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Te increasing number of trucks has a negative impact pertinent to efciency and safety concerns on the operation of mixed trafc
fow along freeways, especially at freeway entrance and exit ramps. To address such issue, this study proposes a simulation-based
method for truck-prohibit ramp placement along freeways.Te method framework contains two parts: the frst part is to generate
a set of new truck restriction schemes using simulation experiments, and the second part is to evaluate the generated schemes and
fnd out the current optimal location of truck-prohibit ramps based upon the AHP-TOPSIS method. Tree patterns of evaluation
indicators are utilized to estimate the performance of freeway service in terms of trafc efciency, road safety, and accessibility. A
case study of the Beijing-Hong Kong-Macao freeway within Henan Province, China, is conducted to verify the efectiveness of the
proposed method. Results could provide benefcial insights on the optimal location setting of truck-prohibit ramps to enhance the
entire performance of mixed trafc fow along freeways.

1. Introduction

In the wake of ever-growing urbanization and the rapid
growth of e-commerce, the number of trucks continuously
increases in freeways. Compared with passenger vehicles,
trucks have apparent diferences in vehicle size, speed, ac-
celeration, and so forth [1]. When trucks and passenger
vehicles are mixed in using a freeway service, the state of
trafc fow changes signifcantly, and associated negative
impact occurs in terms of efciency and safety concerns,
especially at freeway entrance and exit ramps. As trucks
reduce the overall trafc efciency, mixed trafc may incur
trafc congestion, increase the emissions of pollutants, and
pose potential safety risks (e.g., [2–8]). To deal with these
negative issues, several truck restriction strategies have been
proposed to reduce the adverse impact caused by trucks. For
example, trucks are prohibited in some freeway segments so
as to separate the mixed trafc fow of passenger vehicles and
trucks [9]. Nevertheless, it is impossible to restrict trucks on
all the road segments at the same time due to transportation

needs. Terefore, it is necessary to study specifc truck re-
striction strategies according to the practical circumstances
resulted from mixed trafc fow [10]. Te implementation of
truck restriction strategies in freeways reduces the efciency
of a part of trucks to some extent, but it may be conducive to
improving the entire performance of mixed trafc as a whole
(e.g., [11–15]).

Regarding freeway truck restriction strategies, the
existing studies mainly focus on lane restriction. For in-
stance, El-Tantawy et al. [16] studied the impact of truck
restrictions in diferent lanes based on microscopic trafc
simulation and concluded that restricting trucks to the
leftmost lane could exert the most infuence on trafc ef-
fciency. On this basis, Korkut et al. [17] further analyzed the
efect of truck speed restriction in diferent lanes and ob-
tained the optimal limited speed of trucks in the leftmost
lane. Further, Lyons et al. [13] studied the infuence of other
factors pertinent to truck trafc restriction strategies, in-
cluding the type of trucks restricted and the time period of
truck restrictions. Yet, in the existing literature, little
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attention is paid to truck restriction strategies at entrance
and exit ramps in freeways. As one of the most signifcant
freeway components, the driving state of vehicles at ramps
are impressionable to mixed trafc fow, thereby posing
bottlenecks and trafc congestions [18]. Tus, it is worth
investigating how to design an appropriate truck restriction
strategy pertaining to freeway ramps in an efort to improve
the entire trafc performance, which is addressed in this
study.

Trafc fow is complicated at entrance and exit ramps in
freeways because of lane changes and the acceleration or
deceleration of vehicles. Further, compared with passenger
vehicles, trucks have larger vehicle size and less fexibility,
which are easy to adversely afect the operation of mixed
trafc fow when vehicles are ready to enter or exit ramps
[19]. In view of this problem, we aim to solve it by setting
reasonable truck restriction strategies at the ramps. In
general, there are several ramps along the freeway within a
certain area. Trucks are prohibited entering or exiting one
or more ramps, which may be an efective measure to
alleviate the above negative impact. Nonetheless, truck
ramp restrictions infuence the ramp selection of trucks
when using the freeway service. Trafc fow varies along
freeways, and associated impacts include trafc efciency,
road safety, and accessibility. Tis study aims to determine
which ramps need to implement truck ramp restrictions
and to what extent they can infuence the performance of
freeway service.

To evaluate the performance of freeway service when
implementing truck ramp restrictions, several representative
evaluation indicators are employed to simultaneously refect
issues about trafc efciency, road safety, and accessibility.
Based on these evaluation indicators, a simulation-based
methodology framework is proposed to design the optimal
setting of truck ramp restrictions along freeways. Te
method framework contains two parts, in which the frst part
is based on the simulation experiment to iterate by using the
local search pattern and generate a set of truck restriction
schemes, and the second part is to utilize the AHP-TOPSIS
approach to evaluate these schemes and single out the
optimal scheme.

Te simulation-based method has received considerable
attention over the last two decades and has been applied in
the feld of transportation system estimation and optimi-
zation. For instance, Siuhi and Mussa [20] compared the
infuence of high-occupancy vehicle (HOV) lane restriction
and truck lane restriction on trafc efciency based on
VISSIM. Al Eisaeia et al. [21] studied the impact of truck
restriction on diferent types of trucks based on VISSIM and
determined the optimal truck category to conduct restric-
tion. Fan et al. [22] proposed a surrogate safety assessment
model (SSAM for short) and VISSIM for safety assessment at
freeway merge areas. Pulugurtha et al. [23] simulated and
analyzed trafc accidents based on VISSIM and CORSIM,
respectively, and compared the advantages and disadvan-
tages of two simulation softwares. Ge and Yang [24] sim-
ulated trafc conficts based on VISSIM to determine the
optimal length of the freeway warning area. Abou-Senna and
Radwan [25] utilized VISSIM to investigate the key

parameters of CO2 emissions when vehicles travel on
freeways. Tose studies have designed diferent simulation-
based methods and reported many interesting fndings on
the trafc operations in freeways. However, the setting of
truck ramp restrictions along freeways by using a simula-
tion-based method has not been particularly studied.

To fll such gap, the main contribution of study is to
proposes a simulation-based method framework for deter-
mine the optimal prohibited ramp locations for trucks along
freeways. Te framework contains two parts, in which the
frst part is based on the simulation experiment to iterate by
using the local search pattern and generate a set of truck
restriction schemes, and the second part is to utilize the
AHP-TOPSIS approach to evaluate and rank these schemes
and single out the optimal scheme in each iteration. Once
ramps are prohibited for trucks, trafc fow distribution will
change as a part of trucks having to alter their routes and use
surrounding ramps instead. In such a case, the proposed
method considers three evaluation indicators, including
trafc efciency and road safety and accessibility, in an efort
to well represent practical circumstances. To the best of our
knowledge, this is the frst study to propose a generalized
method framework for optimizing the truck-prohibit ramp
placement along freeways. Te proposed method is applied
to the case study based on the Beijing-Hong Kong-Macau
Expressway within Henan Province, China. Note that
though this paper focuses on the truck ramp restriction
setting problem, the proposed method has wider applica-
tions to other management topics in transportation engi-
neering studies.

Te remainder is organized as follows: Section 2 de-
scribes the evaluation indicators used in this study. Section 3
describes the methodological framework that is employed to
design the placement of restricted ramps for trucks. Section
4 presents the case study. Finally, Section 5 concludes this
paper.

2. Evaluation Indicators

A suitable setting of truck-prohibited ramps is an efective
measure to alleviate the negative impacts resulting from
mixed trafc fow between trucks and passenger vehicles
[26]. On one hand, for passenger vehicles, it will un-
doubtedly provide themwith amore fexible and safe driving
environment when entering or existing ramps which are
prohibited for trucks. Trucks are more aggregated on a
limited number of ramps, and the resulting trafc fow
distribution may increase the entire performance along
freeways [27]. On the other hand, trucks that originally pass
through ramps closest to their origins/destinations will have
to pass through the adjacent ramps, and the accessibility will
be reduced to a certain extent [28]. Te abovementioned
complex circumstances need to be tackled by simulation
techniques like VISSIM.

In recent years, many evaluation indicators have been
developed by researchers to evaluate the performance of
freeways (e.g., [29–31]. In this study, we select three rep-
resentative patterns of evaluation indicators to estimate the
performance of freeway service when implementing truck
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ramp restrictions given that truck prohibited ramps are
determined.

2.1. Trafc Efciency. As vehicles with low speeds may delay
vehicles with high speeds, road bottlenecks and the resulting
vehicle merging are common in multilane trafc systems
[32]. Terefore, in terms of trafc efciency, the average
speed v and average delay d are employed to evaluate the
efect of truck-prohibit scheme implementation, which are
the direct embodiment of the capacity and service level of the
road after truck-prohibit scheme implementation.

2.1.1. Average Speed. Te average speed is a parameter that
characterizes the smoothness of the road [33]. It is also an
intuitive index to evaluate the implementation efect of
trafc management measures [34]. Te investigation of
travel speed involves the measurement of travel time, which
can be obtained by taking advantage of software during
simulation. In practical engineering, the statistical data of
vehicle travel time can be calculated by means of a highway
toll gate. Te average speed of the vehicles is defned as
follows:

v � 
n

i�1
vi � 

n

i�1

s

ti

. (1)

As mentioned above, vi denotes the speed of vehicle i; ti

denotes the travel time of vehicle i; n denotes the number of
vehicles at the intersection; and s denotes the travel distance.

2.1.2. Average Delay. Te average delay can be used to
represent the time lost by vehicles on a road segment due to
the trafc fow state. It refects the diference between the
estimated travel time and the actual travel time in the free
fow state [35]. It is necessary to measure the delay of dif-
ferent vehicles separately since free-fow travel times vary
from vehicle to vehicle [36]. Te time loss caused by the
trafc fow environment on the road can be directly refected
by calculating the average delay. We defne the average delay
as follows:

t �


m
j�1 

nj

i�1 tj − tji 


m
j�1nj

. (2)

As mentioned above, nj denotes the number of vehicles
of type j; tj denotes the free-fow travel time of the vehicles
of type j; and tji denotes the real travel time of a vehicle i of
type j.

2.2. Road Safety. In terms of road safety, the data on trafc
accidents are difcult to collect in time, but studies have
shown that frequent lane changes on the freeway also have a
serious impact on road safety [37, 38]. Since the system can
efectively reduce lane changing behavior caused by the
movement bottleneck on the lane, the total times of
changing lane C can be taken as the safety index of the
system in the study.

Times of changing lanes can be obtained directly by
simulation software. Te formula is as follows:

C � 
n

i�1
ci. (3)

As mentioned above, ci denotes the number of times
lanes are changed by vehicle i.

2.3. Accessibility. In this paper, we express accessibility by
calculating the total distance between the mass center of the
trafc area and the ramp. We use ArcGIS software to de-
termine the trafc community and its centroid coordinates
along the expressway and then determine the accessibility
index by calculating the distance between the centroid of the
trafc community and the ramp.Te calculation formula for
accessibility is as follows:

d �


n
i�1 li

L
. (4)

As mentioned above, li denotes the average distance
from the centroid of trafc community i to the nearby
entrance. L denotes the sum of vehicle travel distances from
the centroid of all trafc communities to nearby entrances
under the initial road network state.

3. Method Framework

Based upon the evaluation indicators in Section 2, we
propose a method to determine the optimal prohibited
ramp locations for trucks by using VISSIM simulation
experiments. Te composition of this method framework
is shown in Figure 1. It contains two parts, in which the
frst part is based on the simulation experiment to
iterate by using the local search pattern and generate a set of
truck restriction schemes, and the second part is to utilize the
AHP-TOPSIS approach to evaluate and rank these schemes
and single out the optimal scheme in each iteration.Tese two
parts are described in detail below.

3.1. Part I. Regarding Part I, we focus on designing the
iterative process based upon VISSIM simulation experi-
ments. In each iteration, we propose ramp selection rules by
using the local search pattern to generate a set of truck
restriction schemes. On this basis, we conduct a VISSIM
simulation experiment for each scheme and obtain the re-
sults of associated evaluation indicators.

Specifcally, the main body of Part I has two iteration
processes. One process is called “added iteration” (A-iter-
ation for short), that is, each iteration aims to add one
prohibited ramp for trucks under the conditions of all the
ramps in the previous iteration. In such case, only one new
truck-prohibit ramp will be added and the conditions of
other ramps remain the same.Ten, a set of truck restriction
schemes is generated. Note that to ensure the accessibility of
trucks, any two adjacent ramps cannot be simultaneously
prohibited for trucks. When one ramp is set to be truck-
prohibited, the associated trafc volume of trucks is assumed
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to be evenly distributed to two adjacent ramps. Te other
process is called “subtracted iteration” (S-iteration for
short). It is to delete one prohibited ramp for trucks under
the conditions of all the ramps in the previous iteration. A set
of new truck restriction schemes is generated in an analo-
gous way as A-iteration.

Te method starts with A-iteration, i.e. conducting the
local search pattern with neighborhood structure defned as
below.Te set of new truck restriction schemes is conducted
by VISSIM simulation experiments and compared by using
the method in Part II. If the best truck restriction scheme in
the current iteration is better than the temporarily optimal
scheme, it will be treated as the new temporarily optimal
scheme, and the information about truck-prohibit ramps
will be updated accordingly (in the frst iteration, the best
scheme will be selected out). Otherwise, the method pro-
ceeds with S-iteration. In this way, two processes of Part I are
conducted in turn until no better truck restriction scheme
can be found.

Neighborhood structure: we let Na represent the set of
ramps that do not set truck restrictions in each A-iteration.
Let Nb represent the set of ramps that set truck restrictions
in each S-iteration. Te neighborhood structure of each
iteration is determined by the current solution obtained in
the previous iteration (in the frst iteration, the current
solution is that all the ramps are open to trucks). For A-
iteration, we set only one ramp in set Na to be truck-
prohibit each time, and the setting of remaining ramps is
unchanged. In such case, a total of |Na| truck restriction
schemes are generated. Similarly, for S-iteration, we reopen
only one ramp in set Nb for trucks each time, and the

setting of remaining ramps is unchanged. In such case, a
total of |Nb| truck restriction schemes are generated. As any
two adjacent ramps cannot be simultaneously prohibited
for trucks, those schemes that do not satisfy this constraint
will be discarded.

Te specifc steps of two iteration processes are described
in detail below.

3.1.1. Process of A-Iteration

Step 1: let the ramp restriction scheme at the current
iteration be the temporary optimal scheme, and use X0
to denote it (At the frst iteration, all ramps in X0 are
not restricted).
Set ΦA to store the neighbor solutions in the current
iteration
Na � list[unrestricted  ramps  in X0]

Set n � 0;
while n≤ | Na|

let ramp Na[n] be truck-prohibit and generate a
neighbor solution Xn

if Xn satisfy the adjacent ramp constraint,
record the ramp restriction scheme Xn in

ΦA

end if
let ramp Na[n] be unrestricted ramps
n � n + 1

end while

Design iteration rules, such as 
neighborhood structure, termination rules

Design of iterative 
process based on 

simulation experiment

TOPSIS model based on 
combination weighting

Specific iterative process based on 
simulation experiment

Definition of parameters in iteration

Combined weighting 
method

Determine the weight for the evaluation 
index

AHP method Entropy 
weight method

Process of TOPSIS evaluation method

Design of 
truck ramp 
restrictions 

based on 
simulation 
experiment

Embedded 
in the 

iteration 
process

Part I 

Part II

Figure 1: Method framework of this research.
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Step 2: conduct VISSIM simulation experiment for
each scheme in ΦA, and record the output results of
indicators.
Step 3: determine the best truck restriction scheme. Use
AHP-TOPSIS method in Part II to evaluate the
schemes in set ΦA and X0, and select the scheme with
the highest score as the best truck restriction scheme.
Step 4: judge whether the best truck restriction scheme
in the set ΦA is better than X0. If yes, replace X0 with
the best truck restriction scheme, return to step 1, and
update Na. If not, and the stopping criterion is not
satisfed, stop the current A-iteration and output X0.

3.1.2. Process of S-Iteration

Step 1: let the ramp restriction scheme at the current
iteration be the temporary optimal scheme, and use X0
to denote it.
Set ΦS to store the neighbor solutions in the current
iteration
Ns � list[truck − prohibited ramps inX0]

Set n� 0;
while n≤ | Ns|

let ramp Ns[n] be truck-unrestricted and generate
a neighbor solution Xn

if Xn satisfy the adjacent ramp constraint,
record the ramp restriction scheme Xn in

ΦS

end if
set ramp Na[n] be truck-prohibited ramps
n � n + 1

end while
Step 2: conduct VISSIM simulation experiment for
each scheme in ΦS, and record the output results of
indicators.
Step 3: determine the best truck restriction scheme. Use
AHP-TOPSIS method in Part II to evaluate the
schemes in set ΦS and X0, and select the scheme with
the highest score as the best truck restriction scheme.
Step 4: judge whether the best truck restriction scheme
in the setΦS is better than X0. If yes, replaceX0 with the
best truck restriction scheme, return to step 1, and
update Na. If not, and the stopping criterion is not
satisfed, stop the current S-iteration and output X0.

3.1.3. Iteration Flow Framework. A fowchart is provided to
demonstrate the whole iterative process, as shown in
Figure 2.

3.2. Part II. In Part II, we focus on the design of the AHP-
TOPSIS evaluation approach to estimate a set of ramp re-
striction schemes. In the evaluation process, we combine the
AHP and the entropy method to determine the weight of
each of the four indicators in Section 2. On this basis, we use

the TOPSIS model to evaluate the truck restriction schemes
generated in Part I.

When evaluating the truck restriction schemes gener-
ated in Part I, the reliability of the evaluation results de-
pends on whether the setting of indicator weights is
reasonable. In order to avoid the shortcomings of sub-
jective setting, we improve the traditional TOPSIS ap-
proach. Specifcally, we frst use the AHP and entropy
methods to determine the weight of each indicator, re-
spectively. Ten, we use the multiplication combination
weighting method to determine the fnal weight. After the
weights are determined, we use the AHP-TOPSIS method
to evaluate a set of truck restriction schemes and rank them
based on their evaluation results, thereby fnding the op-
timal scheme.

3.2.1. Determine Weight

(1) AHP Method. AHP (analytic hierarchy process) is an
efective method to solve fuzzy problems [39]. It establishes a
priority scale based on the subjective judgment of domain
experts and makes evaluations of variables according to
priority (e.g. [40, 41]. Te steps of the AHP method are as
follows:

Step 1: build a judgment matrix A at all levels
Based on the hierarchical structure model, the indexes
of the same level are compared with each other to
determine the relative importance of the indexes of the
same level. Te value of each element aij (i, j � 1, 2, . . .,
h) in the judgment matrix A represents the importance
of factor i relative to factor j.
Step 2: solve the eigenvector of the judgment matrix A
We use the square root method to calculate the ap-
proximate value of the eigenvector of matrix A
to obtain the vector M, the formula is shown as follows:

Mi �

������



h

j�1
aij.

h




(5)

Ten, we normalize M to obtain the eigenvector W; the
formula is shown as follows:

Wi �
Mi


h
i�1 Mi

. (6)

At last, we calculate the maximum characteristic root of
the judgment matrix A; the formula is as follows:

λmax � 
h

i�1

(AW)i

hWi

. (7)

(AW)i represents the i-th element of vector AW.
Step 3: consistency test
It is necessary to calculate whether the judgment matrix
can pass the consistency test. Te formulas are as
follows:
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CI �
λ − h

h − 1
, (8)

CR �
CI
RI

. (9)

In the abovementioned, CI denotes the consistency
index to measure the deviation of the judgment matrix
A. CR denotes the consistency ratio. When CR < 0.1,
the judgment matrix A passes the consistency test,
otherwise the matrix should be reconstructed until it
passes the test.
Step 4: obtain AHP weight
After the abovementioned steps, the weight vector
passing the consistency test can be obtained. It is the
weight of the index in this layer, and we use αj(j �

1, 2, . . . , h) to represent it. It shall meet the following
conditions: 

h
j�1 αj � 1, αj ≥ 0.

(2) Entropy Weight Method. Te entropy method based on
information theory is an objective weighting method to
determine the index weight according to the diference in the
information order degree of each index, which only depends
on the dispersion degree of the data itself [42]. Te calcu-
lation steps are as follows:

Step 1: establish initial evaluation matrix
Tere are m alternatives and h evaluation attributes
to form the initial evaluation matrix Q � (xij)m×h, and
xij represent the observed value of the i-th scheme on
the j-th index.
Step 2: data normalization processing

To eliminate the infuence of diferent data dimen-
sions on the evaluation results, each index needs to
be normalized. Average speed and accessibility in-
dicators are positive indicators. Tat is to say, the
larger their value is, the better the result is. Te
method to normalize the positive indicators is shown
as follows:

xij
′ �

xj − xmin

xmax − xmin
. (10)

For average vehicle delay and times of changing lanes
which are negative indicators, the smaller their value is,
the better the result is. Te method to normalize the
negative indicators is shown as follows:

xij
′ �

xmax − xj

xmax − xmin
. (11)

In the abovementioned, xj denote the value of the j-th
index; xmax denote the maximum value of the j-th
index; and xmin denote the minimum value of the j-th
index.
Step 3: calculate the entropy value of each index

ej � −k 

m

i�1
pijlnpij, (j � 1, 2, . . . , h). (12)

In the abovementioned, k is related to the number of
schemes and is often taken as 1/ lnm; pij denote the
proportion of the j-th index in the i-th truck trafc
restriction scheme and is often taken as xij

′ /
m
i xij
′ . m

denotes the number of schemes. In addition, if pij � 0,
then make pijlnpij � 0.

Start

Define the temporary optimal scheme X0, and set the
neighborhood structure Na and Nb

Local search in
neighborhood Na

Yes

End

Local search in
neighborhood Nb

Whether X0
is the best 

solution

Whether 
the stop

condition is
satisfied

Whether X0
is the best
solution

Update Nb of 
S-iteration 

Update Na of 
A-iteration 

Whether
the stop

condition is
satisfied

No End

Yes

Yes

No

No

Yes

No

Figure 2: Flowchart of the iteration.
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Step 4: obtain the entropy weight

βj �
1 − ej


h
j�1 1 − ek( 

, (j � 1, 2, . . . , h). (13)

In the abovementioned, βj denotes the weight coef-
cient of the j-th evaluation index.

(3) Determination of Combination Weight. To make the fnal
index weight combine subjective preference with objective
information from the data, we need to properly deal with the
weight obtained by the objective evaluation method and the
subjective evaluation method to get the fnal weight. Since it
is not suitable to increase the subjective preference of weight
when the AHP method has been used, we weigh with
multiplicative combinations to determine the fnal combi-
nation weight in this study, and the calculation formula is
shown as follows:

wj �
αjβj


h
j�1αjβj

. (14)

In the abovementioned, wj represents the weight of the
combination.

3.2.2. AHP-TOPSIS Model. Te TOPSIS method is a
commonly used intragroup comprehensive evaluation
method, which can make full use of the information in the
original data. Its results can accurately refect the gap be-
tween evaluation schemes [43]. Tis method has no strict
restrictions on data distribution, and data calculation is
simple and easy [44]. Combined with the weights obtained
in Section 3.2.1, this section will introduce the calculation
steps of the AHP-TOPSIS model.

Step 1: homogeneity of index attributes and
normalization
In this paper, we adopt the range standardization
method to make standardization for the index values of
four indicators to transform cost-efective indicators
into beneft-oriented indicators. Te calculation for-
mulae are the same as (10) and (11).

Step 2: construct the original data matrix
Assuming that m denotes the number of schemes and h

denotes the number of evaluation indexes, the original
data matrix after the homogeneity of index attributes is
shown as follows:

X �

X11 X12 . . . X1h

X21 X22 . . . X2h

. . . . . . . . . . . .

Xm1 Xm2 . . . Xmh

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (15)

Step 3: determine the weight of the evaluation index
Tis paper combines the AHP method and the entropy
weight method to obtain the weight of each index. We
determine the combined weight vector as
w � (w1, w2, . . . wh). wj denote the weight coefcient
of the j-th index.
Step 4: construct a normalization matrix
We normalize the vector of the indicator attribute, that
is, each column element is divided by the vector norm
of the current column.Te formula is shown as follows:

zij �
xij

�������


m
i�1 xij

2
 . (16)

xij represents the observed value of the i-th (i �1, 2, 3,
. . ., m) scheme on the j-th (i �1, 2, 3, . . ., h) index.
We get the standardized matrix by this process and
show it as follows:

Z �

Z11 Z12 . . . Z1h

Z21 Z22 . . . Z2h

. . . . . . . . . . . .

Zm1 Zm2 . . . Zmh

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (17)

Step 5: determine positive and negative ideal solutions
Te positive ideal solution Z+ consists of the maximum
value of each column element in Z, that is,

Z
+

� max z11, z21, . . . , zm1( , max z12, z22, . . . , zm2( , . . . , max z1h, z2h, . . . , zmh( (  � Z1
+
, Z2

+
, . . . , Zh

+
( . (18)

Tenegative ideal solutionZ− consists of theminimum
value of each column element in Z, that is,

Z
−

� min z11, z21, . . . , zm1( , min z12, z22, . . . , zm2( , . . . , min z1h, z2h, . . . , zmh( (  � Z1
−

, Z2
−

, . . . , Zh
−

( . (19)

Step 6: calculate the closeness between the positive and
negative ideal solution in each scheme:

Ri �
D

−
i

D
+
i + D

−
i

. (20)
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In the abovementioned, D+
i denotes the proximity

between the i-th freight train restriction scheme and the
optimal scheme, and the calculation formula is shown
as follows:

D
+
i �

��������������



h

j�1
wj Z

+
j − zij 

2




. (21)

D−
i denotes the proximity between the i-th restriction

scheme and the worst scheme, and the calculation
formula is shown as follows:

D
−
i �

��������������



h

j�1
wj Z

—
j − zij 

2




. (22)

In the abovementioned, wj denotes the weight coef-
cient of the j-th index, and 0≤Ri ≤ 1. Te closer the Ri

is to 1, the better the scheme.

 . Case Study

For any freeway segment, the geometric characteristics of
roads needs to be frst imported into VISSIM software to
build the simulation scenario of the case study. Later, trafc
fow data is also imported to obtain the values of three
evaluation indicators, including trafc efciency, road safety,
and accessibility, by using VISSIM. On this basis, we can
utilize the proposed simulation-based method framework to
obtain the optimal locations of truck-prohibit ramps along
the freeway segment. In this section, we select a part of the
Beijing-Hong Kong-Macao Freeway within Henan Prov-
ince, China, as the case study. Tis freeway segment is lo-
cated near the city of Zhengzhou in Henan Province, China,
containing twelve freeway ramps. Te trafc fow is large,
and trafc congestions often take place at these freeway
ramps. We use ArcGIS software to draw the surrounding
sections and divide the area near the road into 13 trafc areas
according to the trafc sources and administrative division
of the ramps nearby. Te distribution map of 13 trafc areas
and 12 ramps is shown in Figure 3.

Along the freeways, it is a four-lane freeway section
with a lane width of 3.75m. Two slow lanes and two fast
lanes are set in this section, respectively. Trucks are re-
quired to drive only in the slow lane, while cars are allowed
to drive in any lane. Te speed limit is 100–120 km/h on the
fast lanes and 80–100 km/h on the slow lanes. In this paper,
we collect data on trafc fow at peak hours and transit
trafc volume at the ramps. In peak hours, the total trafc
fow of the 12 ramps is about 1588 vehicles per hour.
Among these vehicles, about 1190 are passenger vehicles,
accounting for 75% of the total, and the rest are 398 trucks.
Te volume of trafc during peak hours is about 340 ve-
hicles per hour, as shown in Table 1.

Tis paper uses simulation software to establish a sim-
ulation model for this section. Te settings and parameters
of driving behavior, lane change behavior, and signal control
are the same as those based on the Wiedemann99 model.

Tere are four evaluation indexes selected in this case,
namely, average speed, vehicle delay, accessibility, and times
of changing lanes.When using the analytic hierarchy process
to assign weights, the weighting results based on the nine-
level scale are shown in Table 2.

Consistency test: the calculated random index RI was
used to measure consistency by consistency ratio [45]. From
the abovementioned table, λmax � 4.0104. According to the
RI table, the corresponding RI value is 0.882, CR �CI/RI
� 0.0039< 0.1. It passes the consistency test.

After using the AHPmethod to determine the weight of
the four indexes, we carry out simulation experiments
according to the iteration rules. In each iteration, we use the
entropy method to determine the objective weight and
combine the objective weight with the weight achieved by
the AHPmethod to get the fnal weight. We use the TOPSIS
evaluation method to grade the schemes based on the fnal
weight and rank the schemes by composite scores. After
fve iterations, we achieve the fnal scheme. Te values of
the combined weights in the fnal iteration are shown in
Table 3. Te fnal results show that the best efect is to
restrict truck trafc at ramps 4, 6, and 11.Te specifc index
data of the optimal scheme are shown in Table 4.

In general, compared with the initial section without any
restrictions, the proposed scheme sets restrictions on trucks
at three ramps. Tis scheme reduces trafc conficts and

Figure 3: Locations of ramps and trafc communities of the
Beijing-Hong Kong-Macao freeway.

Table 1: Trafc input at peak hours.

Category Volume (PCU/h) Proportion (%)
Passenger vehicles 482 75
Trucks 1448 25
Total 1930 100
Trafc at ramps 1588 82.3
Transit trafc 342 17.7
Total 1930 100
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vehicle delays at the ramps of the freeway and improves the
efciency and safety of the freeway. Compared with the
existing road section, although some sections with the re-
striction strategy show the increased travel mileage of some
trucks at the entrance and exit, the average speed of each
vehicle on the road section increases by 0.44%, the delay per
vehicle decreases by 21.95%, and the number of lane changes
decreases by 5.24%. Terefore, the trafc efciency of this
section has been signifcantly improved, and the trafc safety
has been improved as well.

In addition, in order to discuss the impact of truck re-
strictions at ramps on trucks and passenger vehicles, we
compared the trafc efciency indexes of trucks and passenger
vehicles before and after optimal truck-prohibition scheme
implementation. Tables 5 and 6 show the data comparison
results of trucks and passenger vehicles, respectively.

It can be seen that the truck ramp restrictions could not
play a signifcant role in improving the speed of trucks and
passenger vehicles, but they can efectively reduce vehicle
delay.Trough the implementation of this strategy, the delay
time of trucks is reduced by about 5.58%, and the delay time
of passenger vehicles is reduced by about 25.65%. Tis in-
dicates that the proposed strategy has a signifcant efect on
improving the efciency of passenger cars.

In addition, although setting truck restrictions at specifc
ramps will increase the driving distance of some trucks at
specifc ramps and increase the trafc volume of trucks at
adjacent ramps, the strategy proposed by us does not lead to
further congestion of trucks on freeways on the whole but
reduces the delay time of trucks. Terefore, the passenger
vehicle separation strategy at freeway ramps proposed in this
paper can improve the efciency of roads, passenger vehi-
cles, and trucks at the same time. Te comparison results
also verify the efectiveness of the optimal truck-prohibited
scheme.

5. Conclusion

Trucks negatively impact the operation of mixed trafc fow
along freeways, especially at freeway entrance and exit
ramps. By setting up the appropriate truck ramp restrictions,
the associated negative infuence can be alleviated, thereby
improving the performance of the entire freeway service. To
this end, this study proposes a generalized simulation-based
method framework for determine the optimal prohibited
ramp locations for trucks along freeways. Te originality of
the method framework is worth noting: (1) we use three
representative patterns of evaluation indicators to signify the

Table 2: Weighting results of the AHP method.

Items Eigenvectors Weighting values Largest eigenvalues CI ratios
Average speed 1 0.2274

4.0104 0.0035Average delay 1 0.2274
Accessibility 0.5373 0.1222
Times of changing lane 1.8612 0.4231

Table 3: Value of the combined weight.

Items Weight value of AHP (αj) Weight value of entropy weight method (βj) αjβj wj

Average speed 0.2274 0.256 0.058214 0.237
Average delay 0.2274 0.255 0.058669 0.239
Accessibility 0.1222 0.258 0.031161 0.127
Times of changing lane 0.4231 0.231 0.097736 0.398

Table 4: Index data of the fnal scheme and the initial scheme.

Ramps which restrict cargo vehicles Average speed (km/h) Average delay (s) Accessibility Times of changing lane (times)
4, 6, 11 97.577 1.881 0.89 4127
None 97.152 2.410 1 4355

Table 5: Comparison of passenger vehicle index data before and after implementation.

Passenger vehicles Average speed (km/h) Percentage of change (%) Average delay (s) Percentage of change (%)
Before implementation 104.091 0.343 2.663 25.65After implementation 104.448 1.980

Table 6: Comparison of truck index data before and after implementation.

Cargo vehicles Average speed (km/h) Percentage of change (%) Average delay (s) Percentage of change (%)
Before implementation 77.198 0.525 1.685 5.58After implementation 77.603 1.591
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performance of freeway service in terms of trafc efciency,
road safety, and accessibility. (2) the method framework
contains two parts, in which the frst part is based on the
simulation experiment to iterate by using the local search
pattern and generate a set of truck restriction schemes, and
the second part is to utilize the AHP-TOPSIS model to
evaluate and rank these schemes and single out the optimal
scheme in each iteration. Te method takes the efects of all
the candidate truck ramp restrictions into account, and two
diferent iterative mechanisms are tailored to avoid the
solution falling into the local optimal trap. A case study of
the Beijing-Hong Kong-Macao expressway within Henan
Province of China is conducted to verify the efectiveness of
the proposed method. Results could provide benefcial in-
sights on the optimal location setting of truck-prohibit
ramps to enhance the entire performance of mixed trafc
fow along freeways.

Admittedly, this study comes with some limitations, and
the following improvements are suggested: (1) environment
issues can be further considered in truck-prohibit ramp
placement. Vehicle emission models need to be particularly
investigated while considering diferent scenarios of diesel,
electric, and hybrid trucks and passenger vehicles. (2) the
method could be extended to obtain dynamic truck ramp
restriction schemes at the operational level when high-
resolution trafc fow data is available. Te authors rec-
ommend that future studies focus on these issues.
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[41] A. Çalık, S. Çizmecioğlu, and A. Akpınar, “An integrated ahp-
topsis framework for foreign direct investment in Turkey,”
Journal of Multi-Criteria Decision Analysis, vol. 26, no. 5-6,
pp. 296–307, 2019.

[42] Z. I. Botev, D. P. Kroese, R. Y. Rubinstein, and P. L’Ecuyer,
Handbook of Statistics, pp. 35–59, Elsevier, Amsterdam,
Netherlands, 2013.

[43] C. Liu, Q. Wang, and Z. Cao, “An intelligent optimization
method for highway route selection based on comprehensive
weight and topsis,” PLoS One, vol. 17, no. 2, Article ID
0262588, 2022.

[44] B. Xu, N. Qi, J. Zhou, and Q. Li, “Reliability assessment of
highway bridges based on combined empowerment–topsis
method,” Sustainability, vol. 14, p. 7793, 2022.

[45] J. Franek and A. Kresta, “Judgment scales and consistency
measure in AHP,” Procedia Economics and Finance, vol. 12,
pp. 164–173, 2014.

Mathematical Problems in Engineering 11




