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Abstract: As a countermeasure to urban exhaust pollution and tra Cccbngestion, tra Ccrdstriction
policy (TRP) and carpooling strategy have been widely introduced throughout the world. However,
their e [edts are largely determined by the rationality of implementing policies, and unreasonable
policies make them controversial on the long-term implementation benefits. To more e Ledtively
manage tra Cc.demand and maintain the sustainability of transportation system, it is necessary to
make optimization for management policy before implementation. In this paper, the elastic demand
model and equilibrium assignment model are developed under TRP. Considering the negative
impact of the mandatory TRP on the public acceptance, we propose a novel TRP strategy, namely
TRP with carpool exemptions (TRP-CE), that is, a proportion of high occupancy vehicles (HOV)
are allowed to travel in the restricted district even if their license plate humbers are restricted.
Then, a bi-level programming model is proposed to solve the optimal schemes by combining multi
purposes of ensuring travel convenience, alleviating tra Lc_cbngestion, and reducing the exhaust
pollution. Finally, a numerical experiment is conducted to evaluate the e [edtiveness of proposed
models and make comparative analysis between separate TRP and TRP-CE. The results indicate
that TRP-CE has benefits in the following aspects: (1) Carpool exemptions provide an incentive to
carpool for travelers by private cars; (2) the public acceptance of TRP is improved by introducing
carpool exemptions as a compensatory mitigation strategy for mandatory TRP; (3) the implementation
e [edt of demand management can be well achieved by joint optimization; and (4) there is no need
to design and reconstruct HOV lanes for the implementation of TRP-CE, which is convenient for
practical application.

Keywords: tra Ccrkstriction; tra CLc_demand management; carpooling; tra Cc_dolicy; bi-level
programming model

1. Introduction

As a tra [c_.demand management (TDM) strategy, tra Ccréstriction policy (TRP) is proposed
to alleviate tra Cccbngestion by controlling the number of vehicles on the network. TRP is firstly
introduced in the form of odd-and-even license plate rule in 2007, aiming to manage tra [c.demand
and reduce exhaust pollution in Beijing. Recent years, tra [c demand has been gradually approaching
or even exceeding tra Ccsipply with the explosive growth of private cars in many cities around the
world. TRP has been considered as one of the most directed measures to alleviate tra [c céngestion and
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exhaust pollution. For better implementation benefits, e [edtiveness evaluation and policy optimization
are essential before implementation of TRP.

However, e [edtive TDM measures are di [culk to design and implement. Apart from technological
and legal problems, the lack of public support is usually recognized as one of main obstacles preventing
TDM measures from achieving their expected goals. Public acceptance could a [edt whether a TDM
policy will e [Cedtively modify travelers’ behaviors, and thus determine the e [edt of the policy in
future [1,2]. To better understand the commuters’ acceptance of TRP, a survey has been conducted
with respondents sampled from car-owners commuting within a restricted area of Tianjin in China [3].
Based on the survey data, the researchers conclude that the benefits perceived by commuters, such
as the improvement in tra Cccbngestions, is a priority for earning the public acceptance of TRP.
Furthermore, they point out that the policies should not be overly rigid, otherwise commuters will feel
more negative e [edts (i.e., a decrease in the level of “perceived cost-benefit”), which may then lower
the level of acceptance.

For improving the public acceptance of TRP and guiding tra Lc demand shifting from private
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it is possible to combine the TRP with carpooling strategy to achieve complementary advantages.
Some researchers study the joint optimization problem of TRP and HOV lane setting, for instance,
Ding (2018) [13] optimizes the network equilibrium assignment under TRP and makes comparative
analysis between situations of whether setting HOV lanes or not. Regarding this, the travel cost model
and equilibrium assignment model are proposed by comprehensively considering carpooling, TRP,
and speed limit, then the bi-level programming model is developed to solve the optimal restricted
district and restricted proportion.

Learning from the existing research on joint optimization of TRP and carpool strategy, some
limitations still exist: (1) There is insu [cieht analysis on the route detour and temporary mode shifting
caused by TRP when developing the equilibrium assignment model; (2) TRP a [edts the travel intention
to some extent, further induces the elastic change of tra Cc_.demand, and meanwhile, the shares of
travel modes change complying with rules of TRP, of which conjoint analysis is ignored in the existing
research; (3) previous optimization of TRP and carpooling strategy merely concentrates on a single
implementation purpose, namely easing tra Cccdngestion or reducing exhaust pollution. In reality,
both TRP and carpooling strategy are always determined by decision makers with multiple purposes
based on weight coe [ciehts. Furthermore, the implementation e [edt of carpooling strategy is largely
determined by the layout of HOV lanes. Unreasonable HOV-lane design and unmotivated willingness
to carpooling make the implementation e [edt of usual carpooling strategy controversial, so that further
optimization is necessary.



Sustainability 2020, 12, 7734 30f15

From the above analysis, this study proposes a novel TRP strategy by jointly considering carpool
exemptions (TRP-CE). Based on the original TRP rules, proportions of HOVs are allowed to travel
in the restricted districts even if their license plate numbers are restricted. By comparative analysis
between separate TRP and TRP-CE, TRP-CE provides an incentive to carpool for travelers by private
cars together with a mild TRP, so that the public acceptance of TRP would be improved. Furthermore,
the implementation e [edt of demand management strategy can be ensured by joint optimization.
Due to carpool exemptions, restricted carpooling cars and unrestricted private cars have the same right
of way in restricted districts. Therefore, there is no need to design and reconstruct HOV lanes for the
implementation of TRP-CE, which is convenient for practical application.

The remainder of this study is organized as follows. In Section 2, the elastic demand and
generalized travel cost are analyzed under TRP. Section 3 proposes the bi-level programming model
for TRP optimization. In Section 4, TRP-CE is introduced, and the joint optimization model is
proposed with comprehensive analysis of tra CLc demand and travel cost. Section 5 designs a numerical
experiment and makes a comparison between TRP and TRP-CE, and further conducts sensitivity
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mode m can be calculated with Logit-based discrete selectlon model given as:

m — m
Qv _ exp( GCDW)k w@m @)
Quw exp —0dk,
k™
For the existing problems that ignore route detour and temporary mode shifting caused by TRP
when developing the equilibrium assignment model, Wei et al. [16] propose the concept of mode
shifting rate under TRP, based on which the changed tra Cc demand structure is calculated. We follow
this analyzing method and consider travel modes of three categories, namely private car, taxi, and
bus, denoted as m W = {c,r,b}. Then, classify the tra Cc_.demand under TRP into six categories:
(1) Unrestricted tra Cc_demand of private car, (2) restricted tra Cc_.demand of private car, which is
completed with detour, (3) original tra Cc.demand of taxi, (4) restricted tra Cc.demand of private car
shifting to taxi as the alternative mode, (5) original tra [c_.demand of bus, and (6) restricted tra [ c 1
demand of private car shifting to bus as the alternative mode. Travel type corresponding to six
categories of tra [c demand is denoted as i [[T1= {c, cc, r, rc, b, bc} in sequence. It should be noted that
travelers in travel types i [{8, cc, rc, bc} actually own a private car, so that they belong to travel mode
m=c.
To calculate the generalized trip cost of path p IZEI{N by travel type i between OD w, we introduce
V\F,’\,|I as the stable travel consumption of path p, jointly determined by path p and travel type i between
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OD w, and V!, as the stable travel consumption, path-independent and determined by travel type i.
Similar to previous authors [17], we employ v™, o™, and ™ as the value of time, a unit using cost and
extra travel consumption for mode m, respectively, and tip as the travel time of path p by travel type i.
Consequently, travel consumptions of various travel types under TRP are given as:

4)

®)

Based above analysis, the @) in Equations (1) and (3) are established as:
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tra Ccconvenience, in which, tra Cccdnvenience is denoted by the travel intention & Quw, the total

—1
vehicle hours in all links | [are given by x|t°(x|) and overload flow is set to max%I X| — cap; ,
Jim] fim

where cap, denotes the capacity of link | [LL

Furthermore, we introduce the positive coe [ciehts [ dnd [>1b represent the attention weights
for the purpose of reducing air pollution and easing tra [ggbngestion, respectively. Consequently, the
upper-level programming model for optimization of TRP A, L is given as Equation (8), in which there
are restricted proportion A []0, 1] and restricted links L [T

L1 [ 1 [ 1 (|
maxz =1 Qu- LI xT(0) ~ T max 0, — cap

A N v Tis) Tis)
. 0sAs1 ®)
Lo m

where Qy, x; are firstly solved by the lower-level equilibrium model under TRP scheme given by the
upper-level model, then introduced into the upper-level model to calculate the target value of objective
function. We introduce (X5'QY to denote the equilibrium travel flow and demand structure of tra [c_1
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Ll
network under TRP scheme A, L . According to the conservation of tra Cc.demand and path flow, the
feasible region of (X, Q) is established as:

—1 —]_ .
QW = Qw, ) fpzq\llv’_l%;/vlew,
— Pe i _
Q= Sipfi =, £} = 0, Wl CW, [0 LB, ©)
LW W p (),
i, = pl,QS,, LI, cc, rc, b}

where fg is the flow on path p IZEI{N by travel type i between OD w; q‘w is the demand of travel type i
between OD w; gy, is the element of the incidence matrix between links and paths, which equals “1” if
link | is on path p and “0” otherwise.

Based on the demand function in Equations (1)—(3), the generalized travel cost (inverse demand)
function for mode m can be easily obtained, denoted as ®{}(Q). The lower-level equilibrium model is
then given by the bellow inequality model based on Corollary 1 in reference [17]:
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Note that if an invalid TRP scheme with unconnected restricted district and out-range restricted
proportion is generated in the initial population or process of crossover and mutation, it must be
discarded and another TRP scheme should be randomly generated until a valid TRP scheme is found.

4. Joint Optimization of TRP Considering Carpool Exemptions

This study proposes a novel tra Ccréstriction policy considering carpool exemptions, that is,
based on the original TRP rules, proportions of HOVs are allowed to travel in the restricted district
even if their license plate numbers are restricted. The exempted HOVs are denoted as CEs. The key
to joint optimization of TRP-CE is to determine the relationship between the restricted proportion of
private cars and the exempted proportion of CEs.

4.1. Analysis on Tra CcIdemand and Travel Cost for Joint Optimization

The assumption that CEs carry two passengers while private cars only carry one passenger
per trip is adopted in this study, which has been used and verified in the relative research on
carpooling [13,19-22]. The exempted proportion of CEs is determined by tra [cmanagers and issued to
travelers in time through the modern Internet communication technology. The e [ciehcy of carpooling
is not considered in this study; that is, it is assumed that travelers can successfully carpool with
other travelers with the same OD. However, additional travel costs are generated in the process of
carpooling, such as additional time for seeking fellow passengers and the fee paid for carpooling.



Sustainability 2020, 12, 7734 6 of 15

This study follows the existing assumptions that carpooling cost per trip is constant whether for drivers
or passengers; that is, carpooling cost for drivers and passengers is the same and is denoted as (%,
in which “s” is used to represent the relative variables of carpooling strategy. The alternative routes
set for CEs is same with that for unrestricted private cars, which is denoted as P§,. Based on this,
the generalized travel cost of CEs on route p [P, are calculated as Equation (12).

e = (a9
w =B 12)

sc — y/PIsc sc
w = Vy +Vy

Tra Ccmodes under TRP-CE include private car without carpool, CE, taxi, and bus in this study.
When issuing restricted proportion A and exempted proportion for CEs , trips by unrestricted private
cars are not a [edted while those by restricted private cars will determine whether to change modes
according to the detour rate. When the carpool exemption is su Lcieht, restricted travelers will choose
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(a) Mode changes structure (b) w () wram 10

Figure 1. The mode changes of private cars under tra [crdstriction policy with carpool exemptions
(TRP-CE).

Compared with the optimization of TRP, TRP-CE adds an alternative mode of CE. Consequently,
mode shifting rate y,y for joint optimization is updated, as Equation (13).

1.00 : w [T (10
_ EXP(-0PF) =cc
Vo = 400 = oteey W [00,T, /T, > 1.00 (13)
i 4ct,re,be,sc}
0.00 , w [00, TS /T, = 1.00

where T, /T,, represents the detouring rate calculating by the shortest travel time of restricted and
unrestricted private cars.

The ownership of private cars before TRP is denoted as HS, and number of private car without
carpool is set as qO° = HS,. When implementing TRP with restricted proportion A, number of
unrestricted private cars is g, = (1 — A)Hg, and that of restricted private cars is AH,, in which number
of restricted private cars choosing to detour is (1 — yw)AHS, and that shifting to alternative modes is
ywAHYS,. Based on the exempted proportion for CEs Y, the maximum exempted number of CE in the
network is WAH,, which can carry the maximum tra Cc.demand 2QAHS,. During the process of mode
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shift, the chosen probability of CE is calculated by Logit model with excepted estimated travel cost
before TRP, as in Equation (14).

Yw eXp(=0Py)
exp —0d|,
i 4rt,be,sc}

P = min , (14)

Accordingly, the actual number of CE is gi¢ = Agg,pit/2. Furthermore, the chosen probability of
taxi p'¢ and that of bus pf¢ are calculated as Equation (15).

— _ (yw=pW) exp(-6y)

rc
W exp(-00%)+exp(—00k)

be —  (Yw=pi) exp(-00) (15)
be —

exp(—0lt)+exp (—00K)
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The joint optimization of TRP-CE can be considered as a Stackelberg Game between policy makers
and travelers. When TRP scheme and carpooling strategy are designed, travelers respond to it by
adjusting their travel behaviors. Furthermore, the decision makers adjust their decision again based
on the target value of network equilibrium. This decision-making process can be realized, and the
optimal TRP-CE scheme can be obtained by bi-level programming model.

0 Asgip Section 3, the upper-level programming model can be developed based on the TRP-CE
A L,y , as Equation (16).

11 ] 1 1
max Z = % q, + B O — 1 X|t|C(X|)— 1 max%], X —cap|D
w WM 1 1

L w W i (]

sA=1 (16)
st. & L O

sy=1

The lower-level programming model is the equilibrium assignment model under TRP-CE. By
introducing additional alternative mode CE, tra CLc.dkmand and travel cost for joint optimization are
calculated by referring to Section 4.2. Then equilibrium assignment is achieved using Equation (10).
Learning from the existing research on TRP, GA based on graph theory is used to solve the bi-level
programming model, in which the gene coding of TRP-CE includes restricted district L, restricted
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O . O
proportion A, and exempted proportion . The fitness function of TRP-CE ASLE@™ still remains
nonnegative, as Equation (17).

T i T i A Lo .o L]
FASLEH =z AULS 9 =min z AL, g BA L,y [Cpop (17)

5. Numerical Experiments

In this section, numerical experiments are presented to demonstrate the performance of proposed
models, and comparative analysis between optimal schemes of TRP and TRP-CE are conducted
simultaneously. All numerical experiments reported in this section are conducted on a Window 10
64-bit workstation with 3.2 GHz Intel Core i7-8700 CPU and 16 GB RAM. All algorithms are coded and
implemented in MATLAB.

5.1. Basic Network and Multi Scenarios Design
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Figure 3. (a) Topology of base network; (b) initial tra Cc.demand of base network.

Referring to reference [16], the parameters used in the numerical experiment are set as follows.
The elastic coe [cieht ) is set to be 0.02, while the sensitivity factor 6 is set to be 1.00. The unit using
costs of, a", P are set to 0.4 RMB/min, 1.5 RMB/min, and 0.1 RMB/min, respectively. The extra cost
of private car pC is set to 5 RMB/trip. The extra times p", f? are set to 5 min and 10 min, respectively.
The carpool cost % is 5 RMB/trip. For GA algorithm, the crossing rate and variation rate are 0.90 and
0.01. The coe Lciehts [, T ih the objective function of the upper-level model are both set to be 1.00.
Furthermore, the calculating function of travel time on links for car is given as Equation (18).

|

O
t(x) = tfgo +0.15 (18)

Xi
cap)
where t? represents the travel time of car on link | under free flow speed and cap, represents the capacity
of link I, whose values are obtained from the open-access website [23].

To solve the optimal TRP scheme and TRP-CE scheme in the Sioux Falls network, the following
two scenarios are constructed and compared:
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S1: The theoretical optimal TRP scheme. By using the bi-level programming model shown in
Equation (18), the optimal restricted district and restricted proportion are solved, in which the restricted
district must be connected and the restricted proportion is reserved to percentile.

S2: The theoretical optimal TRP-CE scheme. By using the bi-level programming model shown
in Equation (13), the optimal restricted district, restricted proportion, and exempted proportion are
solved, in which the restricted district must be connected, and both restricted proportion and exempted
proportion are reserved to percentile.

Furthermore, the base scenario without TRP or TRP-CE are also analyzed based on elastic demand
and equilibrium assignment model. The base tra [cflbw and V/C distribution are shown in Figure 4.
Taking the base scenario as benchmark (BM), various tra Cciddicators of S1 and S2 are counted. The
definition and formulas of indicators are summarized in Table 1.

f ® ® ®
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Table 1. Notations used for analysis of numerical experiment.

Index Definition Formulas
SRM Share ratio of mode m. SR™M = oy/ Gw, M 2, r, b}
w W kM w W
z Target value of upper-level model. Equations (%d (13)
TD Total travel demand in studied network. D = Qu
_ CImme
VH Total vehicle hours. VH = | Xt 1 ={c,cc,r,rc}
OF Total overload flow in studied network. OF = max%‘, X| —cap
I , 1
TC Travel willingness, as the indicator of travel convenience. TC= ﬁTD = ? Qw
HDS Total carpool cost in studied network. HD® = ﬁswmq\ﬁ
oL Number of overload links in the network. 0<OL<|L
AS The average saturation of links. AS = AVG(x/cap)), I'TO
oS The average overload saturation of links. OS = AVG(x/cap)), [T T
MS The maximal overload saturation of links. MS = MAX(x,/cap,), LTy

5.2. Analysis of Theoretical Optimal Schemes

The theoretical optimal scheme of S1 and S2 are shown in Figure 5. From it, the restricted district
of S1 is set around node 15, involving 7 tra Cc nbdes and 12 connected links, while that of S2 is set
around node 10, involving 8 tra Ccnbdes and 16 connected links. Furthermore, restricted proportion
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of S1 reaches 85%, while that of S2 is only 76%. For S2, there is an additional exempted proportion
reaching 26%.

1=85% A=T6% y=26%
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the V/C of Ilnks in the restricted district in S2 also decreases significantly compared with BM. Unlike
S1, there is obvious congestion shifting caused by the large scope of restricted district, for instance,
the tra Cccbngestion of links including 19-20, 20-21, 15-22, and 22-23 is aggravated in S2.

Compared with the flow distribution of BM (Figure 4b), tra [cflbw of most links in the restricted
district in S1 decreases and only four links among 19-15-22 have tra [cflbw more than 15,000. However,
there are four links between 10-11 and 16-18 meeting “15,000 < flow < 20,000” and four links among
9-10-15 meeting “flow = 20,000” in S2. This phenomenon shows that more vehicles are a [edted in S2
than S1.

Various indicators of network equilibrium for BM, S1, and S2 are summarized in Table 2, in which
OL in BM, S1, and S2 is 60, 54, and 48, respectively, indicating that S1 and S2 solve the overloading
problems of 6 links and 12 links,. AS reflects the average service level of network. Obviously, both S1
and S2 have good e [edts, and S2 is more e [edtive. For links still with an overloading problem, S1 has
improvement on MS compared with BM while the congestion shift of S2 make MS worse. Furthermore,
S2 is still the best in terms of OS.

From the indicators shown in Table 2, the target value Z of S1 is larger than that of BM. Meanwhile,
S1 improves TD while reducing VH and OF compared with BM, indicating that S1 maximizes the TRP
e [edt while ensuring the travel convenience. For S2, the target value Z minus total carpool cost HD® is
equal to 25,221,028, which is larger than Z in S1. Furthermore, the travel intention TD in S2 is larger
than that in S1, but total vehicle hours VH and total overloading flow OF in S2 are less than those in
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S1. The above four indicators indicate that the network equilibrium of S2 is better than that of S1.
When implementing TRP, it is necessary to weigh in the feedback process of loss of travel convenience,
improvement of tra [ccdndition, and stimulation of travel intention. The proposed algorithm solving
optimal TRP-CE scheme based on the implementation purpose can well meet the above requirements.

@)
(a) V/C distribution of S1

(3 (2

‘1"‘ (2)

(3 4 5 (6) (3 Jmmmn(4) (3) ()

7 A FLOW Type
FLOW Type
[0, 5000) ! @ [0, 5000)
£5000, 10000) [5000, 10000)
i (10000, 15000) (10000, 15000)
» AN - [15000, 20000) == A i | [15000, 20000) =
(13 (29 ! 20 5=20000 - (13 24) (@) (200 >=20000 =
(c) Flow distribution of S1 (d) Flow distribution of S2

Figure 6. Distribution of VV/C and flow for S1 and S2.

Table 2. Comparison results among optimal restricted schemes under diversified scenarios.

Index BM S1 S2
A - 85% 76%
P - - 26%
oL 60 54 48
AS 1.75 1.42 1.28
oS 1.96 1.71 1.68
MS 2.65 2.32 2.79
z 23,123,734 24,369,624 25,514,499
D 473,989 494,232 513,696
VH 196,454.82 121,897.12 119,465.43
OF 379,271 220,058 197,587
SR® 0.36 0.17 0.25
SR’ 0.21 0.38 0.36
SRP 0.43 0.45 0.39
HDS - - 293,471.59

From the perspective of demand structure under equilibrium network, the sharing rate of private
car in S1 decreases significantly, but that of taxi and bus increases. Furthermore, the sharing rate of
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taxi increases more significantly compared with bus. It indicates that the taxi is more attractive as
an alternative mode, since the generalized travel cost of bus is usually more than that of taxi due to
the longer travel time and high value of time for restricted private car travelers. This result is also
consistent with the survey result in the existing research [24]. Sharing rate of private car SR® in S2 is
between that of S1 and BM. It can be explained that the restricted proportion A in S2 is less than S1
and S2 has additional exempted proportion g, which further leads to a lower decreased degree for
sharing rate of private car. More significantly, the high occupancy of CEs ensures that the total vehicle
hours in S2 are less than S1. The results further verify that TRP-CE can not only improve the travel
convenience, but also optimize the network demand structure and enhance the beneficial e [edt on
alleviating exhaust pollution and tra [.ccdngestion.

5.3. Sensitivity Analysis on Carpool Cost

To analyze the sensitivity of target value on carpool cost in the joint optimization model of TRP-CE,
three common restricted proportions of 10%, 20%, and 50%, which correspond to restricting one or
two digits of the license plate and the odd-and-even license plate rule, are tested with fixed restricted
district and exempted proportion in S2. The sensitivity of target value to carpool cost under various
restricted proportions is shown in Figure 7a, and the volatility of target value compared with mean
value under various restricted proportions is shown in Figure 7c.

7
%107 <10

255 10 ;
2.55
25} ] ‘
245
245+ 10% 1 o
20% 2.45
50%
24 1 4
2.4
L
2351 1 2
2.35

0 2 4 6 8 10 0 01 0.2 0.3 0.4 0.5

[=s]

(a) Target value under various carpool cost  (b)Target value under various carpool cost and

and restricted proportion exempted proportion
= 26% =50%
10% F T T T T T T T T 3
0.5% [ ]
0.0% - S
-0.5% 7
-1.0% 7
10%
15% - 20% i
50%
_20% 1 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9 10

Figure 7. Sensitivity of target value to parameters.

From Figure 7a, there is a larger target value for larger restricted proportion, showing that the
odd-and-even license plate rule performs best in this numerical experiment. When restricted proportion
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is set to 10% or 20%, the target value is not sensitive to carpool cost and the maximum volatility of
carpool cost is only 0.1%. Whereas, when restricted proportion is set to 50%, target value decreases
with carpool cost and the maximum volatility is more than 1%. These results indicate that the carpool
exemption has little impact on the tra Cc_efuilibrium under TRP with small restricted proportion;
consequently, the target value is slightly volatile with carpool cost. However, when restricted proportion
reaches 50%, the number of restricted private cars increases significantly and travel demand of restricted
private cars that choose CE as alternative mode increases accordingly. At this time, the change of
carpool cost will a [edt the mode choice behavior and tra Cc.demand structure, further changing the
network equilibrium. The subtle volatility indicates that there is no linear trend of target value under
di [Cerkntiated carpool cost. Consequently, it is necessary to determine the optimal exempted proportion
combined with the actual carpool cost in practical application.

The sensitivity of target value to carpool cost and exempted proportion under the restricted
proportion of 50% is further analyzed, as shown in Figure 7b. It can be seen that the target value
increases with exempted proportion. However, there is an upper bound when exempted proportion is
about 28-32%, that is, increasing exempted proportion could not change the network equilibrium when
it exceeds the bound. It indicates that the generated cost structure and given TRP scheme make about
30% private shift to CE at most. Furthermore, the upper bound of exempted proportion decreases with
carpool cost and reaches its peak when carpool cost is 1 RMB/trip. The results show that there is a
larger adjustable space for exempted proportion when carpool cost is smaller.

6. Conclusions

To more e [edtively manage tra Cc_demand and maintain the sustainability of transportation
system, this paper focuses on the theoretical optimization of separate TRP and proposed TRP-CE.
We propose an elastic demand model and corresponding equilibrium assignment model under TRP,
based on which a bi-level programming model is developed for TRP optimization. Considering
the negative impact of the mandatory TRP on the public acceptance, we propose a novel TRP with
carpool exemptions, that is, a proportion of HOVs are allowed to travel in the restricted districts
even if their license plate numbers are restricted. Then, the bi-level programming model is proposed
for TRP-CE optimization by considering multi purposes of ensuring travel convenience, alleviating
tra [c_cbngestion, and reducing the exhaust pollution, and GA algorithm is introduced to solve
the optimal schemes. Finally, a numerical experiment is conducted to evaluate the e [edtiveness of
proposed models.

In combination with comparative analysis between the theoretical optimal schemes of TRP and
TRP-CE, main findings are concluded as follows. (1) When determining the restricted proportion,
it is necessary to weigh in the feedback process of loss of travel convenience, improvement of tra Cc_1
condition, and stimulation of travel intention. The proposed algorithm solving optimal TRP-CE scheme
based on the implementation purpose can well meet the above requirements. (2) TRP-CE can not only
improve the travel convenience, but also optimize the network demand structure and enhance the
beneficial e [edt on alleviating exhaust pollution and tra Cccbngestion. (3) The performance of an
exempted proportion is not linearly related to the carpool cost with a given TRP scheme. Consequently,
it is necessary to determine the optimal exempted proportion combined with the actual carpool cost in
practical application.

This study provides a novel direction to make joint optimization of TRP and carpool strategy
and contributes to the theoretical field of tra Cc.dkmand management for sustainable transportation.
Similar to HOV-lane management, a specific monitoring system is needed to monitor the occupancy of
private cars, such as a monitoring system with infrared thermal imaging technology. Nevertheless, it is
still easy to implement by adding the HOV monitoring function at license plate monitoring points,
which are only necessary at the boundary of the restricted districts but not all internal roads.

To our knowledge, this paper is the first to propose TRP-CE from the concept to model to
optimization algorithm. This study takes an initial step towards analyzing and understanding the
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e [edtiveness and advantages of TRP-CE. However, it is just the beginning and there exist some
limitations worth further study. The present study does not consider enough factors that are crucial
in terms of the success of CE combined with TRP (e.g., walking/cycling infrastructure, separated
bus lanes, the accessibility of public transportation, etc.). Hence, a general direction to extend this
study is to further explore the validity of TRP-CE by relaxing the assumptions and considering more
influence factors, and try to identify and understand the societal, infrastructural, and operational
characteristics that would a[edt the findings made here. In practice, TRP is usually supplemented
with demand-management strategies such as improving service level of public transit, di Cerentiated
parking charges, increasing fuel surcharge and so on. However, analysis in this study does not involve
aforementioned auxiliary strategies. Another possible direction for further research is to model the
demand changing structure by considering these auxiliary strategies to make the model closer to reality.
Furthermore, confronting the theoretical TRP-CE model with some other research, e.g., joining TRP
with congestion charging or HOV/HOT lanes, would also be an important next step, one that could
potentially generate more useful managerial insights for TDM.
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