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The domestic road drop and pull transportation system allows only tractors and semitrailers. In this mode, any tractors can only
run with one semitrailer at a time or with no load. By optimizing the tractor scheduling plan, the no-load mileage of the tractor
can be reduced, which can improve the efficiency and reduce the number of tractors. In this article, we have developed an
optimization model for the tractor routing scheme to minimize the total cost of the drop and pull transportation system,
which can limit the total number of tractors because the tractor can transport as many semitrailers to the destination as
possible within the time window. Focusing on this mixed integer nonlinear problem, an improved ant search algorithm is
designed. Finally, with Sichuan’s Anji Logistics Enterprise as the background, this tractor scheduling optimization model is
applied to an ideal network and a real scenario. The results show that the optimized system reduces total cost by
approximately18.7% and the ratio of tractors to semitrailers is approximately 1 : 3.31.

1. Introduction

Drop and pull transport (DPT) refers to an organization
method in which tractors drop off and hang designated
trailers at cargo operation points according to an established
plan. With the steady growth of the domestic economy and
the increasing demand for freight transport year by year,
DPT has ushered in rapid development as an efficient trans-
portation method that greatly reduces energy consumption
and carbon emissions. In 2009, the Ministry of Communi-
cations, the National Development and Reform Commis-
sion, and other departments issued the “Notice on
Promoting the Development of Drop and Pull Transport,”
which provided policy support for vehicle licensing, insur-
ance, station construction, and funding arrangements, and
it officially launched the pilot work of DPT in 2010. As of
2020, there were 11.7154 million trucks nationwide, of
which 3.1084 million were tractors and 3.3463 million were
trailers. The ratio of tractors to trailers is approximately
1 : 1.07.

However, in European and American countries where
the DPT is relatively mature, the ratio of tractors to trailers
engaged in freight logistics reached 1 : 3 in 2007. Even in
countries with small areas, such as Southeast Asia, the ratio
of tractors to trailers reached approximately 1 : 5 in 2012.
The excessively high number of tractors not only increases
the cost of vehicle purchasing but also leads to the idling
of tractors in daily drop and pull transport. Therefore, these
problems prompted this article to seek an optimization
method for the configuration of tractors and trailers to
improve the organization and management level of DPT. A
reasonable ratio of the number of tractors and trailers can
not only reduce the cost of DPT but also effectively increase
the utilization rate of tractors.

Due to the existing policies of restricting the connected
form of drop and pull transport in China, the connected
form of the tractor towing trailer shown in Figure 1(a)is
not allowed on Chinese roads, which allow only the tractor
towing semitrailer, as shown in Figure 1(b); that is, the part
with power is not allowed to load. Therefore, the research
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and application of drop and pull transport in China is quite
different from that in Europe and America. This paper
mainly studies the problem of the proportion of tractors
and semitrailers in China and proposes a path optimization
method to calculate the optimal proportion of tractors and
semitrailers in the transportation network.

The problem is similar to the vehicle routing path prob-
lem in nature. The existing models and algorithms have
good performance in dealing with the vehicle routing opti-
mization problem. Under the policy requirements of our
country, the semitrailer to be delivered in the transportation
network can only be delivered by one tractor at the same
time, and the operation state (full load or no load) between
the tractor and the station is determined according to the
operation path of the tractor and the transportation demand
of the semitrailer. The goal of this paper is to determine the
routing scheme of all tractors transporting semitrailers to
minimize the number of tractors required to be configured
under the condition of completing the semitrailer distribu-
tion requirements. Each semitrailer to be delivered (with a
time window constraint) is regarded as an object requiring
tractor service. Which semitrailers are delivered to each trac-
tor within a working day depends on (i) the starting and
ending stations and (ii) the delivery time window require-
ments of these semitrailers. Under the condition of the low-
est operating cost of the coupling system, the required
tractor and semitrailer is the optimal proportion. The actual
case results show that this method is suitable for the optimi-
zation of the number of tractors and semitrailers in the
transportation network. The main contributions of this
paper are as follows:

(1) The investigation conducted in this paper is a step
forward in the research of the proportion of swing
and pull transportation vehicles. From the perspec-
tive of tractor scheduling optimization, this method
transforms the optimal proportion of tractors and
semitrailers into the proportion of tractors and semi-
trailers under the condition of the optimal running
path of tractors

(2) Considering the delivery time window requirements
of semitrailers, this paper establishes a 0-1 integer
programming model for tractor scheduling optimi-

zation, aiming at the configuration cost, operation
cost, and waiting cost of tractors

(3) An improved multi ant colony algorithm with a par-
allel search mechanism is proposed, which improves
the applicability of the proposed optimization
method to large-scale problems

(4) Through experiments on actual examples from Anji
Logistics Enterprise in Chengdu, the effectiveness of
the algorithm in generating the results of the ratio
of tractors to semitrailers is proven. By comparison
with the traditional method, the superiority of the
optimization method is proven

The rest of this article is arranged as follows: The second
section reviews the relevant literature. The third section
describes this problem formally. In the fourth section, the
mathematical optimization model of the problem is pro-
posed, and in the fifth section, the improved ant search algo-
rithm is designed. Section 6 gives the calculation results of a
practical case. Finally, conclusions and future work are given
in Section 7.

2. Literature Review

Drop and pull transportation scheduling, a vehicle routing
problem (VRP), which is generally defined as a complex
NP hard problem by academia, is more complicated than
the general vehicle routing problem because of the trailer
transportation characteristics. In the truck and trailer rout-
ing problem (TTRP), the transport vehicle can be in the
form of a single truck or a truck towing a trailer (this form
is called a truck and trailer combination) [1].

Semet [2] put forward the application of trucks with full
trailers in practice earlier. Gerdessen [3] defined the routing
problem of trucks with full trailers as vehicle scheduling
problems with trailers. In 2002, Chao [4] first defined the
scheduling problem of truck and trailer combination as the
truck and trailer routing problem. Hall [5] proposed the
vehicle circuit, that is, the tractor can drop one or more
trailers at each node or hang one or more trailers, and devel-
oped a route cargo control strategy to determine the release
plan of the tractor. Scheuerer [6] pointed out that in addi-
tion to the vehicle route, the decision point for the TTRP
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Figure 1: Two types of connected forms of vehicles for drop and pull transport.
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problem also includes the best trailer stop node and the
number of times the trailer is dropped. Tan et al. [7] studied
the vehicle routing problem with random demand and con-
sidered constraints such as the time window and transporta-
tion equipment capacity. The optimization objectives
included mileage and driver compensation. Caramia [8, 9]
studied the characteristics of the Italian farm raw milk col-
lection problem, constructed the TTRP model, and then
developed a two-stage mathematical planning method for
solving the problem. Drexl [10] developed a branch pricing
algorithm to solve the TTRP problem and designed a TTRP
solver based on the branch cutting method. Batsyn et al. [11]
studied the drop and pull transportation path problem based
on batch delivery and considered the soft and hard time
window constraints in the model. Li et al. [12] studied the
problem of drop and pull transportation with a time win-
dow. The objective function of their research was to mini-
mize the carbon dioxide emissions during transportation.

In some specific drop and pull transportation mode sce-
narios, some scholars have also conducted relevant research
on its characteristics. In the multimodal transport mode,
Caris et al. [13] studied the problem of combined pick-up
and delivery of a full load of goods with a time window in
the application scenario of land and water transport. Brae-
kers et al. [14] studied the problem of drop and pull trans-
portation between inland areas and ports under the
condition of a full load of vehicles and established a mathe-
matical programming model to optimize the number and
mileage of tractors. Zhang et al. [15] studied the multimodal
transportation tractor scheduling problem under the condi-
tion of dynamic transportation tasks. Gu et al. [16] studied
the tractor scheduling problem between the port and the
hinterland and established a dual-objective model with the
least number of tractors and the shortest mileage. You [17]
studied the problem of container coupling transportation
with multiple trailers. In the transportation mode of high-
way trunk lines, Hall [5] studied the path optimization of a
closed tractor, considering the transportation situation in
which one tractor can tow multiple trailers. Li [18] studied
the route optimization problem of multiple to multiple net-
works of highway trunk transportation and took the mini-
mum greenhouse gas emissions per kilometer as the
objective function to find the lowest emission scheme. Yang
[19] studied the tractor path optimization problem in the
mixed case of hub and spoke hitch and network hitch and
established a model including the time when the tractor
arrived at the operation point. Belenguer [20] established
an integer programming model for tractor path optimization
problems with a single yard and multiple operation points.
Yang et al. [21] studied the optimization of tractor routes
based on the organization mode of hub and spoke drop
and hitch transportation.

Drop and pull transportation is affected by various fac-
tors such as transportation costs, policy factors, technical
conditions, and transportation infrastructure. Most scholars
at home and abroad use a combination of qualitative analy-
sis and quantitative analysis to study it. Baldacci [22] consid-
ered the impact of multiple site types on the TTRP problem.
Wy et al. [23] considered complex constraints in the TTRP

problem including multiple disposal facilities, multiple con-
tainer storage yards, different time windows for customer
demands and facilities, various types and sizes of containers,
and the lunch break of tractor drivers. Ulrich et al. [24] ana-
lyzed the drop and pull transport with time-limited and pro-
posed that time is a key factor affecting the efficiency of drop
and pull transport. Huang [25] concluded that the external
influencing factors of drop and pull transportation are
high-grade highway network, economic development level,
and economic structure. Yang [26] proposed that the factors
affecting drop and pull transportation are the scale of enter-
prise operation, laws and regulations, and logistics resources.
Li [27] pointed out that the prominent problems restricting
the development of drop and pull transportation include
policy, technology, facilities and equipment, and safety risk
management. Zhao et al. [28] believe that the policy envi-
ronment and the safety technology level of drop and pull
vehicles are the factors that have a greater impact on the
safety level of the drop and pull transportation system. Wu
[29] analyzed the factors affecting the development of drop
and pull transportation from four aspects: politics, law,
economy, social culture, and technology. Sun [30] believes
that the choice of the operation mode of drop and pull trans-
portation is affected by factors such as the type of goods, the
volume of freight, the time of the tractor’s arrival at the port,
the number of tractors owned by the enterprise, the towing
fee, and the traffic or weather conditions.

With regard to the NP hard characteristics of the TTRP
(truck and trainer routing problem), scholars at home and
abroad mostly use heuristic optimization algorithms to solve
it. Villegas [31, 32] combines the hybrid heuristic algorithm
based on a greedy random adaptive search program, variable
neighborhood search strategy, and path reconnection opera-
tion to improve the quality of the solution. Drexl developed
the branch and bound algorithm and designed the TTRP
solver based on the branch and cut method [33]. In subse-
quent research, he proposed two planning models based on
arc variables and designed the branch and cut algorithm to
solve them [34]. Hu [35] designed a hybrid evolutionary
algorithm based on 2-opt to solve TTRP problems. Wang
[36] developed an adaptive bat algorithm to solve TTRP
problems and designed five neighborhood search structures
in the local search link. In addition, other scholars have
designed greedy algorithms [11], genetic algorithms [7],
and simulated annealing algorithms [14, 19, 37, 38] to solve
TTRP problems. Relatively speaking, there is little effort to
solve the problem of matching the number of tractors and
semitrailers in the drop and pull transportation system.
Fan [39] gives the formula for calculating the number of
tractors on a single drop and pull transportation line by ana-
lyzing the time division in the process of drop and pull
transportation. Cai [40], aiming at the problem of product
oil dump and hitch transportation, based on the principle
of queuing theory, built an optimal quantity allocation
model of dump and hitch vehicles. Zhu [41] introduced
the birth and death model to simulate the process of trailer
assembly and dispersion in trailer dropping transportation
and studied the number allocation of turnover trailers in a
single station. Wang et al. [42] simulated a reasonable
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proportion of tractors and semitrailers in the process of cou-
pling on the Flexsim simulation platform. In summary, most
of the existing research on tractor scheduling is concen-
trated, and most of the research focuses on the definition
of the concept of drop and pull transportation, the analysis
of the influencing factors of drop and pull transportation,
and the application practice of drop and pull transportation
while ignoring the research on the number configuration of
tractors and semitrailers from the perspective of scheduling
optimization. As mentioned above, these omissions will lead
to low efficiency and excessive configuration of tractors.

3. Problem Description

The drop and pull transportation system mainly includes
two types of nodes: the drop and pull center of the tractor
and the customer site. The drop and pull center of the trac-
tor is mainly used for the parking and maintenance of trac-
tors. The customer site is the starting point and ending point
of semitrailer transportation. Figure 2 is a schematic dia-
gram of the network G = ðV , A′ ∪ΛÞ for drop and pull
transport of tractors with semitrailers. Assuming that there
is a semitrailer that has been loaded at customer site A and
needs to be sent to customer site B, then a tractor is assigned
to customer site A; after hooking up the semitrailer and tow-
ing it to customer site B, then the semitrailer will stay at cus-
tomer site B for unloading. If there is a semitrailer at
customer site B that has been loaded and needs to be sent
to another customer site (including customer site A), the
semitrailer will be connected to this tractor to go to its des-
tination; otherwise, the tractor will leave alone.

There are one or more drop and pull centers in the phys-
ical network of drop and pull transport, which store and
maintain vehicle resources (mainly tractors). Simulta-
neously, there are multiple customer sites with similar func-
tions. There are semitrailers (semitrailers that have finished
loading or are in the process of loading) waiting to be trans-
ported at these customer sites. The basic operation process
of the network drop and pull transport is as follows: In the
decision period (usually one day), the tractors start from
the drop and pull centers, pull all the trailers to be trans-
ported in the system from the starting point (point O) to
their destination (point D), and finally return to the drop
and pull center, as shown in Figure 2.

The difference between this problem and the traditional
vehicle routing optimization problem is that each station
may be the starting point and destination of semitrailer
transportation and there may be multiple different arrival
stations (i.e., OD destinations) at each departure station.
For each OD destination, due to the different freight vol-
umes, the number of semitrailers to be sent is also different.
Therefore, during the operation of the tractor between the
customer stations, it may be in full load (coupled with a
semitrailer) or no-load state (not coupled with a semitrailer).
To describe this problem in a mathematical way, a virtual
spatiotemporal directed graph G = ðV , A′ ∪ΛÞ is proposed
to describe the demand of drop and pull transportation
based on the existing physical network of drop and pull
transportation, as shown in Figure 3, where the node repre-
sents the coupling center and the customer site. Each dotted
line between the customer sites represents the transportation
demand of semitrailers between the two points, where the
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Figure 2: The network of tractor and semitrailer transportation structures.
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direction of the dotted line represents the transportation
direction of semitrailers to be delivered and the number of
dotted lines between the customer sites represents the num-
ber of semitrailers to be transported between the two points.

According to the virtual space-time directed graph G =
ðV , A′ ∪ΛÞ of the trailer dropping transportation demand
in Figure 3, a feasible tractor operation path scheme (with-

out considering the semitrailer time window constraint) is
shown in Figure 4 and Table 1. All tractors start from the
coupling center and return to the coupling center after com-
pleting the transportation of semitrailers with different des-
tinations according to the established coupling scheduling
plan.

4. Model Formulation

4.1. Notations

4.1.1. Assumption. The following assumptions are made
throughout this article, and natations used in the paper is
shown in Table 2:

(1) The scheduling of empty semitrailers is not
considered

(2) The measurement unit of the freight demand on the
customer sites is the carrying capacity of one
semitrailer

(3) Transportation demand can exist between any 2 cus-
tomer sites

(4) Each OD destination has only one time window. If a
tractor arrives before the time window, it needs to
wait until the time window opens before towing
another semitrailer to leave; if the tractor arrives
after the time window, it can only drop the semi-
trailer and drive directly to the next site by itself

(5) The tractor and trailer participating in the drop and
pull transportation task are of the same model, the
fuel consumption and running speed are considered
according to the same numerical indicators, and the
tractor and the trailer vehicle can be cross-linked

(6) The drop and pull transportation process is imple-
mented smoothly, without considering the impacts
of traffic accidents and road congestion

(7) The operation time of connecting and dropping the
trailer at the customer site can be ignored in the
overall transportation time

4.2. Model. When arranging a tractor to transport a semi-
trailer, the operator seeks a scheduling scheme that mini-
mizes operating costs, where the operating cost includes
the acquisition cost of the tractor, the operating cost of the
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Table 1: Tractor running path.

Tractor number Performance tasks Travel sites

1 1-5-8 0-1-2-3-4-0

2 3-2-6 0-5-1-2-3-0

3 10-15-13 0-5-6-7-8-4-0

4 11-4 0-6-5-1-0

5 12-9-7 0-8-4-3-2-0

6 16-14 0-8-7-6-0
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tractor, and the waiting cost of the tractor. The fixed pur-
chase cost of vehicles is determined by the number of tractor
vehicles and the unit purchase cost. On the premise of com-
pleting all semitrailer distribution tasks according to the
requirements of the time window, different tractor route
schemes often lead to different configuration numbers of
tractors. The vehicle operating cost is determined by the
sum of the path distance traveled by all towing vehicles
and the cost per unit operating distance. The comprehensive
waiting cost of vehicles is determined by the waiting task
time of all tractor vehicles and the cost of unit waiting time.
The optimal model of the tractor routing problem is shown
in (1)–(12):

min Z1 = c0 Kj j, ð1Þ

min Z2 = 〠
K

k=1
〠
m∈M

c1w
k
m + 〠

K

k=1
〠
i,j∈Sn

dij c2x
k
i,j + c3y

k
i,j

� �
, ð2Þ

subject to 〠
K

k=1
zkm = qmij ;∀i, j ∈ Sn,∀m ∈M, ð3Þ

〠
K

k=1
xks1 mð Þ,s2 mð Þ = 1;∀m ∈M, ð4Þ

〠
i∈Sn/s0

xk0,i = 〠
i∈Sn/s0

xki,0 = 0;∀k ∈ K , ð5Þ

〠
i∈Sn/s0

yk0,i = 〠
i∈Sn/s0

yki,0 = 1;∀k ∈ K , ð6Þ

〠
i,j∈Sn/s0

xki,j + yki,j ≤ 1;∀k ∈ K , ð7Þ

M ⋅ zkm ≥wk
m;∀k ∈ K ,∀m ∈M, ð8Þ

wk
m = tks2 m−1ð Þ − dij

xks2 m−1ð Þ,s1 mð Þ
v1

+
yks2 m−1ð Þ,s1 mð Þ

v2

 !
;

∀k ∈ K ,∀m ∈M,
ð9Þ

tks1 mð Þ +wk
s1 mð Þ +M 1 − 〠

j∈Sn

xki,j

 !
≥ t1m;∀k ∈ K ;m ∈M, ð10Þ

tks1 mð Þ +wk
s1 mð Þ + ts1 mð Þ,s2 mð Þ −M 1 − 〠

j∈Sn

xki,j

 !

≤ t2m;∀k ∈ K ;m ∈M,
ð11Þ

xki,j, yki,j, zkm ∈ 0, 1f g;∀i, j ∈ Sn ; k ∈ K ;m ∈M: ð12Þ
Objective function (1) minimizes the acquisition cost of

the tractors, and objective function (2) minimizes the cost
of vehicle waiting time and vehicle operating mileage pro-
duced by the tractors. To solve the model, a weight coeffi-
cient (ω1, ω2) is introduced on these two components.
Then, by adding functions, the dual objective function is
transformed into a single objective function. The weight
value reflects the decision-maker’s preference for minimiz-

ing the total acquisition cost and total operating cost of the
tractor. Since the above two play an important role in drop
and pull transportation scheduling, this paper regards these
two components as the same expected level, so we set ω1 =
ω2 = 1.

Constraint (3) requires that all semitrailer transport
tasks be completed. Constraint (4) ensures that the transport
task between each customer site must be serviced only one
time by a tractor. Constraints (5) to (7) are the path closure
constraints of the tractor, which means that the tractor
departs from its storage base to the customer site and then
returns to the drop and pull center of the tractor after the
drop and pull operation between the customer sites. Con-
straints (8) to (9) limit the waiting time for the tractor to
transport each task. Constraints (10) to (11) are time win-
dow constraints, which refer to whether the time when the
tractor arrives at the departure station and the final station
is within the time window of the task. This paper stipulates
that when the tractor arrives at the departure station earlier
than the earliest time window, there will be a waiting penalty
cost, and the late arrival will not incur penalty cost, but it is
required that the tractor arrives at the final station not later
than the latest time of the time window. Constraints (12) are
decision variable constraints.

5. Solution Algorithm

The application of the tractor scheduling model with a time
window in practical operation easily becomes very large in
scale, especially for the vehicle scheduling problem widely
considered NP-hard. Therefore, the tractor scheduling
model proposed in Section 4 is plagued by dimensional
problems due to the rapid increase in the number of Formu-
las (1) to (12). Therefore, a widely used heuristic algorithm,
the ant colony optimization algorithm (ACS), is used to find
a good solution within a reasonable calculation time.

The core idea of the basic ant colony algorithm is to use
the ant walking path to represent the feasible solution of the
problem to be optimized. All paths of the whole ant colony
constitute the solution space of the problem to be optimized.
Ants with shorter paths release more pheromones, so the
accumulated pheromone concentration increases faster, so
this optimal path finally becomes the optimal solution of
the problem [43]. However, the movement of ant individuals
is random, which usually makes the algorithm search evolu-
tion slow and even stagnant. Considering the inherent paral-
lelism of the ant colony algorithm, we propose an improved
multi ant colony algorithm combined with a parallel search
mechanism: At the initial moment, the ant colony is divided
into groups, each group releases the pheromone of its own
group, and a rejection technique is used to prevent ant
groups of different groups from choosing the same path so
that ant agents can search more paths and improve the
search space as much as possible. (I) When the ant is at
the decision point without pheromones, it will make a ran-
dom choice, which is similar to the basic ant colony algo-
rithm; (II) when the path contains pheromones from the
group, ants will choose the path with a higher probability;
and (III) when the path contains pheromones from other
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groups, the ants will choose the path with a low probability
due to the effect of exclusion. In this way, ants can be pre-
vented from stagnating on a suboptimal solution due to ran-
dom selection. Using multi ant colony search and indirect
communication through pheromones, it has implicit paral-
lelism and adaptability.

5.1. Solution Space Structure. One of the key problems of the
ant colony algorithm is how to map the problem to be solved
into a solution structure graph and obtain a feasible solution
of the problem through the route of artificial ants from the
starting point to the end point on the graph. According to
the characteristics of the tractor routing model of drop and

pull transport, the scheme design of the solution space is
shown in Figure 5.

In the figure, qi represents the task i in the drop and pull
task set Q; the solid line eij indicates that the tractor com-
pletes a task qi and then starts another task qj, and its weight

is the cost of the tractor traveling from the final site s2i to the
originating station s1j . The dotted line eij′ is an auxiliary edge,
which is used to connect qi and qj, and its weight is M to
ensure that a feasible solution can be found in each iteration.
The existence of multiple s0 in the figure means that when a
tractor completes a task, it cannot go to the next customer
site due to the constraints of the time window, and it can

Table 2: Notations used in the paper.

General subscripts and sets

i, j Index of stations

k Number of tractors

m Number of trailers to be transported

Parameters

S = sif g Collection of sites in drop and pull transportation operations;

s0 Drop and pull centers

S/s0 Customer sites

E = i, jð Þji, j ∈ Sf g Collection of interstation lines

D = dij
��i, j ∈ SnÈ É

Matrix of distance between stations

dij Distance between site i and site j

tki Time point when tractor k arrives at customer site i

Q = qmij
n o

A set of tasks that need to be transported between the sites

qmij Task m,the transportation volume from start pointi to end point j

T =
t1 mð Þ, t2 mð Þjm = 1, 2,⋯,Mf g Time window of each task

t1 mð Þ Lower limit of the time window, which means the start time of task m

t2 mð Þ Upper limit of the time window, which means the end time of task m

s1 mð Þ Departure station of task m

s2 mð Þ Arrival station of task m

wk
m Waiting time for tractork to perform task m

R = rkf g Path set of tractors, that is, all the paths that each tractor takes in the execution of the all-day task

v1 The average speed of the vehicle under load (km/h)

v2 The average speed of the vehicle under unload (km/h)

c0 Purchase cost of tractor (yuan/vehicle)

c1 Driving cost of tractor under load (yuan/km)

c2 Driving cost of tractor not under load (yuan/km)

c3 Waiting costs for tractor to arrive at task site early (yuan/h)

Variables

xki, j Whether tractor k is driving on road section i, jð Þwith load; if yes, the value is 1; if not, the value is 0

yki,j Whether tractor k is driving on road section i, jð Þ with no load, if yes, the value is 1; if not, the value is 0

zkm Whether tractor k completes task m; if yes, the value is 1; if not, the value is 0
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return to the drop and pull center s0. Additionally, the num-
ber of tractors that can be used is increased by 1.

The process of ants constructing solutions on the graph
is the process of ants starting from the tractor center s0, fin-
ishing all tasks qi and then returning to s0. The route of the
ants constitutes a feasible solution to the application plan of
the arrival and departure line. The thick solid line in Figure 6
is the walking route of the ants during the deconstruction
process, representing a feasible solution F.Therefore, the fea-
sible solution F of the optimal ratio of tractors and trailers
can be expressed as the set of real edges traversed by ants.
For example, route s0→q2→→q8→q6→s0 means that the
first tractor starts from tractor center s0; completes tasks q2
, q5, q8, and q6 successively; and then returns to s0.

When ants move from task qi to task qj in Figure 6, they

need to satisfy model constraints (3) to (11). Nk
i is the candi-

date task set of ant k on node qi, which is obtained by the
operation of the continuous task 1, 2,⋯, i − 1selected by
ant k, constraints (3) to (11), and the cost matrix C. When

Nk
i =∅, it means that after starting from task qi, there is

no successive task that satisfies the constraints; then, Nk
i =

fs0g, through Nk
i can ensure that the construction solution

satisfies the constraints.

5.2. Attraction Factor and Exclusion Factor. As
k refers to the

agent of the s-th ant in the k-th population, and the ants
in this population release the same type of pheromone,
which is identified by the color number s. Different popu-
lations release different types of pheromones. At present,
the ant is located in city i. In its neighborhood Ni, it
selects the next moving city j according to some probabil-
ity and will make a choice according to the joint action of
pheromone concentration attraction of its own type and
pheromone concentration repulsion of other population
types on the path.

5.2.1. Attraction Factor. ξkij is the attraction factor of the s
-type pheromone of the s-type ant that is currently located
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Figure 5: The solution structure diagram of the tractor routing problem.
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Figure 6: Convergence curve of the ant colony algorithm.
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in city i and selects the next city j in its neighborhood Ni. It
is defined by the following equation:

ξsij = τsij/〠
h∈Ni

τsih, ð13Þ

where τsij is the concentration of the s-th pheromone on edge
ði, jÞ.
5.2.2. Exclusion Factor. ζsij is the exclusion factor of the s
-type pheromone of the next city j selected in neighborhood
Ni of the ant of the s population currently located in city i. It
is defined by the following equation:

ζsij =〠
k≠s

τkij/〠
h∈Ni

τsih: ð14Þ

5.3. Node Selection Strategy Design. This paper designs
improved ant colony transfer rules: (1) multiple ant colonies
are used to perform search tasks in parallel, and ants of dif-
ferent populations release different types of pheromones. (2)
Pheromones released by ants are attractive to ants of this
population; they can repel ants from other populations. (3)
The interaction of attraction and repulsion, together with
heuristic information, determines the transfer selection
probability of ants.

When the k-th ant in population s is at task node qi, a
decision rule of probability psijðkÞ is used to select the next
task node qj.

psij kð Þ =
α ⋅ τij ⋅ κ + β ⋅ ηij

∑j∈Nk
i
α ⋅ τij ⋅ κ + β ⋅ ηij
� � j ∈Nk

i

0 j ∉Nk
i

8>><
>>: : ð15Þ

In the formula, ηij is the heuristic information, which
refers to the heuristic expectation degree of task node qj fol-
lowing task node qi. This paper stipulates that ηij = 1/cij,
where cij is the cost consumption between task qi and task
qj performed by the tractor, including the operation cost
and waiting time cost of running the tractor, and 0 ≤ α, β
≤ 1 are used to represent the role of pheromone τij and heu-
ristic information ηij in constructing the solution. In the ini-
tial stage of the search, the pheromone is used as the initial
value and does not have any guiding effect on the behavior
of the ants, which will cause the algorithm to construct a
path of very low quality. The main function of heuristic
information is to avoid this situation, which makes the ants
tend to construct a good path from the beginning. When
Nk

i ≠∅, ant k selects the next task node at task node qi
according to probability pkijðtÞ, similar to roulette in the evo-

lutionary algorithm. When Nk
i =∅, that is, when task qi is

completed, the tractor selects the tractor center s0 with a
probability of pki0ðtÞ = 1.

5.4. Pheromone Rule Design. Pheromone τij refers to the
expectation from task qi to task qj. The better the perfor-
mance of the solution searched by the ant, the more concen-
trated the pheromone left on the path it passes. Therefore, in
the optimal ratio of tractor and trailers, the value of the
pheromone should be inversely proportional to the value
of the objective function.

5.4.1. Pheromone Initialization. To expand the search range
of the ants in the solution space at the beginning of the iter-
ation, the pheromone on all the solid lines in the deconstruc-
tion graph is initialized to τ0, and all the dotted lines in the
graph are auxiliary edges and do not play a decision-making
role, so there are no pheromones on them.

5.4.2. Principle of Pheromone Update. The pheromone
update strategy is one of the key steps of the ant colony algo-
rithm. If the information is updated too quickly, the algo-
rithm will fall into a local optimum or even stagnate. If the
information is updated too slowly, the convergence speed
will be slow, and the optimal route cannot be searched.
The pheromone update principle adopted by the algorithm
is that after each iteration, all ants update the pheromone
according to the quality of the solution searched by them,
as shown in Formula (14), and local pheromone updates
are not continuously performed during the construction of
the solution.

τij t + 1ð Þ = ρτij tð Þ + Δτij: ð16Þ

Table 3: Distance matrix between sites of drop and pull transport
network (unit: km).

0 1 2 3 4 5 6 7 8

0 — 60 72 72 60 90 108 132 162

1 60 — 54 90 78 120 102 78 72

2 72 54 — 102 90 120 102 78 72

3 72 90 102 — 72 78 42 60 90

4 60 78 90 72 — 54 36 58 78

5 90 108 120 78 54 — 138 42 72

6 108 90 102 42 36 138 — 78 48

7 132 72 78 60 48 42 78 — 42

8 162 78 72 90 78 72 48 42 —

Table 4: Transportation demand between sites of drop and pull
transportation network (unit: vehicle).

1 2 3 4 5 6 7 8

1 — 0 2 0 3 0 2 3

2 1 — 1 3 1 2 3 1

3 — 2 1 0 2 0

4 2 — 3 2 1 2

5 3 1 — 2 2 3

6 2 1 2 — 2 3

7 2 1 3 — 2

8 1 1 3 2 —
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In the formula, ρ is the volatility coefficient of phero-
mone, ρ < 1; t is the current iteration number; and Δτij is
the pheromone increment after the current iteration, with
a calculation formula as follows:

Δτij =
Z∗/Z eij ∈ S

0 eij ∉ S0

(
: ð17Þ

5.5. ACO Algorithm. The steps of the ACO algorithm to
solve the model are as follows:

Step 1 Set the parameters of the ant colony algorithm
Step 2 Generate the initial solutions of all subgroups, and

set the initial pheromone value and current iteration times
for each edge of each subgroup n⟵ 1

Step 3 Place all the ants in the center of the tractor. Each
ant randomly selects the next node according to the law of
Formula (15) and obtains its own path

Step 4 The pheromone on each path is updated accord-
ing to the improved global pheromone Formulas (16) and
(17)

Step 5 For the current number of iterations n⟵ n + 1,
judge whether n reaches the maximum number of iterations.
If yes, go to Step 5; otherwise, go to Step 2

Step 6 Output the current optimal solution

6. Numerical Experiments

This section presents the numerical experimental results of
the instance. Part A describes actual data received from Anji
Logistics Enterprise in Chengdu, Sichuan Province, China.
Part B reports the computational results on real-world
instances of the drop and pull transportation plan of Anji
Logistics Enterprise. Part C designs a set of examples to eval-
uate the proposed models and algorithms based on these
data and gives experimental results on artificial examples
to illustrate the effectiveness of the ACO algorithm. All
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Figure 7: Convergence curve with the objective of vehicle number.

Table 5: Time window for drop and pull transport operations (unit: hour).

1 2 3 4 5 6 7 8

1 — — [12, 17] — [13, 17] — [11, 15] [12, 17]

2 [9, 15] — [9, 12] [8, 11] [9, 14] [8, 12] [10, 15] [12, 16]

3 — [10, 15] [8, 12] — [12, 17] —

4 [10, 15] — [9, 12] [11, 15] [8, 11] [10, 14]

5 [11, 16] [10, 15] — [9, 12] [10, 17] [12, 18]

6 [10, 16] [12, 16] [9, 14] — [10, 15] [11, 16]

7 [8, 12] [12, 15] [10, 16] — [8, 12]

8 [11, 16] [12, 18] [12, 16] [9, 15] —
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experiments are performed on a PC with a 3.40GHz CPU
and 16GB RAM using MATLAB2012A.

6.1. Basic Experiments for an Idealized Tractor and
Semitrailer System. Anji Logistics Enterprise includes 1 drop
and pull center and 8 customer sites. According to the data
received on one implementation day, a total of 73 drop
and pull tasks (73 trailers) need to be performed, which con-
stitute the task Q of the drop and pull transport network.

The relevant parameters are as follows: The average
travel speed of the heavy-load tractor is v1 = 40 km/h, the
no-load driving speed is v2 = 60 km/h, the daily fixed cost
is c0 = 500 RMB/unit, the heavy-load driving cost of the trac-
tor is c1 = 2:4 RMB/km, the no-load driving cost is c2 = 2:0
RMB/km, and the waiting cost is c3 = 1:5 RMB/hour. The
transportation distance between each node is shown in
Table 3. The transportation demand of each node and the
corresponding time window limit-related data refer to the
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Figure 9: Convergence curve with the objective of running mileage.
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transportation account of Anji Logistics Enterprise in Sep-
tember 2021, as shown in Tables 4 and 5, respectively.

6.2. Experiments for Anji Logistics Enterprise in Chengdu.We
use the MATLAB software algorithm, where the parameters
of the ACO algorithm are set as follows: the number of ants
m = 22, the pheromone importance parameter alpha = 1, the
heuristic factor importance parameter beta = 4, the phero-
mone evaporation coefficient rho = 0:2, the pheromone
increase intensity coefficient Q = 20, and the maximum
number of iterations of the algorithm NC max = 130.

It can be seen that the ant colony algorithm has good
convergence in solving the proposed model and the gradu-
ally stable optimization results are shown in Figure 6. The
total running time of the algorithm is approximately 16.3 s,
and the algorithm remains stable when the number of itera-
tions reaches approximately 30. The total cost of the entire
drop and pull system is approximately 6.83× 104 RMB.

The function values of each sub-objective are shown in
Figures 7–9 with the convergence of the algorithm iteration.
Figure 7 shows the convergence of the number of tractors
with the algorithm iteration. After the algorithm converges,
the number of tractors is 22. Figure 8 shows the convergence
of the total waiting time of the tractor with the algorithm
iteration. After the algorithm converges, the total waiting
time of the tractor is 19.8 hours. Figure 9 shows the conver-
gence of the running mileage of the tractor with the algo-
rithm iteration. After the algorithm converges, the running
mileage of the tractor is approximately 13,270 kilometers.
Judging from the curve convergence of the above three
objectives, the convergence curve of the number of tractors
is most similar to the convergence curve of the total cost of
the drop and pull system because in the comprehensive cost
of the drop and pull system, the cost of tractor purchase
occupies the largest proportion.

Compared with the current drop and pull scheme (as
shown in Tables 6 and 7), the overall cost of the opti-
mized drop and pull scheme is reduced by 15,776 RMB,
which is 18.7% lower than the exiting scheme. On the pre-
mise of completing the coupling task in strict accordance
with the time window limit, the number of tractors

Table 6: The exiting drop and pull scheme of the tractor.

Tractor
number

Performance tasks
and travel sites

Tractor
number

Performance tasks
and travel sites

1 7-5 (0-2-8-2-6-0) 27 20-2 (0-3-8-2-4-0)

2 4-53 (0-2-6-7-5-0) 28 15-35 (0-3-5∗-8-0)
3 3 (0-2-6-0) 29 22-26 (0-3-9-4-8-0)

4 43 (0-6-7-0) 30 29 (0-5-3-0)

5 40 (0-6-2-0) 31 58 (0-7-9-0)

6 61 (0-8-5-0) 32 36 (0-5-9-0)

7 51 (0-7-4-0) 33 19 (0-3-8-0)

8 9-45 (0-2-9-6-8-0) 34 70 (0-9-4-0)

9 72-47 (0-9-6∗-9-0) 35 18-66 (0-3-7-8-9-0)

10 30-11 (0-5-6-3-2-0) 36 60-1 (0-8-3-2-4-0)

11 41 (0-6-4-0) 37 62 (0-8-6-0)

12 54 (0-7-8) 38 32 (0-5-6-0)

13 6-73 (0-2-8-9-6-0) 39 13 (0-3-5-0)

14 23-39 (0-4-5-6-2-0) 40 50 (0-7-3-0)

15 31-71 (0-5-6-9-4-0) 41 57 (0-7-9-0)

16 49 (0-7-3-0) 42 44 (0-6-8-0)

17 48-67 (0-6-9∗-2-0) 43 63-10 (0-8-6-2-9-0)

18 25-42 (0-4-6∗-7-0) 44 64-46 (0-8-6∗-9-0)
19 69 (0-9-4-0) 45 56-12 (0-7-9-3-4-0)

20 24 (0-4-5-0) 46 27 (0-4-8-0)

21 28 (0-5-3-0) 47 68 (0-9-3-0)

22 55 (0-7-8-0) 48 34 (0-5-7-0)

23 21-59 (0-3-8∗-3-0) 49 52-65 (0-7-5-8-9-0)

24 16-37 (0-3-6-5-9-0) 50 14-38 (0-3-5-6-2-0)

25 8 (0-2-9-0) 51 33 (0-2-9-0)

26 17 (0-2-6-0)

Vehicle
information

Number of tractors 51, number of trailers 73, rate
1 : 1.43

Total cost 84143

Note: The symbol “∗” represents the customer site where the end point of
the last task coincides with the start point of the next task.

Table 7: The optimized drop and pull scheme of the tractor.

Tractor number Performance tasks Travel sites

1 28-14-69-12 0-5-3∗-5-3-5-3-5-0
2 59-73-22-43 0-8-3-9-6-9-6-9-6-0

3 32-10-20-50 0-5-6-2-9-2-9-2-9-0

4 4-58-54 0-2-6-7-9-7-9-0

5 71-7-60 0-9-4-2-8-2-8-0

6 9-72 0-2-9∗-6-0
7 37-56-35 0-5-9-7-9-7-9-0

8 1-70-44-46 0-2-4-9-4-9-4-9-4-0

9 23-18-68 0-4-5-3-7-3-7-0

10 47-13-39 0-6-9-3-5-3-5-0

11 53-41-3-36 0-7-5-6-4-6-4-6-4-0

12 57-63-62-66-49
0-7-9-8-6-8-6-8-6-8-6-

0

13 8-6-24 0-2-9-2-8-2-8-0

14 64-38-30 0-8-6∗-2-6-2-0
15 2-40 0-2-4-6-2-0

16 52-42-11 0-7-5-6-7-6-7-0

17 45-21-16 0-6-8-3-8-3-8-0

18 17-27-15 0-3-7-4-8-4-8-0

19 61-31-51-33 0-8-5∗-6-5-6-5-6-0
20 55-5-26 0-7-8-2-6-2-6-0

21 48-67-34-19 0-6-9∗-2-9-2-9-2-0
22 29-25-65 0-5-3-4-6-4-6-0

Vehicle information
Number of tractors 22, number of trailers

73, rate 1 : 3.31

Total cost 68367

Note: The symbol “∗” represents the customer site where the end point of
the last task coincides with the start point of the next task.
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required is reduced from 51 to 22. In the exiting drop and
pull scheme of the tractor, the ratio of the number of trac-
tors to trailers is approximately 1 : 1.43, each tractor per-
forms 1 to 2 drop and pull tasks (Figure 10), and the
average travel distance of the tractor is approximately
329.1 km. In the optimized drop and pull scheme of the
tractor, the ratio of the number of tractors to trailers is
approximately 1 : 3.31, most tractors perform 3 to 5 drop
and pull tasks (Figure 11), and the average tractor travel
distance is approximately 603.2 km. The running distance
of each tractor has been doubled, which greatly reduces

the number of tractors equipped on the premise that all
semitrailer distribution tasks are completed according to
the time window requirements.

From the generated task waiting time (Tables 8 and 9), it
can be seen that compared to the existing drop and pull
scheme, only 7 tasks have waiting time (task 5, task 39, task
47, task 53, task 59, task 67, and task 73), the number of
tasks with waiting time in the optimized drop and pull
scheme reached 17, and the total waiting time increased
from 4.8 to 19.8, as is shown in Figure 12. This phenomenon
is reasonable because under the premise that the number of
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Figure 10: Number of trailers transported by the tractor in the exiting drop and pull plan.
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Figure 11: Number of trailers transported by the tractor in the optimized drop and pull plan.
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tasks remains unchanged, the reduction in the number of
tractors will inevitably lead to an increase in the number of
tasks undertaken by each tractor, which will lead to the wait-
ing time of the trailers.

6.3. Algorithm Validation. To verify the performance of the
model and algorithm, in this section, we created 8 groups
of calculation examples for drop and pull transportation net-
works and compared the improved ACS algorithm used in
this paper with the PSO and NSGA-III algorithms. The
parameters of the improved ACS algorithm are the same as
mentioned above, and the parameters of PSO and NSGA-

III are set defaulted. These instances are referenced in the
form of n-k-d, such as 1-8-50 corresponding to the situation
of 1 drop and pull center, 8 customer sites, and 50 trailers to
be delivered. In the first four groups of labor instances, we
create the drop and pull transport topology network, which
is the same as that of Anji Logistics Enterprise. The trans-
portation demand of the semitrailer is obtained by randomly
generating customer nodes. In the first four groups of labor
instances, we consider the development of the distribution
network of logistics enterprises and the increase in customer
nodes, and the transportation demand of the semitrailer is
also obtained randomly.

Table 8: Task waiting time in the existing drop and pull scheme.

Task number
Waiting
time

Task
number

Waiting
time

Task
number

Waiting
time

Task
number

Waiting
time

Task
number

Waiting
time

1 0 16 0 31 0 46 0 61 0

2 0 17 0 32 0 47 0.8 h 62 0

3 0 18 0 33 0 48 0 63 0

4 0 19 0 34 0 49 0 64 0

5 1.0 h 20 0 35 0 50 0 65 0

6 0 21 0 36 0 51 0 66 0

7 0 22 0 37 0 52 0 67 0.2 h

8 0 23 0 38 0 53 0.5 h 68 0

9 0 24 0 39 0.6 h 54 0 69 0

10 0 25 0 40 0 55 0 70 0

11 0 26 0 41 0 56 0 71 0

12 0 27 0 42 0 57 0 72 0

13 0 28 0 43 0 58 0 73 1.1 h

14 0 29 0 44 0 59 0.6 h 0

15 0 30 0 45 0 60 0 0

Table 9: Task waiting time in the optimized drop and pull scheme.

Task number
Waiting
time

Task
number

Waiting
time

Task
number

Waiting
time

Task
number

Waiting
time

Task
number

Waiting
time

1 0.8 h 16 1.0 h 31 1.5 h 46 0.2 h 61 1.6 h

2 0 17 1.0 h 32 1.2 h 47 0 62 0

3 0 18 0 33 0 48 0 63 0

4 0 19 0 34 0 49 0 64 0.8 h

5 0 20 0 35 0 50 0 65 0

6 0 21 1.0 h 36 0 51 0 66 0

7 1.5 h 22 0 37 0 52 0 67 0

8 0 23 0 38 0 53 0 68 1.6 h

9 0 24 1.0 h 39 0 54 0.8 h 69 0

10 0 25 0 40 0 55 0 70 0

11 0 26 0 41 1.8 h 56 0 71 0

12 0 27 0 42 0 57 2.0 h 72 0

13 0 28 0 43 0 58 0.5 h 73 0

14 0.6 h 29 0 44 0 59 0 0

15 0 30 0 45 0 60 0 0
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Table 10 shows the comparison of the above three algo-
rithms in solving problems of different scales. We recorded
the objective function value and CPU running times of the
ACS algorithm, PSO algorithm, and NSGA-III algorithm
when solving these instances.

As shown in Table 10, the optimal solution obtained by
the improved ACS algorithm is better than those obtained
by the PSO and the NSGA-III algorithms. The quality differ-
ences of these solutions range from 1.12% to 10.78%.In
terms of calculation time, the efficiency of the improved
ACS algorithm and the NSGA-III algorithm is higher than
that of the PSO algorithm, but there is no significant differ-
ence between them. These results verify the effectiveness of
the proposed improved ACS algorithm. It also shows the
superiority of finding the optimal solution when dealing
with large-scale problems.

7. Conclusion

This paper studies the road drop and pull transportation sys-
tem and proposes a method for configuring the number of
tractors and semitrailers based on tractor routing optimiza-
tion, which is used for the daily scheduling operation of trac-
tors. In addition, we take the succession of drop and pull
tasks and the specified delivery time of the tractor continu-
ous towing semitrailer into account. An ant colony search

heuristic algorithm is designed to solve this problem, which
can obtain the optimal solution in an acceptable time. The
applicability of the improved ACO algorithm in dealing with
large-scale problems is verified through the test of the real
example of the Anji Logistics Enterprise. Compared to the
traditional method, the optimization method proposed in
this paper can obtain a better tractor routing scheme and
reduce the number of tractor configurations on the basis of
ensuring the timely delivery of semitrailers. It can also make
truck connection times meet the transit time requirements
of station traffic, reducing potential train delays. Therefore,
a tractor routing scheme that can meet basic needs is suffi-
cient to obtain a relatively optimal number of tractors and
semitrailers.

In future research, we can further consider the problem
of the quantity configuration of tractors and semitrailers
under various vehicle types.
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Table 10: Performance comparison of CPLEX and the ACS algorithm.

Instances
ACS PSO NSGAIII

Best A_CPU/S Best A_CPU/S Opti CPU/S

1-8-50 63245.2 3.7 68625.3 4.6 67984.3 3.9

1-8-100 113564.1 6.1 118333.8 7.8 115835.4 6.9

1-8-150 144926.8 10.2 158231.1 12.5 156405.0 11.0

1-8-200 198354.9 15.3 208074.3 19.3 204702.3 16.1

1-15-250 254965.7 32.4 275065.0 39.9 260108.0 31.4

1-15-300 301893.5 39.8 334437.6 45.7 317290.1 41.8

1-25-400 503285.4 72.9 537005.5 83.3 524926.7 70.0

1-35-500 6385668.0 132.6 6933750.1 149.7 6884835.4 142.6

0.00

0.50

1.00

1.50

2.00

1 5 7 14 16 17 21 24 31 32 39 41 46 47 53 54 57 58 59 61 64 67 68 73

Vehicle waiting time

Exiting drop and pull plan

1 5 7 14 16 17 21 24 31 32 39 41 46 47 53 54 57 58 59 61

Figure 12: Comparison of task waiting time.
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