of the provider
q Crowd logistics service quality standard
ϕ Te revenue share of the platform

Customer

C1

C2

Cn

Pay the fee

Crowd logistics
requests Crowd logistics

platform

Matching
provider

Pay salary

Provider

P1

P2

Pm

Offline delivery

Supervise quality

...
...

Figure 1: Crowd logistics operation mode.
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p

(t) � 
T

0
ϕp(t)D(t) − cs − ε(q(t) − q)dt,


r

(t) � 
T

0
(1 − ϕ)p(t)D(t)

+ ε(q(t) − q) −
1
2
kww(t)

2dt,

(4)

where cs is the cost of the platform supervising the
logistics service quality of the provider and kw is the
quality control cost coefcient of the provider.

(6) According to Xu et al. [20], it is assumed that supply
and demand are in balance at the initial time.Terefore,
when crowdsourcing demand decays, the platformmay
face oversupply problem. At this time, the crowd lo-
gistics will incur opportunity loss cost. When the de-
mand of crowd logistics increases, the platform may be
in short supply. At this time, the platform will incur the
cost of order delay. When the market demand remains
unchanged, there is no opportunity loss cost and order
delay cost in crowd logistics.

3. Optimal Decision under Stochastic Demand

Tis section solves the optimal pricing of the crowd platform
and the quality control behavior of the provider under three
diferent supply and demand situations of decentralized
decision making. Te subscripts P and R represent the
crowdsourcing platform and the service provider, respec-
tively. Suppose that supply and demand are balanced at time
0. When a> 0, it means oversupply. When a< 0, it means
that the supply is less than the demand. When a � 0, it
means that the state of supply and demand remains un-
changed, that is, the supply-demand balance at time 0 is
maintained.

3.1. Optimal Pricing with Demand Less Tan Supply.
When a> 0, it means that the competition in the logistics
supply market is ferce; that is, crowd logistics is oversupply.
Terefore, the provider generates the remaining supply
capacity and needs to bear the opportunity loss cost. Re-
ferring to the idea of Jørgensen and Kort [41], taking the
product inventory as the state variable and building the
inventory state change equation based on the replenishment
rate and demand rate, we constructed the state change
equation based on the distribution supply rate S (t) of the
provider and the customer demand rate D (t) at time t:

_l(t) � S(t) − D(t), l(0) � 0, l(T) � lT. (5)

Te cumulative excess supply capacity at time t is

l(t) � l(0) + 
t

0
S(σ) − D(σ)dσ. (6)

Within the service time [0, T], the objective function of the
maximum expected revenue of the crowd logistics platform is


P1

(t) � 
T

0
ϕp(t)D(t) − cs − ε(q(t) − q)dt, (7)

equation (7) subjects to the state equation (8):
_l(t) � k(1 − ϕ)p(t) − D0e

− at
− αp(t) + βq(t) l(0)

9; � 0, l(T) � lT.

(8)

Lemma 1. When the demand of crowd logistics decreases,
there is an optimal dynamic price p∗(t) to maximize the
platform revenue.

Proof. In the frst stage, Lagrange multiplier λp(t) is in-
troduced to construct a Hamiltonian function of crowd
logistics platform:

Hp1(t) � ϕp(t) D0e
− at

− αp(t) + βq(t)  − cs

− ε(q(t) − q) + λp(t) k(1 − ϕ)p(t)(

− D0e
− at

− αp(t) + βq(t) .

(9)

We calculate the second-order derivative of the price:

z
2
HP1

zp(t)
2 � − 2αϕ. (10)

Because α> 0, 0< ϕ< 1; therefore, z2HP1/zp(t)2 < 0, and
it shows that the revenue of platform is a concave function to
the optimal dynamic price, that is, there is an optimal dy-
namic price to maximize the gain of the platform. □

Theorem 1. When the demand for crowd logistics decreases,
the optimal price of the platform is

p
∗
(t) � A1e

− at
+ A2q

∗
(t) + A3λ

∗
p(t), (11)

where

A1 �
D0

2α
,

A2 �
β
2α

,

A3 �
k(1 − ϕ) − α

2αϕ
.

(12)

Te optimal quality of the provider is

q
∗
(t) �

F2 + F3( ca + aA1e
− F1c+δ( )t

F2 + F3( c + q0 F1c + δT( ( ρδ
δ + F1c

, (13)
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where

F1 �
cD1 A2 + E3( 

kw

,

F2 �
cD1 − A3 E1lT + E2(  + D2( 

kw

,

F3 �
cD1

kw

e
− at

,

E1 �
2αϕ

T(k + α − kϕ)
2,

E2 �
D0e

− aTϕ 2 e
aT

− 1 α − aT(k + α) + akTϕ 

a(k + α − kϕ)
2 ,

E3 �
− βϕ(α + k(ϕ − 1))

(k + α − kϕ)
2 ,

D1 �
β(1 − ϕ)

δ + ρ
,

D2 �
ε + cβ(T − t)

δ + ρ
.

(14)

Dynamic change track of shadow price λ∗p(t) can be
obtained as follows:

λ∗p(t) � E1lT + E2 + E3q
∗
(t), (15)

where

lT �
B1 − A1(  − B2 − A2( q

A3E1
+

E2

E1
+

E3q

E1
,

B1 �
D0

k(1 − ϕ) + α
,

B2 �
βq

k(1 − ϕ) + α
.

(16)

Te demand trajectory of crowd logistics is

D
∗
(t) � D0e

− at
− αp
∗
(t) + βq

∗
(t). (17)

Te supply trajectory of crowd logistics is

S
∗
(t) � k(1 − ϕ)p

∗
(t). (18)

Proof. According to the Pontryagin maximum principle, the
necessary conditions for maximizing the revenue of crowd
logistics platform are as follows:

_l(t) �
zHp1

zλp1
, (19)

_λp1(t) � −
zHp1

zl
, (20)

zHp1

zp
� 0. (21)

From equations (20) and (21), the optimal price of the
platform is

p(t) � A1e
− at

+ A2q(t) + A3λ
∗
p(t). (22)

Ten, we can obtain the expression of shadow price
according to equation (19) and boundary conditions l(0) �

0, l(T) � lT:

λp(t) � E1lT + E2 + E3q(t). (23)

Since the supply and demand of the crowd platform are
balanced at the initial time, we can get
p(0) � D0 + q0β/k(1 − ϕ) + α.

Because p∗(0) � A1 + A2q0 + A3(E1lT + E2 + E3q0), let
p∗(0) � p(0), and we can get

lT �
B1 − A1(  − B2 − A2( q

A3E1
+

E2

E1
+

E3q

E1
. (24)

Substituting it into equation (23) and substituting
equation (23) into equation (22), we can get p∗(t).

In the second stage, during the service time [0, T], the
objective function of the maximum expected return of the
provider is


R1

(P, t) � 

T

0

(1 − ϕ)p(t)D(t) + ε(q(t) − q) −
1
2
kww

2

− c(T − t)(S(t) − D(t))dt.

(25)

Te Lagrange multiplier λr(t) is introduced to construct
the Hamiltonian function of the provider:

Hr1 � (1 − ϕ)p(t)D(t) + ε(q(t) − q)

−
1
2
kww(t)

2
− c(T − t)(S(t) − D(t))

+ λr(t)(cw(t) − δq(t)),

(26)

where λr(t) is the covariant variable of the optimization
problem, and its economic meaning refers to the marginal
income that the provider can obtain from its quality control
efort. Equation (26) is solved by using Pontryagin maxi-
mum principle:

According
zHr1

zw
� 0we can obtainw(t) �

cλr(t)

kw

, (27)

According
zHr1

zq(t)
� ρλr(t),we can obtain λr(t)

� D1p(t) + D2.

(28)

Substitute equation (22) into equations (27) and (28),
and we can obtain

w(t) � F1q(t) + F2. (29)
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Substitute equation (29) into equation (1) and solve the
diferential equation, and we can get q∗(t). □

Corollary 1. When the demand of crowdsourcing market
decays, the optimal dynamic price of the platform is a convex
function to time and has a negative correlation with time.

Proof. Te frst partial derivative and second partial de-
rivative of the optimal pricing with respect to time can be
calculated as

dP
∗
(t)

dt
� −

aD0e
− at

2α
−

e
D1 A2+E3( )tc2/kw( )− tδβ
kw[(1 − ϕ)k + α]

< 0
dP

2 ∗
(t)

dt
2 �

a
2
D0e

− at

2α

+
e

D1 A2+E3( )tc2/kw( )− tδβ
kw

2
[(1 − ϕ)k + α]

> 0.

(30)

Since the second partial derivative is larger than 0, the
price of the crowd logistics is a convex function of time.

Because the frst partial derivative is less than 0, the price of
the crowd logistics decreases monotonically.

Corollary 1 shows that the optimal dynamic price of the
crowd logistics platform will gradually decrease when the
market demand decays. Te price reduction can stimulate
the demand for crowdsourcing logistics to a certain extent.
At the same time, the reduction of price also reduces the
remuneration of service provider, which could reduce the
willingness of some providers to participate in crowd-
sourcing. In this way, the opportunity loss cost is reduced
and the state of supply and demand can be adjusted to
balance. However, as demand continues to decay with time,
the platform’s price will stabilize to maintain basic
income. □

Corollary  . During the service time [0, T], when the de-
mand of the crowdsourcing market decreases, the optimal
service quality of the provider decreases with time and in-
creases frst and then decreases with the rise of reward-penalty
factors.

Proof. Te frst derivative of the optimal dynamic service
quality of the service provider with respect to time is:

dq
∗
(t)

dt
�

aD0e
− F1c+δ( )t

c + δ
ae

− at

kwα(δ + ρ)
2 −

βc
2
(cβ + a(δ + ρ))(1 − ϕ)

2αkwδ
 . (31)

Since a> 0, ae− at decreases monotonically, the frst
derivative is less than 0 when ae− at/kwα(δ + ρ)2 < βc2(cβ +

a(δ + ρ))(1 − ϕ)/2αkwδ, and the quality level of the provider
is negatively correlated with time. Te frst derivative of the
optimal dynamic quality with respect to the reward-penalty
factor is

dq
∗
(t)

dε
�

aD1e
− t F1c+δ( ) F2 − ε( c

2δρ
kw F1c + δ( (δ + ρ)

. (32)

It can be seen from the above formula that when ε<F2,
the frst-order derivative is larger than zero.When ε>F2, the
frst-order derivative is less than zero. When ε � F2, the
service quality takes the maximum value.

Corollary 2 shows that the provider’s income will de-
crease due to the price decrease when the market demand
decays, so the provider will reduce the eforts of service
quality to ensure its revenue. At this time, the service quality
cannot reach the standard rate. It will lead to lower service
quality if the penalty factor is too low, which will aggravate
the attenuation of crowd logistics demand. On the contrary,
if the penalty factor is high, on the one hand, the quality of
service is guaranteed and consumers’ willingness to par-
ticipate will increase. On the other hand, some providers will
no longer participate in crowd logistics, reducing the cost of
opportunity loss in oversupply. However, when the value of
the penalty factor exceeds a certain value, the proft of the
provider will be very low, resulting in a decrease in the
service quality of the crowd logistics. □

3.2. Optimal Pricing with Demand Greater Tan Supply.
When a< 0, it means that the crowdsourcing market de-
mand surges, the service platform will bear the order delay
costs, and the actual crowd logistics transaction volume at
this time is S(t). Te state change equation of the delayed
order quantity is as follows:

_u(t) � D(t) − S(t)u(0) � 0, u(T) � uT. (33)

Te cumulative delayed order quantity at time t is

u(t) � u(0) + 
t

0
D(σ) − S(σ)dσ. (34)

During the service time [0, T], due to the surge in crowd
logistics demand, the actual supply capacity of the providers
cannot meet all the requests, so the real order demand at
time t is the smaller one between D(t) and S(t), i.e.,
Min(D(t), S(t)) � S(t), and the expected revenue objective
function of the platform is


P2

(P, t) � 

T

0

ϕpS(t) − cs − ε(q(t) − q)

− h(T − t)(D(t) − S(t))dt.

(35)

Te constraints of equation (35) are as follows:

_u(t) � D(t) − S(t)u(0) � 0, u(T) � uT. (36)
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Theorem  . When the demand increases, the optimal price of
the crowd logistics platform is

p
∗
(t) �

D0e
− at

+ βq
∗
(t)

k(1 − ϕ) + α
. (37)

Te optimal quality is

q
∗
(t) �

e
− tδ

− 1 + e
tδ

 H + q0δ 

δ
, (38)

where H � (εc2/kw(δ + ρ))

Te requirement of crowd logistics is

D
∗
(t) � D0e

− at
− αp
∗
(t) + βq

∗
(t). (39)

Te supply of crowd logistics is

S
∗
(t) � k(1 − ϕ)p

∗
(t). (40)

Proof. In the frst stage, the Lagrange multiplier λp(t) is
introduced to construct the Hamiltonian function, and the
second-order partial derivative with respect to the price is
obtained:

Hp2 � ϕp(k(1 − ϕ)p(t)) − cs − ε(q(t) − q) + λp(t) − h(T − t)  D0e
− at

− αp(t) + cq(t)  − k(1 − ϕ)p(t) ,

z
2
HP2

zp(t)
2 � − 2k(− 1 + ϕ)ϕ> 0.

(41)

Terefore, the platform’s revenue is a convex function of
price, and we will obtain a price that minimizes the platform
revenue if we use Pontryagin principle to solve the problem,
so we have to change the method. During the service time
[0, T], since u(t)≥ 0, u(0) � 0; therefore, as long as
D(t)≥ S(t) is met, we can get the value range of price:

p(t)≤
D0e

− at
+ βq(t)

k(1 − ϕ) + α
. (42)

Since the expected return of the platform is a convex
function of price, p∗(t) � pmax:

p
∗
(t) �

D0e
− at

+ βq(t)

k(1 − ϕ) + α
. (43)

In the second stage, the maximum expected return
objective function of the provider is


r2

(P, t) � 
T

0
(1 − ϕ)pS(t) + ε(q(t) − q) −

1
2
kww

2dt. (44)

Introduce the Lagrange multiplier λr(t) to construct the
Hamiltonian function of the provider:

Hr2 � (1 − ϕ)p(t)S(t) + ε(q(t) − q)

−
1
2
kww

2
+ λr(t)(cw(t) − δq(t)),

(45)

According to
zHr2

zw
� 0,we can getw(t) �

cλr(t)

kw

, (46)

According to
zHr2

zq(t)
� ρλr(t),we can get λr(t) �

ε
δ + ρ

.

(47)

Substitute equation (47) into equation (46) and substi-
tute equation (46) into equation (1) to solve the diferential
equation, and we can obtain q∗(t). □

Corollary 3. When the crowd logistics demand increases, the
optimal dynamic pricing of the platform is positively corre-
lated with time.

Proof. Te frst and second partial derivatives of the optimal
dynamic price P∗(t) with respect to t can be calculated as

dP
∗
(t)

dt
� −

e
− (a+δ)t

aD0e
δt

kw(δ + ρ)

kw(δ + ρ)((1 − ϕ)k + α)
> 0

dP
2 ∗

(t)

dt
2

�
e

− (a+δ)t
a
2
D0e

δt
kw(δ + ρ)

kw(δ + ρ)((1 − ϕ)k + α)
> 0.

(48)

Terefore, the optimal dynamic price of the platform is a
convex function of time and is positively correlated with
time.

Corollary 3 shows that the optimal dynamic price rises
with time when the demand increases. We can motivate the
provider to participate in crowd logistics by raising the price,
the order delays will decrease as supply increases, and
platform’s revenue will also increase. □

Corollary 4. When the crowd logistics demand increases, the
optimal dynamic quality of the provider increases with the rise
of the reward-penalty factor. When the reward-penalty factor
is larger than a certain threshold, the optimal dynamic quality
is a monotonically increasing function of time.

Proof. Te frst derivative of the optimal dynamic service
quality q∗(t) with respect to time is

dq
∗
(t)

dt
�

e
− tδ

c
2ε − kwq0δ(δ + ρ) 

kw(δ + ρ)
. (49)

When ε> kwq0δ(δ + ρ)/c2, the optimal quality of the
provider increases monotonically with time.

When ε< kwq0δ(δ + ρ)/c2, the optimal quality of the
provider decreases monotonically with time.
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Te frst derivative of the optimal dynamic service
quality with respect to the reward-penalty factor is

dq
∗
(t)

dε
�

1 − e
− tδ

 c
2

kwδ(δ + ρ)
> 0. (50)

Since δ > 0, e− δt < 1; therefore, the formula above is larger
than zero. Tat is, the quality of crowd logistics service
increases with the rise of the reward-penalty factor.

Corollary 4 shows that since the crowd logistics platform
will increase the pricing, and the income of the provider will
also rise when the market demand increases, so the provider
has an incentive to invest more eforts in quality control.
When the reward-penalty factor is signifcant, the service
quality will be higher over time. When the reward-penalty
factor is lower than a certain threshold, the reward is not
enough to motivate the provider to improve the service
quality. With the surge in market demand, the provider pays
more attention to customer quantity rather than quality,
resulting in a decrease in service quality levels over time. □

3.3. Optimal Pricing with Balanced Supply and Demand.
At this time, the demand for crowd logistics and the pro-
vider’s supply are equal roughly, and the crowd logistics will
maintain a balance of supply and demand at time 0.
Terefore, neither the service platform nor the provider has
costs (loss of opportunity cost and order delay cost) other
than quality control costs, namely, l(t) � u(t) � 0.

Theorem 3. When the demand for crowd logistics remains
unchanged, the optimal dynamic price and optimal quality
control do not change with time:

p
∗
(t) �

D0 + βq0

k(1 − ϕ) + α
,

q
∗
(t) � q0.

(51)

Proof. When the demand remains unchanged, the platform
will maintain the balance of supply and demand at time 0.
Tat is, the optimal price is the price of the equilibrium state
of supply and demand at time 0. Since demand and supply
are equal at time 0,

D0e
− at

− αp(t) + βq0 � k(1 − ϕ)p(t). (52)

In the state of supply and demand balance, service
quality will eventually tend to balance, namely, q(t) � q0.

So, we can obtain

p
∗
(t) �

D0 + βq0

k(1 − ϕ) + α
. (53)

Teorem 3 shows that the optimal price of the crowd
logistics platform is a constant when a � 0, and the platform
will integrate a variety of parameters to maintain the price
when supply and demand are balanced to maximize its
income. Te quality control of crowd logistics is also held at
initial level. □

Corollary 5. Te optimal pricing is positively correlated with
the service quality sensitivity coefcient β and the revenue
share of the platform ϕ and negatively correlated with the
price sensitivity coefcient α.

Proof. Te frst derivative of the optimal pricing p∗(t) with
respect to the price sensitivity coefcient α is
dp∗(t)/dα � − D0 + q0β/(α + k(1 − ϕ)2 < 0.

Te frst derivative of the optimal price p∗(t)to the
service quality sensitivity coefcient β and the frst derivative
of the optimal price to the revenue share of the platform ϕ
are as follows:

dp
∗
(t)

dβ
�

q0

α + k(1 − ϕ)
> 0,

dp
∗
(t)

dϕ
�

k D0 + q0β( 

(α + k(1 − ϕ))
2 > 0. (54)

Terefore, the optimal price decreases with the price
sensitivity coefcient α and increases with the service quality
sensitivity coefcient β and the revenue share of the platform
ϕ.

Corollary 5 shows that the more sensitive consumers are
to price, the lower their pricing will be. Te more sensitive
consumers are to quality, the higher the proportion of
revenue distribution of service providers is and the higher
the corresponding pricing is. □

4. Numerical Simulation

In this section, we will use the numerical examples to
demonstrate the relevant conclusions more intuitively, an-
alyze the relationship between optimal dynamic pricing and
service quality and revenue in three scenarios, and discuss
the impact of reward-penalty factors on service quality.
According to Bai et al. [10], Wang et al. [14], Meng et al. [29],
and Lin and Zhang [38], the main parameters are set as
follows: D0 � 10, T � 15, α � 1, β � 2, q � 20, k � 3, kw

� 1, cs � 1, δ � 0.1, c � 0.2, h � 0.2, c � 1, ρ � 0.1, and q0 �

20.

4.1. Optimal Pricing in relation to Time and Demand Vari-
ability Factor. In this section, we suppose that the range of
demand volatility factor is [0, 1] when the crowd logistics
demand decays; on the contrary, when demand increases,
the range is [− 0.08, 0]. At the same time, assuming that ϕ �

0.4, ε � 0.5, the trajectory of optimal pricing changing with
time and market demand fuctuation factor is shown in
Figures 2–4.

4.1.1. Result. First, we explore the situation that supply
exceeds demand. Figure 2 shows the trajectories of the
optimal price p∗(t) over time and the demand volatility
factor a during service time [0, T], and we can see that the
optimal dynamic pricing of the crowd logistics platform
decreases gradually over time; the price will stabilize when it
falls to a certain value, which is consistent with the con-
clusion in Corollary 1. At the same time, as the degree of
demand attenuation increases, the optimal pricing p∗(t)

also decreases gradually when the value of demand volatility
factor a increases.
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Next, we explore the situation of excess demand. Sim-
ilarly, Figure 3 shows that the optimal dynamic price p∗(t)

of the crowd logistics platform increases with time when a
<0, which is in line with the conclusion obtained in Cor-
ollary 2. It also can be seen from Figure 3 that the increase
rate of optimal pricing increases with the increase of market
demand. Tat is, the smaller the value of market demand
fuctuation factor a is, the faster the rate of optimal pricing
increases over time. In addition, it can be seen from Figure 4

that when the market demand of crowd logistics remains
unchanged, the optimal pricing of the crowd logistics
platform is constant and does not change with time, which is
consistent with the description of Teorem 3.

Finally, Figure 5 and 6 show the relationship between the
price level and the consumer’s price sensitive index and
quality sensitive index in the state of supply and demand
balance. It is obvious that they have positive and negative
correlation, respectively, which is consistent with the con-
clusion of Corollary 5.

4.1.2. Discussion. In the case of declining demand, supply
exceeds demand at this time because supply and demand are
balanced at time 0. On the one hand, the platform needs to
stimulate consumer demand and increase orders. On the
other hand, the platform should reduce the number of
service providers to avoid oversupply. Terefore, the plat-
form will reduce the price p∗(t) to attract consumers to
participate in crowd logistics at the initial stage; at the same
time, the price reduction will correspondingly reduce the
remuneration level of service providers, resulting in some
providers no longer participating in crowd logistics distri-
bution. However, with the further decline of demand, if the
platform continues to reduce the price when it falls below a
certain threshold, the revenue of the platform πP will not be
enough to compensate its own service cost. Terefore, the
platform will maintain the price to ensure its revenue. In
addition, with the intensifcation of demand attenuation, the
order volume drops sharply, and the platform needs to
increase the price reduction to further stimulate the demand
for crowd logistics. Terefore, the optimal dynamic price
p∗(t) decreases with the increase of the market demand
fuctuation factor a. Similarly, the price tends to stabilize
when it drops to a certain value.

When the demand for crowd logistics increases, the
supply in the crowdsourced logistics market is less than the
demand. If consumers place an order at this time, it may not
be delivered on time; as a result, order delay costs h are
incurred. Platforms need to adopt certain strategies to enable
more service providers to participate in crowd distribution
and alleviate the problem of insufcient supply. According
to the supply function S(t) � k(1 − ϕ)p(t), the supply of
service providers is positively correlated with the price p(t).
Terefore, under the condition that the income distribution
ratio ϕ and the price sensitivity coefcient k are constant,
raising the price can increase the supply S(t). At the same
time, the revenue of the platform πP can also increase. For
consumers, the increase in prices can suppress part of
consumer demand and further reduce order delays. In
addition, since the market demand fuctuation factor a is
negative at this time, the smaller the value is, the faster the
crowd logistics demand increases, so the optimal dynamic
pricing p∗(t) increases with the decrease of the market
demand fuctuation factor a.

When a � 0, the market demand for crowd logistics
remains unchanged, and the balance of supply and demand
at time 0 will be maintained. Te crowd logistics platform
has no need to adjust the price, so the optimal price is a
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constant at this time.When people pay more attention to the
price, a small price increase on the platform will reduce the
demand for crowdsourcing logistics greatly. Terefore, a
larger price sensitivity index will lead to a lower optimal
price. On the contrary, when people pay more attention to
the quality of services and are willing to pay higher prices for
high-quality services, raising prices will not cause the decline
of demand. Terefore, the larger the quality sensitive index
is, the higher the optimal price will be.

4.2. Optimal Quality in relation to Time and Reward-Penalty
Factor. In this section, we assume ϕ � 0.4 and use
a � (0.2, − 0.08) to represent the situation of market demand
decay and increase.Te trajectory of optimal quality changing
with time and reward-penalty factor is shown in Figures 7–9.

4.2.1. Result. It can be seen from Figure 7 that when the
demand of the crowd logistics market decays, the optimal
service quality level of the service provider decreases over
time during the service time [0, T]. Since the service quality
q∗(t) at the initial moment is the standard quality q, the
crowd logistics platform will punish the service provider
when the service quality level decreases. Let the penalty
factor ε increase gradually. It can be seen from Figure 7 that
the optimal service quality q∗(t) increases with the increase
of the penalty factor ε in the initial stage. When the penalty
factor ε reaches a certain value, the optimal service quality
q∗(t) begins to decline if the penalty factor continues to
increase, which is consistent with Corollary 2.

When the demand for crowd logistics increases, Figure 8
shows the change of optimal service quality q∗(t) with time
when the value of the reward-penalty factor ε satisfes a certain
condition, i.e., ε> kwq0δ(δ + ρ)/c2 � 0.4. At this time, the
optimal service quality level increases with time; when a
certain threshold is reached, the quality decreases with time.
Similarly, since the service quality level q0 at time 0 is the
standard quality, the crowd logistics service platform will
reward the service provider. It can be seen from Figure 8 that
the optimal dynamic quality also increases with the rise of the
reward factor ε; fnally, the quality tends to be stable when it
reaches a certain value, which is consistent with Corollary 4.

When a � 0, the market demand for crowd logistics
remains unchanged. Figure 9 shows the change of optimal
service quality q∗(t) with time. We can see that the optimal
service quality remains unchanged with time, always in the
initial quality level.
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4.2.2. Discussion. According to the analysis in Section
4.1.2, the crowd logistics platform will reduce the price
p∗(t) in order to attract more consumers to participate
when the market demand declines. If the quality control
cost of the service provider remains unchanged, the
provider’s revenue πr will decrease. Terefore, the pro-
vider will reduce the value of service quality q∗(t) to
protect its own revenue, and the optimal quality of service
decreases over time. When the value of the penalty factor ε
is small, the penalty mechanism cannot restrict the quality
control behavior of the service provider efectively. As
both parties have been assumed to be rational person in
Section 2.2, the provider lacks the motivation to carry out
quality control, resulting in the reduction of logistics
service quality q∗(t). At this point, the service provider
will improve the service quality if the platform increases
the penalty factor. When the penalty factor reaches a
certain value, service providers will bear high quality
control costs. Otherwise, they will pay high fnes ε|q(t) −

q| to the platform. As a result, the proft of the service
provider is very low. Tey begin to strive for more orders
rather than quality assurance. Terefore, the service
quality of crowd logistics declines.

Next, we analyze the quality change in the case of in-
creased demand. When the value of reward-penalty factor ε
is less than 0.4, the reward ε|q(t) − q| paid by crowd logistics
platform to service providers is not enough to encourage the
provider to make more quality control eforts. Moreover,
due to the large demand, the service provider is more in-
clined to deliver more orders to obtain revenue compared
with the reward of crowd platform, which will lead to the
quality lower than the standard value q. Terefore, we only
analyze the case that the value of the reward factor ε is
greater than 0.4 in the numerical example.When the value of
reward factor is greater than 0.4, it can be seen from Figure 6
that the service quality of crowd logistics q∗(t) increases over
time. In addition, within the range of [0.4, 1], service pro-
viders can obtain more generous quality control rewards
with the increase of reward factor; therefore, they have
greater motivation to improve service quality.

Finally, we explore the quality level in the case of bal-
anced supply and demand. When the supply and demand
remain unchanged, if the service provider improves the
service quality, it is equivalent to increasing the service cost,
which leads to the reduction of its own benefts ultimately.
On the contrary, if the service provider reduces the service
quality, it will be lower than the industry standard service
quality level. At this time, the platform will punish the
service provider and also reduce its revenue. Terefore, the
service quality will remain unchanged at the initial level.

4.3. Supply and Demand Rate in relation to Time. In this
section, we assume ϕ � 0.4, ε � 0.5 and use a � (0.2, − 0.08)

to represent the situation of market demand decay and
increase. Te supply and demand trajectory in diferent
situations is shown in Figures 10 and 11.
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4.3.1. Result. Figure 10 shows the changes in supply and
demand under a market demand decay scenario. Te curve
S(t) represents the trajectory of the crowd logistics supply
when the crowd logistics platform uses the optimal dynamic
pricing p∗(t) and the service provider uses the optimal
dynamic quality q∗(t), and the curve S(0) represents the
trajectory of the supply when the platform uses the static
price p(0) at time 0 and the service provider adopts the
standard quality q0. It can be seen that the supply of dynamic
decision making is signifcantly reduced compared with
static decision making. Eventually, the supply of crowd
logistics tends to stabilize. Te curve D(t) represents the
trajectory of the demand for crowd logistics when the
platform uses the optimal dynamic pricing p∗(t) and the
service provider uses the optimal dynamic quality q∗(t), and
the curve D(0) represents the trajectory of the demand when
the platform uses the static price p(0) at time 0 and the
provider adopts the standard quality q0. We can see that the
demand when using dynamic decision making increases
signifcantly compared with static decision making. Simi-
larly, the demand tends to a stable state fnally. In addition,
optimal dynamic pricing and optimal quality control remain
stable over time, so the slopes of the supply and demand
curves decrease.

Figure 11 shows the changes in supply and demand when
market demand increases. Te meanings of the
S(t), D(t), S(0), D(0) curves are the same as those described
above. It can be seen that the supply of dynamic decision
making increases compared with static decision making, and
the demand of dynamic decision making decreases signif-
icantly compared with static decision making. Furthermore,
both the supply curve and the demand curve eventually
stabilize.

As we can see from Figures 10 and 11, the area between
the curves S(t) and D(t) is smaller than the area between
S(0) and D(0) signifcantly, i.e., the use of optimal dynamic
decision making can narrow the gap between the supply rate
and the demand rate, alleviating the state of supply and
demand imbalance to a certain extent.

4.3.2. Discussion. When market demand decays, crowd
logistics is in a state of oversupply. According to Teorem 1
and Section 4.1, the crowd logistics price in dynamic pricing
will be lower than the pricing in static price at time 0. On the
one hand, lower prices will attract more consumers to
participate in crowd logistics and increase demand. On the
other hand, a reduction in price will reduce the proftability
of the service provider, so the supply will decrease. At the
same time, according to Section 4.1, the dynamic quality
q∗(t) will be lower than the standard quality q at this time. In
order to avoid further attenuation of crowd logistics demand
due to the low level of service quality, the platform should set
a higher penalty factor to restrict the service provider’s
quality control actions strictly, which will slow down the rate
of quality decline and the rate of demand decline.

Now we will analyze the situation when the crowd
market is in short supply. According to Teorem 2 and
Section 4.1, the price of crowd logistics with dynamic pricing

p∗(t) will be higher than the static pricing at time 0, which
will attract more service providers to join crowdsourcing
logistics and increase the supply. In addition, high shipping
costs will prevent some consumers from participating in
crowd logistics, solving the problem of excess demand to a
certain extent. Since the dynamic quality q∗(t) will be higher
than the standard quality q at this time, the crowd logistics
platform will reward the service provider. If the reward
factor ε is too high, the provider will ofer consumers very
high-quality services to earn rewards. Te increase in cus-
tomer utility will further exacerbate the problem of excess
demand. Terefore, crowd logistics platforms should set a
lower reward factor to slow down the increase in demand.

4.4. Revenue Comparison of the Crowd Logistics System.
To explore the impact of diferent reward-penalty factor
values on the revenue of the crowd logistics, next we will
study the impact of the reward-penalty factor ε on the
steady-state income of the crowd logistics platform and the
provider during the time [0, T]. First, we assume ϕ � 0.4 and
use a� (0.2, − 0.08) to represent the situation of market
demand decay and increase, and the trajectory of the benefts
of both parties with the reward-penalty factor is shown in
Figures 12 and 13. Ten, we assume ε � 0.5, and the value of
market demand volatility factor remains unchanged; the
trajectory of the benefts with the fxed commission rate is
shown in Figure 14.

4.4.1. Result. When the market demand decays, it can be
seen from Figure 12 that the revenue of the crowd logistics
platform πP increases frst and then decreases slightly with
the increase of the reward-penalty factor ε, while the revenue
of the service provider πr decreases with ε.

When the market demand increases, Figure 13 shows
that the income of the crowd logistics platform decreases
with the increase of the reward-penalty factor ε, and the
income of the service provider increases with ε.

We can see from Figure 14 that regardless of whether the
market demand decays (a< 0), increases (a< 0), or un-
changed (a< 0), the expected revenue of the crowd logistics
platform presents a concave function that frst increases and
then decreases with the increase of the fxed commission rate
of return ϕ.

4.4.2. Discussion. First, the platform will reduce prices when
market demand fades, which will reduce the provider’s
payment, so the provider is unwilling to pay more costs for
quality control. When the value of the reward-penalty factor
ε is small, the platform cannot constrain the behavior of the
provider, which exacerbates the attenuation of market de-
mand; therefore, the platform’s revenue is also reduced.
With the increase of the reward-penalty factor, the provider
will improve the service quality due to the pressure of fnes.
Te cost of quality control will increase, so the provider’s
income will decline, and the platform will beneft from the
improvement of the provider’s service quality. However,
when the reward-penalty factor increases to a specifc value,
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the service provider no longer participates in crowd logistics
due to the low income, resulting in a decrease in the yield of
the crowd logistics platform.

Next, the optimal pricing and service quality will increase
when market demand increases; at this time, the platform
connects with the provider for rewards. With the increase of
the reward-penalty factor, the cost paid by the platform in-
creases; therefore, the platform’s income decreases. Although
increasing the reward-penalty factor at this time can improve
the quality level, it will lead to a decrease in platform revenue.
Terefore, the platform should reduce the value of the reward-
penalty factor appropriately to ensuremaximumproft. At the
same time, the revenue of the provider should be taken into
account to achieve a win-win situation for both parties, which
can not only maintain high profts but also improve quality
and meet customer demands.

Finally, the simulation results in Figure 14 are consistent
with the actual operation of the crowd logistics platform.
When the crowd logistics platform adopts a small fxed
commission rate of return, the salary is not enough to attract
more social personnel to participate in the distribution
service. At this time, the expected return of the platform is
small. When the crowd logistics platform adopts a large fxed
commission rate of return, the revenue that the platform can
obtain from each logistics order is very small; therefore, the
expected income of the platform is also small at this time.

5. Conclusion

Tis study focuses on three kinds of supply and demand
situations comprehensively. When supply exceeds demand,
we consider the opportunity loss cost of providers.When the
supply is insufcient, we consider the cost of order delay
caused by insufcient providers. Ten, we built diferential
game models of crowd logistics platform and service pro-
vider, respectively, and solved the optimal dynamic price of
crowd logistics platform and the optimal quality level of
service provider under three situations. In order to ensure
the service quality, we have set up reward-penalty factor in
the model, and the crowd logistics platform monitors the
service quality of the provider.

Our theoretical fndings suggest that when the demand
of crowdsourcing logistics decreases, there is an optimal
dynamic price to maximize the platform revenue, and the
optimal dynamic price of the platform is a convex function
to time and has a negative correlation with time. During the
service time [0, T], the optimal service quality of the provider
decreases with time and increases frst and then decreases
with the rise of reward-penalty factors. Te revenue of the
crowd logistics platform increases frst and then decreases
slightly with the increase of the reward-penalty factor ε,
while the revenue of the service provider decreases with ε.
Te platform should appropriately increase the value of the
reward and punishment factor to increase its own income.
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Figure 12: Te relationship between proft and reward-penalty
factor ε (a> 0).
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When the crowd logistics demand increases, the op-
timal dynamic pricing of the platform is positively cor-
related with time, and the optimal dynamic quality of the
provider increases with the rise of the reward-penalty
factor. When the reward-penalty factor is larger than a
certain threshold, the optimal dynamic quality is a
monotonically increasing function of time, the income of
the crowd logistics platform decreases with the increase of
the reward-penalty factor ε, and the income of the service
provider increases with ε. Te platform should appropri-
ately reduce the value of the reward and punishment factor
to ensure maximum revenue.

When the demand for crowd logistics remains un-
changed, the optimal dynamic price and optimal quality
control do not change with time. Similarly, crowdsourcing
revenue will change with the proportion of fxed income.
Te platform should set an appropriate price range
according to the price sensitive index and quality sensitive
index of consumers.

Regardless of the supply and demand situation, the use
of optimal dynamic decision making can narrow the gap
between the supply rate and the demand rate, and the
expected revenue of the crowd logistics platform presents
a concave function that frst increases and then decreases
with the increase of the fxed commission rate of return ϕ.

Te research only considers the dynamic pricing and
optimal dynamic quality control strategy in the case of
decentralized decision making between the crowd logistics
platform and the service provider. However, dynamic
pricing problems under diferent cooperation modes are not
considered. Terefore, future research can be conducted on
the optimal pricing problem based on the cooperationmodel
of both parties.
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