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ABSTRACT

The complexity of urban congestion requires policy-
makers to adopt different congestion control measures
that suit the characteristics of the city at the proper time.
The paper focuses on the most controversial congestion
pricing and offers methods to judge the efficacy of the
policy by game theoretic approaches. It is found that
congestion pricing is not merely a Pigouvian tax that
internalizes drivers’ externalities, but also a powerful
means to enhance public traffic proportion and balance
road utilization on the premise of maximized social util-
ity. Meanwhile, the embedded multiple case study shows
that theoretical correctness of the policy is a necessary,
but not sufficient condition for its effectiveness because
the valid operation of the policy further requires cities to
hold certain attributes in some aspects, such as econom-
ic level, population density, proper pricing mechanism,
and the ability to limit access to and from certain areas.
Moreover, the authority should pay attention to matching
the policy goal and its functions for successful implemen-
tation.
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1. INTRODUCTION

In urban traffic, road congestion has been rec-
ognized as an unsettled issue in many cities around
the world. Thus, a series of methods has been put
into force to minimize the negative effects from ur-
ban congestion. For example, some Chinese cities
not only use a lottery system or quotas to limit the
vehicle registrations each year, but also discourage
private car travelling by requiring all private auto-
mobiles to stay off roads one day a week or raising
parking fees significantly in the metropolitan area.
Besides, some developed economies used envi-

ronmental taxes in order to minimize the harmful
impact from road congestions [1]. However, not all
measures achieved significant success in this battle.
Corresponding to the data from the Beijing Trans-
port Institute, although the congestion level slightly
decreased since 2007, Beijing is still suffering from
congestion problems to some extent (see Figurel).

In addition to disciplinary restrictions on car
owners, congestion pricing could be another prac-
tical remedy for urban congestion and had some
success in cities such as Singapore, London, and
Stockholm. Actually, charging for the use of pub-
lic infrastructure is not a unique concept. It was
originally put into practice to inhibit electricity us-
age during peak hours in the 1970s in order to pull
through the energy crisis. Similarly to electric pow-
er, urban roads are also scarce resources that should
be priced by imposing costs on users [2]. Conges-
tion pricing is generally believed to be a force to
make people evaluate their travelling patterns,
which means car owners should have to pay more
for travelling in rush hours just like people usually
do so for airline tickets or hotel rooms during high
demand. Thus, road pricing is an intelligent mea-
sure to address the problem of urban congestion su-
perficially.

However, congestion pricing is not guaranteed to
be efficient for all types of cities, as there are some
specific attributes that the city should have in order
to make better utilization of road charging. For ex-
ample, the ability to limit access to and from areas
is one of the necessary criteria for the feasibility of
the policy. Singapore indeed shows ability because
access to the Central Business District (CBD) ini-
tially had 33 specific entrance points [3]. Similarly,
Stockholm is also suitable for road pricing because
the city is built on islands and only 18 access points
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Figurel — Road congestion index of Beijing in the recent year
Source: Beijing Transport Institute

suffice to form a cordon [4]. Besides, although the
physical areas of London differ greatly from those of
the former two cities, the street network in the core
area has hardly been expanded since the medieval
ages, which means London also has the ability to
limit access [5]. Thus, as for specific cities that satis-
fy the mentioned conditions, congestion pricing does
become an effective measure.

Despite the benefits of the policy, there are still
some controversial debates due to the concerns about
social response, high initial costs, difficulty in plan-
ning of the restricted zones [6], or even undesirable
distribution effects of the congestion tolls [7]. In or-
der to demonstrate the efficacy of congestion pricing,
the paper fully introduces the principle and practical
functions of the policy with convincing theoretical
tools. Based on this, by looking through the success-
ful experience of several cities, we explained the
importance of matching the applicability and imple-
mentation goal of the policy in judging the efficacy
of congestion pricing.

2. THEORETICAL FRAMEWORK

Theoretical basis of congestion pricing was estab-
lished in the last century. First, Pigou [8] put forward
the idea of congestion charging in his work the Eco-
nomics of Welfare, followed by the research of Knight
[9] arguing that a small tax on large trucks driving on
narrow roads could effectively reduce the number of
trucks and achieve a benign balance of roads. Since
then, as the problem of traffic congestion has become
prominent in various states, scholars have conducted
in-depth studies on this issue and preliminarily dis-
cussed pricing issues. Walters [10] analysed the traf-
fic congestion on American highways and proposed

to collect “fuel tax”, “city mileage tax” and other spe-
cial charges. Sharp [11] suggested that the purpose of
traffic congestion tax is to realize the rational use of
road space and offered a method for pricing based on
the principle of marginal cost. Emmerink [12] anal-
ysed congestion charging from a neutral standpoint
and proposed the advantages and disadvantages of
the system by reviewing relevant literature.

On the other hand, as an analytical tool, game
theory is often used to illustrate strategic interac-
tion among players who are eager to maximize
their own utilities in a specific situation where the
actions are available to the players and their util-
ities are the functions of actions [13]. In certain
sophisticated issues, game theory helps to simpli-
fy the interaction among different players by an-
alysing the conditions for reaching an equilibri-
um, more specifically, a Nash equilibrium in many
situations. Besides, there are some proven theoretical
models that are constructive in explaining the proce-
dure more clearly, such as the Prisoner’s Dilemma,
Braess Paradox, Entry Game, or Stackelberg Game.

When analysing congestion pricing, game theo-
retic approaches are also commonly used to explain
its inner mechanism. David [14] analysed the interac-
tions of two or more vehicles using game theory and
believes that congestion pricing can minimize the to-
tal cost of car owners in a cooperation mechanism.
Ohazulike et al. [15] used classical game theoretical
solution concepts to analyse the action of multi-stake-
holders in road pricing game, and found that only un-
der bound restrictions may the game exist in Nash
equilibrium. Xiao et al. [16] considered road pricing
by combing game theory and congestion theory, and
believed that the players’ action converges to a Nash
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Figure 2 — The theoretical framework of the paper

equilibrium in a congestion game, then concluded
that congestion pricing helps to achieve optimal trip
timing in local areas. Stafikova and Boudewijn [17]
believed that the Inverse Stackelberg Game is more
adaptable to analyse road pricing, and found that
congestion toll can improve the system performance
remarkably. Heller et al. [18] offered a new struc-
ture using the value of time to improve efficiency of
congestion pricing and found a solution based on the
Vickery-Clarke-Groves mechanism in game theory
to ensure the effectiveness of the policy.

Although researchers conducted a full as-
sessment of the feasibility of congestion pricing
[19, 20], there is still lack of research regarding its
principle and the functional role of the policy by
means of convincing theoretical methods. Thus,
the paper not only reveals the working mechanism
of road pricing but also shows the basic roles there-
of with game theoretic approaches. The theoretical
framework of the paper is shown in Figure 2.

In the following section, we first present the princi-
ple of congestion pricing. More specifically, the gen-
eral explanation of congestion pricing often keeps to
the point where road charging is an appropriate tool
to make car owners realize the externalities of their

drive, and it further helps government to reallocate
social wealth among various aspects in urban traffic.
Based on the viewpoint, this paper will analyse the
micro-foundation of the policy and explain how a
proper amount of congestion tax can maximize the
social utility with the use of Stackelberg game.

In the second step, the practical functions of con-
gestion pricing will be introduced by typical game
theoretic approaches in order to explain how con-
gestion pricing can alter the traffic pattern to solve
the urban congestion problem. Finally, some typical
cases of congestion pricing will be demonstrated to
clarify the practicality of the policy and further cross-
case analysis will be conducted as well.

3. THE PRINCIPLE OF CONGESTION
PRICING

3.1 General interpretation

In neoclassical economics, the working mecha-
nism of congestion pricing is generally interpreted
from the perspective of travel cost [21]. When peo-
ple drive, they only pay attention to how much it
costs them to commute due to individual rationality,
in which the costs not only include the total vehicle
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purchase cost, fuel cost, and other related taxes,
but also cover the cost of travel time. However, car
owners do not realize that they ignored other costs
generated by the externalities of their travel, such
as slowing down the traffic or air pollution. Thus,
the traffic flow in a specific road when it reaches
equilibrium often exceeds the optimal social level,
which means traffic jams occur. The procedure is
described in detail below.

The traffic volume is } and the individual travel-
ling cost is C(¥). From the point of view of the en-
tire society, the total cost of communicating also in-
cludes the cost coming from the externalities (Cp),
thus let total travel cost be TC(}V), and the marginal
social cost MSC(V) can be denoted as [3],

MSC(V)= aTgI(/V) —c(V)+v- aca(VV)

6]
=C(V)+Ce
Then, if the two cost lines, MSC(V) and C(V),
respectively cross with the demand curve that im-
plies marginal willingness to pay of all car owners,
the efficient equilibrium traffic flow can be found
at point D, while the actual equilibrium is found at
point G, which means the actual traffic flow exceeds
the socially optimal level (see Figure 3). Besides,
since the cost in point G does not include the mar-
ginal cost form externalities, the distance between
F and G represents C,. Meanwhile, this leads to a
loss in the area of DFG from road congestion. Thus,
to prevent the tragedy, government could impose
a specific amount of congestion tax, which can be
represented as the distance from C and D. In this
way, the actual traffic volume could go back to the
social optimal level, and the government can also
gain a certain amount of revenue implied by the
rectangle ABCD by collecting the toll that can be
used as a financial support for extending or main-
taining public transport.

In short, congestion pricing is widely recognized
as a kind Pigouvian tax imposed on car owners,
which means the policy can fully make people be-
come aware of the externalities of their commute.
More specifically, congestion pricing can be gener-
ally explained as a signal or information that affects
the behaviours of vehicle owners [22] by altering
their travel cost. However, although the macroscop-
ic result of the congestion pricing can superficially
be explained as above, in order to further recognize
the policy more clearly, it is vital to become familiar
with its micro foundations [23].

3.2 Micro foundations

The micro foundations of congestion pricing can
be analysed from the perspective of the stakehold-
ers’ utility. Since the government is the overall plan-
ner of the congestion pricing, its policy preferences
can directly affect travel choices of vehicles. Thus,
it is necessary to definite the policy aim of the road
authority first. Joksimovic et al. [24] analysed road
pricing issues from a game-theoretic perspective
and pointed out that different objectives of the road
manager could lead to various outcomes. Although
the road authority may have different aims in terms
of charging, we assume that the primary purpose of
the government in congestion pricing is to maxi-
mize social utility.

In congestion pricing, social utility is the sum
of total charging revenues of the government and
total travel utility of vehicles. Therefore, the total
charging revenues can be described as follows:

AN =T g A @)

where ¢, denotes the number of vehicles travelling
along road r, and 4, refers to toll cost of road r. Be-
sides, in order to estimate the vehicles’ travel utili-
ty, we should understand it in a micro prospective,
because not only toll costs deduct travel utility, but
so do the travel-time costs. Thus, we shall get the
following Equations 3 and 4,

Ui= U-Ut,-Ar

3)

B(/I)ZZUi[Sf(A),S-f(A),A] 4)

where U represents travel utility of vehicles, in
which U denotes fixed utility for making the trip,
while the travel-time costs uz, (note: u denotes val-
ue of time, which converts travel time of z, into
monetary costs) and toll costs 4, decrease the fixed
utility. Besides, the total net travel utility would be

MSC(V)
Demand curve
i
5
2,
8
Q
VO VE
Traffic volume (V)
Figure 3 — The principle of congestion pricing
152

Promet — Traffic& Transportation, Vol. 34, 2022, No. 1, 149-163




Ayrat E, Lin X. Is Congestion Pricing Effective for Traffic Jams?

controlled by toll cost planned by the road authority,
so s,(4) denotes a strategy set of vehicles 7, and s (1)
a strategy set of all other vehicles. Therefore, social
utility W can be expressed as follows:

Ws(A)A]= A(A)+B(A) (5)

In practice, the congestion pricing is very simi-
lar to a typical game-theoretic model — Stackelberg
game, which is a kind of non-cooperative game, in
which the “leader” moves first and all the “follow-
ers” move after him. So, the leader must take care of
the followers’ reaction before deciding his strategy.
The government is the “leader” who can control the
toll cost and the vehicles are the “followers” who
should decide their strategy according to govern-
ment control. Besides, the authority normally has
the complete information of registered cars, so we
can assume that the government’s optimal strategy
2" belongs to its strategy set A, as well as the follow-
ers’ optimal strategy’s"(1)ES(A),

A" =arg max wls™(A),A] (6)
where
s*(/l):arggneatggUf[Si(/l),Sfi(/l),l] @)

In order to clarify the fact, let us do a simple ex-
periment with specific numbers (Note: The numbers
are assumed because their absolute would not affect
the final direction of the conclusion). We assume
there are three strategies for two independent vehi-
cles: traveling on tolled road, travelling on untolled
road, or not traveling at all; and their strategy set
is §711,2,0}. Besides, to simplify the experiment,
vehicles have the same fixed initial utility (U=310)
and the same value of time (4=8). Travel time for
different roads is given in Equations 8 and 9.

Based on the experimental number and Equation 5,
the utility pay-off can be seen in Table I:

In the Stackelberg game between the government
and vehicles, the ‘leader’ has the priority to decide
its strategy set at first, then the ‘followers’ get their
optimal options. According to Tuble 1, we can easi-
ly find three thresholds for the government strate-
gy set {0,16,190}. In other words, if the toll cost 4
ranges between 0 and 16, the vehicle would choose
to travel on the tolled road; in these circumstances,
Ul(sl* )=U2(s2*)=86—/1, A(A")=24, and the social util-
ity W(A)=U,(s,)+Uy(s,)+A(X")=172. Similarly, if
12<1<190, then vehicles choose different roads to
travel, and U (s;)={190-1,70}, U,(s,)={70,190-1},
AAN=h, WEY=U (s))+U(s,)+4=260. If 1>190,
vehicles would prefer to travel on untolled
road or not to travel at all, and the social utility
W(/l)=U1(s1* )+U2(S2* )=70. Therefore, the govern-
ment’s optimal strategy set is 16<4°<190, and the
maximized social utility is 260. The analysis above
is illustrated in Figure 4.

From the explanation of micro foundation, it can
be concluded that congestion pricing can not only be
regarded as a kind of Pigouvian tax that makes car
owners realize their commute externalities, which

A
2601 .
a 3
; !
S : |
S 172 ) ;
> ! |
= | |
5 ! !
= : |
Q | |
o I |
/5] I |
70 |- fmm (—
! !
0 16 190 .

Toll cost
Figure 4 — Social utility in different toll costs

S 15, if si(A)=1 or s2(A)=1 (oneof them flows on tolled road)
: 28, if si(A)=1 and s2(A)=1 (both of them flow on tolled road) 3
. 30, if s1(A)=2 or s2(A1)=2 (oneof them flows on untolled road)
: 50, if s1(A)=2 and s2(A)=2 (both of them flow on untolled road) )
Table 1 — Utility pay-off table for two vehicles
Vehicle 2
Tolled road Untolled road Not travelling
Tolled road 86-1,86-14 190-4,70 190-,0
Vehicle 1 Untolled road 70,190-4 -90,-90 70,0
Not traveling 0,190-1 0,70 0,0
Promet — Traffic& Transportation, Vol. 34, 2022, No. 1, 149-163 153
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would further affect the travel patterns of private
cars, but can also be an effective tool to achieve the
result of maximized social utility by presenting col-
lective rationality, which can relieve congestion in
urban traffic. However, it is vital to conduct deeper
research to determine proper toll cost for govern-
ment, otherwise improper pricing could in turn re-
duce social utility.

4. THE PRACTICAL FUNCTIONS OF
CONGESTION PRICING

After explaining the principle of road pricing, it
is necessary to determine the practical functions of
the policy, and meanwhile clarify the inner working
mechanism, i.e., what would happen after the traffic
patterns changed under congestion pricing.

4.1 Break the path dependence

The imbalance between public and private trans-
port is one of the major causes of urban congestion,
more specifically, the low utilization rate of public
transport is becoming a significant origin of road
congestion. After the Industrial Revolution, the ur-
ban traffic structure saw a trend of privatization,
which is not only due to the convenience of private
traffic tools in point-to-point commute, but also due
to the government’s encouragement because vehicle
consumption is a significant stimulation for econ-
omy. For example, the development of automobile
industry in Britain reached its peak at the begin-
ning of 20" century with 99 automobile factories,
whereas this number dropped to 35 in the latter half
of the 20 century. A similar situation occurred in
countries like France, Germany, and the US [25].
These circumstances are now recurring in develop-
ing economies. In China, the accelerated develop-
ment of automobile industry has led to a substantial
increase of private cars at the beginning of this cen-
tury.

Unfortunately, evidence from practice proves
that a large proportion of private vehicles leads to
excessive traffic flow in rush hours and could se-
verely affect urban traffic efficiency. Travellers’ re-
liance on private traffic is hard to change because
of the “path dependence” formed by the people’s
travel habit. According to a case study on transit
development in Los Angeles, the over-investment
of the government on interstates in the last centu-
ry formed people’s preference and dependence on
automobiles, which was hard to alter because of the

“path dependence”, thus it has taken Los Angeles’
public transport from prosperity in the 1940s to de-
cline, and received a “reputation” of a congested
city [26]. Thus, in order to realize the transforma-
tion from public transport to private transport, the
key point is to break the “path dependence” with
external forces.

In an ideal city land traffic, it is better to have
a high proportion of public vehicles in order to
maintain good order with no congestion issues, thus
public transport can be seen as ‘incumbent’ in city
traffic. However, as it is impossible to achieve sat-
isfaction with buses or trolley buses of every travel-
ler, some citizens buy private vehicles to meet their
personalized needs. Therefore, public vehicles can
be regarded as ‘challengers’. The greater proportion
of the ‘challengers’, the greater possibility of road
congestion. Now we shall discuss the process de-
scribed above by the entry game model, and explain
the fact that congestion pricing has a role in fixing
the negative process between the ‘incumbent’ and
‘challengers’.

First, we define an entry game /" without conges-
tion pricing by an extensive form game [27]:

I ={N,(4:),H,P,(I), (u:))

(10)

N ={challenger,incumbent }

A chatienger = {in, out ¥, Aincumpent = { accept, fight }
where,y H = {(in,accept ),(in,fight),(out)}

Tenattenger = 1€ ¥ 3 Tincumpens = {{in } }

P(€) = challenger; P(in) = incumbent

(11)

| Private |
. vehicles

Public |
| transport | /
\ /

Accept Fight

(62 ) 44
: / \ s

Figure 5 — Entry game between private vehicles and public
transport without congestion pricing
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Similarly, in order to make the process clearer,
we did an experiment with specific numbers. The
assumed utility u, is given in Figure 5.

In this game, we assume that the social traffic
need is equal to 8. When travellers decide to buy
private vehicles to give up their travelling habit by
bus or trolleybus, if public transport department
chooses not to take action, the number of private
cars would increase, and their utility would rise to
6, while the utility of public transport would be re-
duced to 2; if the public transport decided to “fight’,
the public transport authority would gain invest-
ment on public vehicles or apply to the government
for some restriction policies against car owners,
but the transport supply of the public traffic cannot
reach the level where the ‘challenger’ chose an ‘out’
in the first place. Thus, the more effective solution
is to avoid the entrance of the ‘challenger’ by mak-
ing a higher barrier for private vehicles and simul-
taneously give support to public traffic in order to
improve service quality.

Figure 6 illustrates the transformation in the en-
try game after congestion pricing. More specifical-
ly, private vehicles can be taxed in two units if they
choose to be “in” the game; meanwhile, the taxes
collected can be subsidized for public traffic. Com-
pared to Figure 5, the Nash equilibrium in the game
has changed from {in, fight}->(4,4) to the new equi-
librium {out, fight}->(3,5). Although the ‘incumbent’
need not ‘fight’ as the ‘challenger’ would choose
an ‘out’, it can be understood as a threat of public
transport to the private vehicles. Thus, the original

AT
Private \
vehicles |

/n Out
PN \ B
[ Public / \
| transport | | 3,5 )
\ J/ \\,,,, /
Accept Fight
Congestion
/-4 opricing(2) |}-__
/ \‘/ - \\
L 44 (2.6 |
\\\77/’/ N B //

Figure 6 — Entry game between private vehicles and public
transport after congestion pricing

goal of avoiding the entrance of the ‘challenger’ was
achieved, and the public traffic enjoys financial sup-
port thanks to the congestion pricing as well.

The game illustrates that the congestion pricing
is an external force to break the “path dependence”
of people’s reliance on private traffic by minimizing
the comparative advantage of private cars to public
transport as the policy can realize the reallocation
of traffic payoff from private traffic to public trans-
port. Thus, congestion pricing is an effective way
to guide the transfer of private transport to public
traffic, which can relieve the urban road congestion.

4.2 Diverge the traffic flow

Except for the proper relations between public
and private transport, the balanced utilization of ex-
isting urban roads is another guarantee of traffic ef-
ficiency, which is more useful in prevention of con-
gestion comparing to investing in new routes. In the
Fundamental Law of Highway Congestion, which is
also known as Downs Law in transportation econo-
my, it is believed that increased provision of urban
roads is unlikely to relieve road congestion without
effective government regulations [28]. However, to-
day’s aim of urban traffic planning is more likely to
concentrate on new construction rather than balance
utilization of traffic roads, so this phenomenon can
be another reason for urban congestion.

In game theory, the Braess Paradox Game also
illustrates the same principle that a transportation
network with extra capacity added may actually
perform worse than without extra capacity [29]. We
assumed a network consists of a starting point S and
a finishing point F, and two workable paths are de-
noted as P1 and P2 (as Figure 7a). The travel utility
of routes is expressed as follows: route {S ->P2}
and {P1->F} have a fixed cost of -25, while the util-
ity of the two other paths depends on the number
of vehicles, and satisfies cost ¢=-N/50 (N=1000).
Thus, it is very clear that vehicles would naturally
divert to two different paths in order to achieve the
minimized cost ¢, . =-25-500/50=-35. However, in
order to relieve traffic burden of the existing roads,
if the government decides to invest in a new road
(without any travel cost) between P1 and P2 instead
of opting for other measures (see Figure 7b), the sit-
uation can only get worse: all vehicles will choose
the path {S->P1->P2->F} in order to minimize their
travel costs, but the “minimum cost” would rise to
Cin—-1000/50-1000/50=-40, and would conversely
increase the traffic burden of the two existing roads.
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Figure 7 — Diagram of the Braess Paradox Game

Therefore, in order to relieve road congestion, it
is wise to take measures to diverge traffic flow and
achieve a balanced utilization of urban traffic roads
rather than investing in new ones. Now, let us con-
sider the congestion pricing. Even though the same
amount of congestion tax is imposed to all travel-
lers, they may have different reactions to the policy
because of their wage levels, travel motivation, and
the need for convenience. The differences in price
sensitivity contribute to highlighting another role of
congestion pricing — traffic diversion.

Normally, the urban road system can be divid-
ed into arterial roads and non-arterial roads. With
no restrictions, more vehicles choose arterial roads
because of many advantages, such as higher driving
speed, better experience, or border view, which lead
to excessive traffic flow or even road congestion,
while the utilization efficiency of non-arterial roads
becomes relatively low. If the procedure is analysed
in game theory, it can be found that it is very similar
to a typical issue — the prisoners’ dilemma. In order
to clarify the fact, the issue can also be expressed
by simple numerical experiment. First, we define a
strategy form game /"

I =(N,(8i),(ui)) (12)
h N ={ price - sensitives,non - price - sensitives } (13)
Where, si = { trunkrodes,non - trunkrodes }

Then, the utility pay-off table of players with-
out congestion pricing is assumed in 7able 2. More
specifically, as for travellers’ preferences for arte-
rial roads, the total utility of arterial roads is given
10 points, while the non-arterial roads’ utility is 6.

However, in the circumstance of scattered traffic
flows, an individual’s utility shall improve, thus
other numbers are allocated as below.

In this game, the strategy of ‘arterial roads’ is
strongly dominated by the strategy of ‘non-arterial
roads’ for price-sensitives, namely:

{ U price-sensitives (A, NA) > U price-sensitives (NA, NA )} ( 1 4)
U price-sensitives ( A, A ) > U price-sensitives (NA, A )

Similarly, in terms of non-price-sensitives, the
strategy of ‘arterial roads’ is also strongly dominat-
ed by the strategy of ‘non-arterial roads’:

{unon-price-sensitives(NA,A) > Unon-price-sensitives ( NA, NA )} (15)
Unon-price-sensitives (A, A) > Unon-price-sensitives (A, NA)

Thus, the strategy set s*={arterial roads, arterial
roads} can satisfy Equation 16. In other words, the
pure Nash equilibrium among the players is if both
choose the arterial roads. However, the equilibrium
cannot reach the goal of traffic diversion and can
even lead to road congestion. Thus, without road
pricing, a kind of multiplayer prisoner’s dilemma
would easily arise.

(16)

Just imagine the circumstance where all vehicles
were imposed four units of congestion tax if they
chose arterial roads: the Nash equilibrium would
change, and the new pay-off table is showed in
Table 3. Since the two types of travellers have dif-
ferent price-sensitivity, vehicles would react differ-
ently to the road congestion policy. More precisely,
the travel utility of price-sensitives would decrease
when choosing the arterial roads, while the other

ui(si,si)=maxui(si,s5), Vi=1,2
Si€Si

Table 2 — The utility pay-off table of players without congestion pricing

Non-price-sensitives

Arterial roads (A) Non-arterial roads (NA)
Arterial roads (A) 5,5 6,4
Price-sensitives
Non-arterial roads (NA) 4.6 3,3
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Table 3 — The utility pay-off table of players with congestion pricing

Non-price-sensitives

Arterial roads (A) Non-arterial roads (NA)
Arterial roads (A) L5 2,4
Price-sensitives
Non-arterial roads (NA) 4,6 33

type of travellers would believe that a small amount
of congestion tax is insignificant compared to their
travel intension as to change their travel path. Thus,
according to Tuble 3 and Equation 16, we would find
the new Nash equilibria are {A, NA}-> (2,4) and
{NA, A}-> (4,6), and the subgame-perfect equilib-
rium is the latter one. Therefore, the aim of traffic
diversion can be accomplished, which is beneficial
for balanced utilization of urban traffic roads.

In addition, the ratio between price-sensitives
and non-price-sensitives is not very vital. Traffic
is a nonlinear concept, and as some owners leave,
the traffic flow on the major roads drops dramati-
cally [30]. For example, even though only 20% of
car owners in a city belong to price-sensitives and
change their path choice due to congestion pricing,
the traffic flows on congested roads will drop much
more than 20% because of the inner mechanism of
the traffic system. Thus, another role of congestion
pricing is to realize traffic diversion by fixing the
prisoners’ dilemma between car owners with dif-
ferent price sensitivity, whereby the imperfection
in balanced utilization of urban traffic roads is sup-
posed to decrease, which would be beneficial for the
road congestion problem.

Congestion pricing should be considered an ef-
fective tool to allocate a limited traffic resource by
modifying travellers’ behaviours in terms of route
choice or by managing the road space [31]. In this
part, the process demonstrated that congestion pric-
ing not only helps to enhance the proportion of pub-
lic traffic by breaking the path dependence but also
balances the utilization of urban roads by diverging
the traffic flow, which finally promotes the efficien-
cy of traffic resource allocation.

5. MULTIPLE CASE STUDY

Having introduced the basic principle and prac-
tical function of congestion pricing, the major pur-
pose of this part is to figure out the applicability of
this policy in actual conditions by demonstrating
the cases. The perspective of some policy makers
is that the application of congestion pricing on the
road network of certain cities depends on primary

attributes of the city rather than on mere drivers’ be-
haviour. Therefore, based on previous experiences,
we will explore the type of cities where congestion
pricing would play a significant role as presented in
the last part.

5.1 The case of Singapore

As one of the Four Asian Dragons, Singapore
is a promising country that has realized 2.9 per-
cent of annual economic growth rate from 2014 to
2019, which is faster than any other leading econ-
omy over the same period. GDP per capita reached
US$65,233, which is why it ranked first in the Asian
countries. However, it is a city-state country with a
population of around 5.69 million, and since it is lo-
cated on a small island, it has a relatively high pop-
ulation density of about 10,500 persons per square
km. The scarcity in territorial area has led to a lot of
restrictions on the development of land traffic. For
example, the roads constructed already constitute
12 percent of the island’s area, which is nearly the
same share as the local housing area, so it is hard to
expand the road supply. Besides, with the continued
rising of personal income, the car ownership has
been booming since the middle of last century. As
early as in the 1970s, the traffic congestion problem
had become one of the main issues in the country.

In order to deal with this obstacle, the govern-
ment of Singapore begun to take measures very
early, and the most effective one was the Area Li-
censing System (ALS) put forward in 1975, which
was the first comprehensive road pricing scheme
in the world. The system was designed to dissuade
the entry of private passenger cars and taxis into the
CBD during the morning peak, and it was instituted
manually to collect toll at that time. After a period of
operation, the authority found the initial results were
far from ideal. For example, the phenomenal reduc-
tion in traffic flow led to wasteful underutilization of
the roads in restricted areas, and the congestion prob-
lem was not eliminated, rather the time and location
of the congestion were merely shifted. Moreover,
the congestion greatly increased the inconveniency
and commute cost of the citizens because they were
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being compelled to take longer distance in order to
circumvent the restricted zones and avoid paying the
fees [32].

Following many years of trials and extensive
preparation, the government of Singapore not only
optimized the pricing scheme to avoid any related
problems but also achieved a smooth transition from
the ALS to Electronic Road Pricing (ERP) in 1998.
With the use of ERP, vehicles are charged by gantries
without a slowdown, which have antennas that check
smart cards on approaching vehicles and then deb-
it the cards. Moreover, the reason why Singapore’s
ERP scheme achieved splendid success was not the
electronic technology itself, because Hong Kong had
already engaged in area wide ERP before. Instead,
the key point is that Singapore implemented the most
comprehensive system of quotas and tolls in the
world to curb both the ownership and usage of motor
vehicles, which can avoid the related privacy con-
cerns that arose in Hong Kong [33]. Thus, although
commuters have kept increasing with the develop-
ment of economy during early 1980s to late 1990s,
the average travel speed during the morning and the
evening peek reached 30 kilometres per hour, while
other cities like New York achieved only 10 km/h.

On the other hand, the applicability of congestion
pricing in different cities depends on many conditions
other than the ones mentioned above. For example, it
is much easier for authorities to limit the access to
central areas because there are only several entrance
points to the restricted zone. In addition, the popula-
tion of Singapore not only has a relatively high indi-
vidual income but also comprises a high proportion
of obedient law-abiding citizenry. Therefore, the suc-
cess of Singapore’s congestion pricing is attributable
to a combination of various factors.

5.2 The case of London

As one of the international metropolises, London
also has a high level of population density of 5,800
persons per square km. In addition, the street net-
work in central London was nearly kept unchanged
since the medieval ages, so the very limited expan-
sion capacity could hardly meet the heavy travel
demand after experiencing a boom in the number
of vehicles since the 1960s. Thus, central London
became another typical city that implemented con-
gestion pricing, which practically put the policy into
practice in 2003.

Before the formal implementation, some experts
argued that having a relatively good travel alter-
natives, such as walking, taxi and subway, it was
not necessary for London to push citizens to the di-
rection of diverse travel patterns deliberately with
the use of external policies [34]. However, with the
continuing increase of population and individual in-
come, the ownership of private cars increased with
the surplus capacity of public transport, so the au-
thorities found that road pricing might be an effec-
tive policy to transfer people from individual vehi-
cles to public transit.

Singapore’s success in congestion charging en-
couraged London to establish a similar charging
model of area licensing. However, when it comes to
the specific charging amount, London implement-
ed a flat rate rather than a dynamic one. The daily
charge between 7:00 a.m. and 6:30 p.m. for private
cars was £5, higher than for commercial vehicles,
and it was increased to £8 in 2005. In view of social
equity objectives, there were certain discounts or ex-
emptions for emergency and government vehicles,
or for residents and disabled drivers. On the other
hand, a network of video cameras is utilized to re-
cord the license plate numbers of vehicles, which is
similar to Singapore’s ERP scheme, and car owners
can make the payments at payment machines and
selected retail outlets, or via Internet and text mes-
saging as well [35]. It is worth emphasising here
that the basic characteristics of a city, including
geographical features, economic level and urban
culture, could largely affect the difficulty or feasi-
bility of the implementation of congestion pricing.
London Congestion Charge has to cover almost
22 square kilometres, while Singapore’s ERP only
encompasses 7 square kilometres because of the
differences in physical areas [3].

After several years, a series of alternations on
urban traffic patterns has indicated that congestion
pricing is efficient for the congestion problem in
London. First, the traffic flow within the restricted
zone was reduced by 15—-18 percent during charging
hours, which contributed to the reduction in traf-
fic delays by almost 26 percent. Meanwhile, the
travel speed of vehicles in rush hours increased by
37 percent in the charging zone [36]. Besides, the
reduction in private vehicles was the major reason
for the uptick in the use of public transportation.
Based on relevant statistics, the running speed of
public transport saw a 21 percent increase, which
contributed the use of bus services increasing by
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40 percent [37]. Moreover, some environmental
benefits were seen after the implementation. For
example, as of 2005, the emissions of PM10 and
nitrogen oxides were reduced by almost 12 percent
[38], which proved to benefit the extension of life
expectancy in the Greater London area.

From the perspective of social utility, both gov-
ernment and citizens became more satisfied during
the period. On the one hand, London’s government
shared the total net benefit of 67 million pounds
a year for the first 30 months of the congestion
charge [39]. On the other hand, although there was
a certain proportion of public scepticism at the ini-
tial adoption of congestion pricing in London, it
had turned into support after achieving fluent traf-
fic. According to a survey, the acceptability of con-
gestion charging has increased from the initial 40
percent to 55 percent after implementation, and 78
percent of car owners who took part in the survey
were satisfied with the system [34]. Thus, with a
meticulous organization, congestion pricing could
also be widely accepted by car owners.

5.3 The case of Stockholm

Stockholm is the capital of Sweden, and it is
a medium-sized city with 5,400 square kilometres
of urban area, with an urban population of about
800,000. In terms of per capita land area, the traf-
fic congestion problem of the city should not be
serious, but the geographical characteristics of the
city prevent benign development of urban traffic.
There are 14 islands and a peninsula in downtown
Stockholm, and more than 70 bridges were built to
connect them. This means that during rush hours,
traffic jams often occur at bridge entrances and ex-
its.

Unlike other cities, Stockholm initiated a six-
month trial period in 2006 to fully observe pub-
lic reactions to the policy. The authority designed
toll points on 18 bridges, important entrances into
the city centre, where congestion was the most se-
rious in terms of the entire city, and the vehicles
were charged in the time period from 6:30 a.m. to
6:30 p.m. local time. In addition, in order not to
interfere with normal traffic, special registration
devices were set up at the toll points, matching
the payment system in the car, which automatical-
ly deducted money from the owner’s credit card.
Moreover, the amount of money charged from car
owners passing through the toll points varies in dif-
ferent time periods. More specifically, the amount

reached 20 kronor in the rush hour and there was
no charge during the night when traffic was light.
Meanwhile, a maximum of 60 kronor was charged
per vehicle per day for the benefit of the car own-
ers [40].

After six months of testing, a team of eight
transportation experts analysed the implementa-
tion structure and came to some important con-
clusions [41]. First, there was a steady decline in
traffic flow at peak hours, and the largest drop in
traffic flow in 24 hours reached 22 percent, which
was more significant than the previously expected
reduction in traffic flow of 10-15%. Second, with
the decrease of traffic flow, the time spent by car
owners on the road is significantly reduced, which
means the occurrence of congestion in the city has
decreased. Third, the use of public transport in
Stockholm in the spring of 2006 increased by 6
percent compared with the same period last year,
and excluding the reduction in the use of private
cars due to rising petrol prices, the remaining re-
duction of 4.5 percent can be attributed to conges-
tion pricing. Furthermore, although the probability
of accidents is uncertain in a city, the reduction
of injuries in Stockholm ranged between 9 per-
cent and 18 percent during the trial period, which
could be closely related to a decrease in traffic
flow thanks to congestion pricing. On the other
hand, as the number of private cars travelling has
decreased, carbon dioxide emissions from roads
have decreased significantly, in which emissions
from suburban roads were reduced by 2 percent
and those from urban roads by 14 percent.

From the congestion charging trial in Stock-
holm, it can be concluded that congestion pricing
is not only beneficial to evacuate traffic flow in
arterial roads and then to promote the reasonable
allocation of road resources, but also can improve
the utilization rate of public transport so as to ef-
fectively reduce the urban congestion probabili-
ty in terms of small-sized or medium-sized cities
like Stockholm. Besides, the policy contributes to
improve road safety and reduce traffic pollution
emissions as well. Finally, it is worth mentioning
that the public support rate reached over 70 percent
after the six-month trial, and it was only around 30
percent before the enforcement of congestion pric-
ing, which indicates that people would support this
kind of social optimal public policies after realiz-
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ing the advantages of collective rationality. Thus,
a permanent congestion charging program was re-
introduced in 2007.

5.4 Cross cases discussion

Except for the three cases analysed above, con-
gestion pricing had a broad utilization in many cit-
ies around the world, such as Anas, Lindsey, Milan,
Oslo, Bergen, and Gothenburg [42]. However, just
as mentioned in the previous sections, it is hard to
say that congestion charging is suitable for all kinds
of cities. In other words, some specific attributes do
exist in cities that allow for a successful implementa-
tion of the policy, which magnifies the applicability
of road charging in these cities. Tuble 4 summarizes
the attributes of the cities in the three cases, and es-
timated attributes of New York and Beijing are also
listed for comparison as a control group.

It can be seen in the Table that certain conditions
of cities in the control group seem to be very suit-
able for implementing the policy, but would not be
applicable from other points of view. For example,
New York City announced to enact congestion pric-
ing in 2019, and may become the first major US city
to adopt the policy. Compared to the cities in the case
study, although the economic conditions or technical
measures would not be the problem, a relatively low
population density and extra road expansion capacity
could make it hard for policy makers to convince the
public that congestion pricing is the best measure. As

early as in April 2007, Mayor Michael Bloomberg
proposed to implement congestion pricing in New
York City, but the state legislature denied the pro-
posal because of their doubt in the societal and indi-
vidual impact of the policy [43]. In addition, Beijing
Municipal Ecology and Environmental Bureau also
considered trying to implement a congestion pricing
policy in 2013. But during the practical planning pro-
cess, the authority discovered some bottlenecks, con-
cluding that the lack of pricing and access limitation
methods suitable for the attributes of the city should
be tackled before real implementation.

Besides, the policy effects also depend on the de-
gree of matching between the practical functions and
the implementation objective of the authority. In the
last section, we concluded that the major functions of
congestion pricing are enhancing the proportion of
public traffic and balancing the utilization of urban
roads. From the practice of cities in the case study,
it can be found that these functions match the poli-
cy goals. For example, as for Singapore and Stock-
holm, the major intention is to better use urban roads
in other areas in order to avoid heavy congestion in
specific networks. The primary objective of London
is to improve utilization of public traffic. Therefore,
before the implementation of the policy, in addition
to estimating whether a city has the essential attri-
butes for a successful implementation of the policy,
the authority should also determine the core issues
that induce urban congestion and decide whether
congestion pricing is the solution.

Table 4 — The applicability of congestion pricing in different cities

Attributes . Further Ability | iy Law-
Economic . . Growth to limit Proper .
Population | expansion to use . compliance
level per . rate of car | access to . pricing
canita density room for ownership | and from electronic abilit level of
Name and remarks P roads P arcas techniques Y citizens
Applicability \ \ Y Y y V V V
Singapore
Level high high tiny high high high high high
Applicability \ Y Y Y Y V V V
London
Level high medium tiny high high high medium high
Stock- | Applicability v X" v v v v v v
holm Level medium low tiny high high high high high
Applicability \ X X Y X Y X X
New York
Level high low huge high low high low medium
Applicability X \ X Y X Y X y
Beijing
Level low medium huge high low high low high

* Although the population density of Stockholm does not satisfy the standard, the geographical characteristics of the city make it suitable for

congestion pricing.
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6. CONCLUSION

In this paper, the effectiveness of congestion
pricing is investigated by considering the applica-
bility of the policy in different cities. First, in order
to fully grasp the inner mechanisms, the principle
of road pricing was introduced as a research basis.
Unlike other existing studies, this paper not only
demonstrates macroscopic results of policy imple-
mentation with traditional neoclassical economic
approach from the perspective of travel cost, but the
micro-foundation of the policy is further discussed
considering social utility. Thereby it is found that
congestion pricing can not only be regarded as a
kind of Pigouvian tax that makes car owners recog-
nize their commute externalities, but can also be an
efficient tool to achieve the outcome of maximized
social utility by presenting collective rationality,
which can relieve congestion in urban traffic. The
importance of accurate pricing is also highlighted,
which is one of the key elements of policy efficien-
cy.

The direct purpose of every congestion control
policy is to alter traffic pattern in order to change the
congested urban traffic. By use of game theoretic
tools, such as Prisoner’s Dilemma, Braess Paradox,
Entry Game and Stackelberg Game, we demonstrat-
ed that congestion pricing can not only break the
“path dependence” of people’s reliance on private
traffic by minimizing the comparative advantage of
private cars to public transport, but also contribute
to a balanced utilization of urban roads by altering
the equilibrium among car owners with different
price sensitivity. Therefore, the two basic roles of
the policy are vital to understand the efficacy of
congestion pricing.

Finally, the embedded multiple case study is
conducted in order to explain the precondition of
application of congestion pricing. In other words,
the theoretical correctness of a policy is the neces-
sary but not the sufficient condition for its efficacy.
More precisely, a group of cities, such as Singapore,
Stockholm, and London, have successfully imple-
mented congestion charging as a remedy for their
urban traffic issue, which has proved the efficiency
and practicability thereof. Thus, for such cities that
possess certain attributes, the participial functions
discussed in the last part “worked”. However, as for
other cities, such as New York or Beijing, it may
not be the appropriate time for implementation due
to the lack of fundamental attributes or matching
degree between practical functions and the imple-

mentation goal of the authority. Thus, it is necessary
for governments to better understand the policy, and
more importantly, to make the right judgment on the
appropriate time of implementation.
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