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To study the guidance method of driverless travel mode choice from the perspective of traffic supply-demand, we assume
that all vehicles are driverless and establish a multimodal travel market model to depict the supply-demand relationship of
multimodal driverless transportation network. To regulate the disequilibrium multimodal travel market, an optimal price
regulation law is proposed, which aims to minimize the supply-demand deviation and the amplitude of price regulation.
Then, the existence, uniqueness, and stability of the optimal price regulation law are confirmed. In the calculation process
of a numerical example, the travel prices of driverless car and driverless subway are realized by congestion fee and subway
fare, respectively. The results indicate that the optimal price regulation law can reduce the supply-demand deviation of the
multimodal travel market and guide travelers to choose a reasonable travel mode to travel in the driverless

transportation network.

1. Introduction

With the development of driverless technology, the city is
again at the crossroads of a historic transformation in the
transportation technology. Hence, it is important to de-
termine how the impact of driverless technology on urban
transportation should be addressed. Such problems have
attracted considerable attention from scholars. Morando
et al. [1] believed that the high penetration rate of au-
tonomous vehicles can significantly improve the traffic
safety in urban transportation network. Ye and Yama-
moto [2] pointed out that the advantages of setting
dedicated lanes for automatic vehicles are significant
when automatic vehicles are in the medium density range
of mixed traffic flow. Smolnicki and Sottys [3] investigated
the effects of different driverless mobility solutions on
urban spatial structures. Zhang et al. [4] studied the
impact of a shared autonomous vehicles system on urban

parking demand. Kamel et al. [5] analyzed the effects of
user preferences on the modal split of shared autonomous
vehicles. Yi et al. [6] studied the effect of the ambient
temperature on the energy cost and charging demand for
autonomous electric vehicles. Moreno et al. [7] believed
that ride sharing can more effectively reduce extra vehicle
kilometers, while the same amount of trips by shared
autonomous vehicles will require longer empty trips.
Currently, research on urban traffic planning and
management in the driverless environment focuses pri-
marily on road planning, parking planning, public
transport planning, and traffic management planning.
The purpose of road planning is to solve the driving
problem of driverless vehicles on the road. Relevant
achievements include lane planning (e.g., Liu and Song
[8] and and Xia et al. [9]), traffic signal control planning
(e.g., Dominguez and Sanguino [10] and Jiang [11]), and
speed limit planning (e.g., Tajalli and Hajbabaie [12] and
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Liu et al. [13]). The purpose of parking planning is to
solve the parking problem of driverless vehicles, and
relevant achievements include parking lot design (e.g.,
Nourinejad et al. [14] and Estepa et al. [15]) and parking
lot management (e.g., Yamashita and Takami [16] and
Wang et al. [17]). The purpose of public transport
planning is to attract some travelers to travel by the large
capacity and high occupancy of driverless public trans-
port. Relevant achievements include driverless public
transport type planning (e.g., Leich and Bischoff [18] and
Abe [19]) and driverless public transport line design (e.g.,
Cao and Ceder [20] and Tong et al. [21]). The purpose of
traffic management planning is to maintain traffic order
and ensure smooth traffic and safe run. Relevant
achievements include vehicles’ safety performance (e.g.,
Ye and Yamamoto [22] and Virdi et al. [23]), traffic laws
and regulations (e.g., Prakken [24] and Bartolini et al.
[25]), and traffic control (e.g., Wagner [26] and Tetta-
manti et al. [27]).

Overall, the new driverless technology has brought
great changes to urban transportation system. However,
the driverless transportation system is large and complex.
There may be congestion on some roads during the peak
period, and it may be difficult to find a parking place in
office and residential areas during the nonpeak period.
Kitamura et al. [28] pointed out that traffic planners need to
find effective ways to induce or suppress travel demand in
the next generation of transportation planning method-
ologies. Brideges [29] believed that the “multitraveler
sharing” public transport system can solve the problem of
urban congestion and proposed a “carrot and stick”
mechanism to encourage travelers to share their vehicles
with others. Therefore, it is also necessary to strengthen the
guidance of travelers’ travel mode choice in the driverless
transportation network.

Ye and Wang [30] proposed a bilevel programming
model of congestion pricing for two travel modes: driv-
erless vehicle and conventional vehicle. Zhang et al. [31]
studied the integrated morning-evening commuting pat-
tern at the system optimum in the fully autonomous vehicle
environment. On the whole, there are few researchers to
study the guidance method of driverless travel mode choice
from the relationship of traffic supply-demand. However,
the disequilibrium of traffic supply-demand is the funda-
mental reason for urban traffic congestion. Based on this,
this study regards each type of driverless travel modes on
each OD pair as a travel market, regards driving time,
driving cost, and perceived traffic service quality as travel
price, and attempts to seek the price regulation mechanism
of multidriverless travel mode in terms of market supply-
demand.

The remainder of this paper is organized as follows. In
Section 2, we establish a multimodal travel market model.
In Section 3, we present an optimal price regulation law
of disequilibrium multimodal travel market and prove
the existence, uniqueness, and stability of the optimal
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price regulation law. A numerical example is demon-
strated in Section 4, and the conclusions are presented in
Section 5.

2. Multimodal Travel Market Model

To depict the supply-demand relationship of the multi-
modal driverless transportation network, we developed a
multimodal travel market model. In the driverless
transportation network, we suppose that all travelers do
not have a private car, and they can only travel by
driverless vehicles. Furthermore, we assume that there are
M types of driverless travel modes (e.g., driverless car,
driverless bus, and driverless subway) on OD pair (i, j). If
we regard each type of driverless travel mode as a travel
market, then there are M types of travel markets on OD

pair (i, f).

2.1. Notzonal Supply and Demand. We define all travelers of
the m™ travel mode who need to travel from the origin node
i to the destination node j as the demand side of the m™
travel market. According to the definition of the demand
function in the elastic demand traffic assignment problem,
we define the linear combination between exogenous vari-
able Vector X and travel price P/" as the notional demand D;;
of the m™ travel market on OD pair (i, j) at the k™ period. It
can be expressed as

D} (k) = o { X7} (k)} + By P} (k)
Vﬁij <0,m € M;;,i,j € N,i#j,

(1)

where ol represents the influence coefﬁaent vector of X7 on
D, , B} is the influence coefficient of P}; on D} ij» X7 reflects the
total travel demand, as well as the traveler’s gender age, oc-
cupation, income, etc., {X’” (k)} is the transpose of the vector
X ?]‘, P’" isa comprehenswe index that reflects the driving time,
dr1v1ng cost, perceived traffic service quality, etc., M;; is the set
of all travel modes on OD pair (i, j), and N is the set of all
nodes.

We define the transport managers who can '?rovide
transport services to the demand-side of the m™ travel
market on OD pair (i, j) in the short period as the supply
side of the m'™ travel market. Considering that the supply of
driverless car (or driverless bus, driverless subway, etc.) in
the short period is affected a little by travel price, we ignore
the 1nﬂuence of travel price. Suppose that the notional
supply S;; S of the m™ travel market on OD pair (i, j) atthe k™
period is only related to the exogenous variable vector Y77. It
can be expressed as
VYm e M;

Si; (k) = i {Y7 (k)} i,jeN,i#j (2)

1]’
where 1;; represents the influence coefficient vector of Y77 on
S and Y77 reflects the total supply, severe weather, natural
dlsaster traffic accident, etc.
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2.2. Effective Supply and Demand. Suppose that the supply
side between different travel modes is independent of each
other, and the excessive demand of one travel market may
spill over the effective demand of other travel market in the
multimodal travel market. For example, if the demand of the
driverless car travel market exceeds the supply, some
driverless car travelers may switch to other driverless travel
modes, such as driverless bus or driverless subway. Referring
to the relevant research results in the field of economics
(Browne [32]), we define the linear combination between the
notional demand of the m™ travel market and the effective
supply-demand difference of other travel markets as the
effective demand D of the m™ travel market on OD pair
(i, j) at the k™ perlod It can be expressed as

Djj (k) = Dij (k) + . ¢;[D; (k) = S}; ()],
r#m (3)
Vgl 20,7 € M.

Applying formula (1) into (3), we have

D (k) = o} {X}; w)}" + B Py (k)

+ 29[ D5 0 = S (), (4)
r#m

where gol represents the splllover effect coefficient between
the m™ fravel market and the ™ travel market on OD pair
(i, 7).

Considering the interaction of the effective supply
between different OD pairs in the same travel mode (e.g., a
driverless bus passes through node i and node i’ to node j;
if the effective demand on OD pair (i, j) increases, the
effective supply on OD pair (i, j) will also increase, and the
effective supply on OD pair (i’, j) will decrease), we define
the hnear combination between the notional demand of
the m™ travel market and the effective supply of other
travel markets as the effective supply S of the m™ travel
market on OD pair (i, j) at the k™ perlod It can be
expressed as

g
S7 ()

=Sp )+ Y sk,

i'#iorj'#j

v97,<0,i',j € N.
(5)

Applying formula (2) into (5), we have

> Gsito. ()

i'#ior j'#j

560 =y v 0]

where 9} . represents the influence coefficient of the m™

travel market between OD palr (i, j) and OD pair (i', j') and
91,/] = 0 indicates that the m™ travel markets between OD
pair (i, j) and OD pair (i', j') are independent of each other.

2.3. Model Formulation. Inthe multimodal travel market, if
the effective demand D!} is less than the effective supply
§ij» the travel market is in the state of oversupply and the
market trading volume Qj = D7; if the effective demand
Dy} is more than the effective supply S, the travel market
is in the state of overdemand and the market trading
volume Qj} = §7}; if the effective demand D;7 is equal to the
effective supply S, the travel market is In the state of
equlhbrlum and the market trading volume Q! =

§ij. Clearly, the multimodal travel market trading
foIllows the principle of short side. The trading Volume Qj
of the m™ travel market on OD pair (i, j) at the Kt perlod
can be expressed as

Ql} (k) = min{DJ? (k), S (k)}. (7)

Using formulas (4), (6), and (7), the multimodal travel
market model on OD pair (i, j) can be expressed as

D (k) = ot X7 (k) + B P (k) + ) o [Dy; (k) = S5 ()],

1oy
r#m
SHOEEH GRS WA}
i #1 orj #]

Q7! (k) = min{ D! (k), 87 (k)]
(8)

3. Regulation Mechanism of Disequilibrium
Multimodal Travel Market

To regulate the supply-demand relationship of the dis-
equilibrium multimodal travel market, this section attempts
to seek the optimal price regulation law based on the
multimodal travel market model by using the dynamic
programming method.

3.1. Optimal Price Regulation Law. Let the total number of
nodes in set N be A, the total number of travel modes in set

] is fl , D(k) = [D,(k),..., Dy (k), Dy (k),. »Dyo- P
©1", X(k) = [Xyp (k). ..., X4y (k), X5y (K), .. X)L(% 1 (k)]
P(k),= [Py, (k),....,Pyy (k), Py (Kk),...,Py - ()], S(k)=

[S12(K), ...,y (K), Sy (K)s- .Sy (k)] , and Y(k) Yy,
(k),....,Y, (k), Y, (k),.. YA - 1)(k)] Then, the effective
demand and effective supply in the multimodal travel
market model (8) can be rewritten as

D (k) = aX (k) + BP (k) + ¢[D (k) - S(k)], 9)

S(k) = nY (k) + 9S (k), (10)

where
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Let E =diag(1,1,...,1), |[E—¢|#0 and |E-9|+0.
Formula (10) can be abbreviated as

S(k) = (E - 9)"'5Y (k). (12)

Applying formula (12) into (9), we have

D(k) = (E- )" ' [aX (k) + BP (k) - ¢ (E - 9)'yY (K)].
(13)

Let the supply-demand deviation Z (k) = D (k) — S(k),
we can obtain the following equation according to formulas
(12) and (13).

Z(k)=(E-¢) 'aX (k) -[(E- ) '9(E-9) 'y
+(E=9) "0y (k) + (E - )" 'BP (k).

For the convenience of analysis, we suppose that these
exogenous variables remain unchanged; that is, X (k + 1) =
X (k) and Y (k + 1) = Y (k). Let the regulation amplitude of
travel price AP(k)=P(k+1)-P(k), U(k)=AP(k),
A=E, and B= (E-¢)'B; we thus have the following
dynamic relational expression from formula (14).

Z(k+1)=AZ (k) + BU (k). (15)

To minimize the supply-demand deviation Z (k) and
avoid fierce market oscillation caused by excessive travel
price regulation, we take the comprehensive minimization
between the supply-demand deviation and the regulation
amplitude of travel price as the objective function. Let H, be
a symmetric positive definite matrix, H = diag(q,,,. ..,

, ¢ ¢
G da1s - - > donn)> Gij = dlag(q}j’ i), Qilj’ s q;i >0,
R =diag(y,5 - > Y10 Varo - - - yi; = diag (v}, .- -,

& _— .
»¥ij > 0. Then, the objective function J can

’Vm—l))’

0.
i 1

yijj), and Vi -

be expressed as

minJ = %ZT (L)H,Z (L)

o (16)
+5 2 [2N toHZ (k) + U (ORU (B)].
k=0

By using the dynamic programming method (see Ap-
pendix) to solve formula (16), we obtain the optimal price
regulation law of the disequilibrium multimodal travel
market. It can be expressed as

P(k+1) = P(k) - KZ(K), (17)

where K = [B'GB + R] 'B'GA, H, = G, and G represents
the positive definite solution of the following discrete Riccati
equation.

G=(A-BK)'G(A-BK)+K'RK + H
_ (18)
- A"GA- A"GB(B'GB+R) 'B'GA + H.

3.2. Stability Analysis

Theorem 1. For the optimal regulation problem (16), if k is
finite, then there exists a unique optimal price regulation law
of discrete system (15).

Proof. We first prove the existence of the optimal price
regulation law U™ (k). Because A, B, R, and H are constant
matrices, then G is unique according to formula (18); thus, K
is also unique. Evidently, there exists at least one optimal
price regulation law U* (k) in discrete system (15).

Second, we prove the uniqueness of the optimal price
regulation law U* (k). Suppose that there exist two different
optimal price regulation laws, U7 (k) and U} (k), in discrete
system (15). From the uniqueness of K, we know the
following:

U; (k) = =KZ, (k), (19)

U; (k) = -KZ, (k). (20)

Applying formulas (19) and (20) into (15), respectively,
we have

Z! (k+1) = (A- BK)Z, (k), (21)

Z; (k+1) = (A-BK)Z, (k). (22)

Because Z} and Z; are solutions of the same discrete
system with the same initial condition, we know that Z} (k +
1)=2;(k+1) from formula (21) and (22); that is,
U7 (k) = U; (k). Hence, the optimal regulation problem (16)
has a unique optimal price regulation law U* (k). O

Theorem 2. Ifthe optimal regulation problem (16) of discrete
system (15) has a unique optimal price regulation law U* (k),
then the optimal price regulation law U* (k) is asymptotically
stable.

Proof. We first introduce the stability criterion of discrete
system (Tian [33]). O

3.2.1. Stability Criterion of Discrete System. If there exists a
discrete function V (Z (k)) for discrete system (15), V (Z (k))
satisfies the conditions,

(1) V(Z (k)] 5490 = 0 and V (Z (KDl goygo > 0,
(2) AV (Z(K) = V(Z (k+1)) - V(Z(K) <0,

then the optimal price regulation law U* (k) is asymptoti-
cally stable.

Constructing a discrete function V (Z(k)), it can be
written as

V(Z (k) = ZT (k)GZ (k). (23)

According to the positive definite solution G and for-
mula (23), we know that V (Z (k)) satisfies condition (1) in
the stability criterion of discrete system, and we only need to
prove that AV (Z(k)) <0. We know
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Ficure 1: Test road network.

AV (Z (k) = Z" (k)[ (A - BK)'G(A - BK) - G| Z (k).
(24)

According to formula (18), formula (24) can be rewritten
as

AV (Z (k) = -Z" (k)[H + K' RK]Z (k). (25)
Because H, K, and R are positive definite matrices, we
know that H + K'RK > 0; thus, AV (Z(k)) <0. Therefore,

the optimal price regulation law U* (k) is asymptotically
stable.

[ D (k) = 300 — 2P58 (k) + 0.2 x [ D53 (k) - S5 (k)],
1 S1% (k) = 0.4 x 500 + 0.2 x S1% (k),
1% (k) = min{D(} (k), S;% (k)},

[ DJ5 (k) =350 — 2P} (k) + 0.2 x [ D15 (k) — S35 (k)]
1 S35 (k) = 0.4 x 500 + 0.2 x S (k),
5 (k) = min{D} (k), S5 (k)},

In the effective demand Dllz2 of driverless car travel
market on OD pair (1,2), X{5 = 300 represents the total
travel demand of driverless car on OD palr (1,2) at the k™
hour, [} = 1 represents the influence of X% on D}, P}
represents the driverless car travel price on OD pair (1,2) at
the k™ hour, 2 = -2 represents the sensitivity of P{? on
D{}, Dy - S)5 represents the effective supply-demand
dlﬂerence of drlverless subway on OD pair (1,2) at the k™
hour, and ¢}} = 0.2 represents the sensitivity of D)} — S}3
on D{}.

In the effective supply S}5 of driverless car travel market
on OD pair (1,2), Y{3 = 500 represents the total supply on
OD pair (1,2) at the k hour, 75 = 0.4 represents the ratio of
the supply meet driverless car travel demand to the total
supply on OD pair (1,2), S;§ represents the effective supply
of driverless car travel market on OD pair (1, 3), and 915 5
represents the influence of Si§ on S}%.

D3, Sy, D5, Si%, Di‘;, and S}; are similar to the
definitions of the above variables in the models (26) and
(27).

4.2. Model Calculation and Result Analysis. Suppose that
H =diag(1,1,1,1), R = diag(8, 800, 8,600), the regulation
period k € [0,24], the regulation step Ak =1, the initial

4. Numerical Examples

4.1. Test Road Network and Market Model. To validate the
proposed optimal price regulation law, we need to establish
the corresponding relationship between travel price in the
theoretical model and specific traffic management measures.
Hence, we suppose that the test road network includes OD
pairs (1,2) and (1,3), driverless car, and driverless subway in
Figure 1, in which the travel price of driverless car and
driverless subway are regulated by road congestion fee CF
and subway fare SF, respectively.

Suppose that the driverless car travel price
P (k) = P i (0) + CFJ (k) and the driverless subway travel
prlce P (k) SF;; k] (ks we construct the following multi-
modal travel market model on OD pairs (1,2) and (1,3).

D33 (k) = 300 — 25P% (k) + 0.2 x [ D{% (k) — S5 (k)]
S15 (k) = 0.8 x 300 + 0.1 x 75 (k), (26)
15 (k) = min{Di} (k), S}5 (k)},

D35 (k) = 360 — 30P% (k) + 0.2 x [ D}y (k) — S5 (k)]
S5 (k) = 0.8 x 300 + 0.1 x S}% (k), (27)
1% (k) = min{Di} (k), 15 (k)},

travel price P5(0) =20, P}3(0)=2, P{;(0)=30, and
P15 (0) = 4. The results of calculation are presented in
Figure 2 and Table 1.

As shown in Figure 2, the driverless car travel markets on
OD pairs (1, 2) and (1, 3) at the beginning are in the state of
overdemand, and the driverless subway travel markets are in
the state of oversupply. After a certain number of regulation
periods, the supply-demand relationship of the driverless car
and driverless subway travel markets on OD pairs (1, 2) and
(1, 3) reaches the equilibrium state. The results indicate that
the proposed optimal price regulation law can significantly
reduce the supply-demand deviation of the multimodal
travel market and avoid the agitation of travel market caused
by excessive price regulation.

The optimal price regulation results of driverless car
and driverless subway travel markets on OD pairs (1,2)
and (1,3) within 0-9 periods are listed in Table 1. Com-
bining the results of Figure 2 and Table 1 reveals that
increasing the road congestion fee and reducing the
subway fare will motivate some travelers who plan to
travel by driverless car to take the driverless subway or
give up their travel plans. Ultimately, it makes the demand
of driverless subway travel market increase, makes the
demand of driverless car travel market decrease, and
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FIGURE 2: Regulation process of effective supply and demand in the multimodal travel market. (a) OD pair (1,2). (b) OD pair (1,3).

TaBLE 1: Optimal price regulation results.

OD pair (1, 2)

Regulation period (h) Congestion fee

Subway fare

OD pair (1, 3)

Congestion fee Subway fare

0
2.8786
4.1000
4.6181
4.8380
4.9313
4.9708
4.9876
4.9948
4.9978

O 00 NI O Ul v W N~ O

2 0 4
1.5654 11.5146 3.3279
1.4141 16.3999 3.1640
1.3615 18.4726 3.1240
1.3431 19.3520 3.1143
1.3367 19.7251 3.1119
1.3345 19.8833 3.1113
1.3337 19.9505 3.1112
1.3335 19.9790 3.1111
1.3334 19.9911 3.1111

finally achieves market equilibrium. The results show that
the optimal price regulation law can help travelers to
choose a reasonable travel mode to travel.

5. Conclusions

In this study, by taking each type of driverless travel
modes on each OD pair as a travel market and taking the
driving time, driving cost, and perceived traffic service
quality as the travel price, we established a multimodal
travel market model. Aiming at achieving the minimum
supply-demand deviation as well as the minimum am-
plitude of price regulation, we proposed an optimal price-
quantity law of the disequilibrium multimodal travel
market and analyzed the stability of the optimal price
regulation law. Through a numerical example, the ap-
plication of the optimal price regulation law in urban
multimodal traffic management was studied. The results
indicated that the optimal price regulation law can ef-
fectively reduce the supply-demand deviation of the

multimodal travel market, avoid the agitation of the travel
market caused by excessive price regulation, and achieve
market equilibrium.

This study can help travelers choose a reasonable
travel mode to travel and promote the development of
urban traffic demand management methods. In a future
study, we plan to consider the mixed traffic scenario of
manual and driverless vehicle, the effects of the travel
price on the notional supply in the long period, and the
influence of the expected trading volume on traveler’
travel mode choice.

Appendix

The processes of solving formula (16) by the dynamic
programming method are as follows. Let the k+1 level
decision process be a process from k + 1 level to the terminal
state through L —k—1 level decision-making. Then, the
performance index J;,, of the k + 1 level decision process
can be expressed as



1
Jen =52 (HZ (L)

1 (28)

+% Z [ZT (DHZ (1) +U" (T)RU(T)],
7=k+1

Hence, the performance index J; of the k level decision
process can be expressed as

o= Jen +5 |27 WHZK) +UT WRUM]. (29)

According to Bellman’s principle of optimality (Gross
[34]), the optimal performance index of formula (29) can be
expressed as

I = gl(lkr)l{ T +5 127 RHZ (0 + U (ORU (0] }

(30)

Let G be the symmetric matrix and

Ji = 1/2ZT (k)GZ (k). Then, we have
Jies1 =%ZT(I<+ 1)GZ (k +1). (31)

By applying formula (15) into (31), we obtain

Jesr = %[AZ(k) +BU (k)]"G[AZ (k) + BU (k)].  (32)
By applying formula (32) into (30), we obtain
Ji = rl}l(ikr)l{ZT (k)[H + A"GA]Z (k) + 2U" (k)B' GAZ (k)

+U" (k)[B"GB + R]U (k)}.
(33)
We also know that the regulation variable U (k) has no

effect on the current state Z (k) from formula (15). There-
fore, we have

3J;
3U (k)

= 2B'GAZ (k) +2[B'GB+R|U (k) =0.  (34)

According to formula (34), we obtain the optimal price
regulation law of the disequilibrium multimodal travel
market, which can be expressed as

U" (k) = -KZ (k). (35)
Equivalently,
P(k+1) = P(k) - KZ (k). (36)
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