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1. Introduction

Problems of sustainability in transportation are already quite noticeable in almost all large cities worldwide, and it is clear
that the current unrestricted use of private cars is at the center of this problem. Due to congestion, more travel time is
wasted on the roads, drivers are more likely to get stressed and frustrated, which in turn causes accidents. Forecasts of traffic
condition are less reliable, so punctual arrival becomes difficult and travelers suffer losses from early departure or late arri-
val. Traffic congestion also contributes substantially to environmental problems. In the United States, transportation sources
accounted for 29% of total greenhouse gas (GHG) emissions in 2006, and have been the fastest-growing source of GHGs,
accounting for 47% of the net increase in total US emissions since 1990 (US Environmental Protection Agency, 2006). Indeed,
vehicle emissions are substantially higher in congested conditions than under conditions of freely flowing traffic (Transek,
2002). It is reasonable to believe that the world will soon have to confront high levels of air pollution and congestion prob-
lems caused principally by the unrestricted use of private cars, and have to deploy practical instruments to achieve trans-
portation sustainability efficiently, effectively and in a politically feasible manner.

There are in general two ways to alleviate traffic congestion: increasing road capacity (supply) or reducing traffic (de-
mand). As the cliché ‘you cannot pave your way out of traffic congestion’ says, providing more road space has been proven
to be self-defeating in congested areas because the increased capacity will soon be absorbed by induced travel demand
(Goodwin, 1996; Hansen and Huang, 1997). Therefore, the focus is now turning to demand management as a tool to address
congestion problems. Treating road space as a common commodity, travel demand can be controlled either by price instru-
ments or quantity instruments.

Historically, road pricing as a demand management instrument has received far more attention than quantity control in
both theory and practice. Since the influential work by Pigou (1920) who suggested that vehicles using congested roads
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should bear a tax equal to the difference between marginal social and marginal private costs involved, a large body of re-
search has been developed on congestion pricing. In the context of a congested network, various mathematical models
and algorithms have been proposed to determine the optimal link tolls for system performance optimization under given
physical and economic pricing constraints. Comprehensive reviews have been published by Yang and Huang (2005),
Lawphongpanich et al. (2006), Lindsey (2006, 2010), and recently Tsekeris and Voss (2009).

Economists advocate congestion pricing as an efficient pricing strategy that requires the users to pay more for a public
good, thus increasing the welfare gain or net benefit for society. However, one of the major concerns with road pricing is
that it is perceived as unfair or just another flat tax. Indeed, equity debates play prominent roles in road pricing and explain
why its application on urban roads is still limited to a small number of cities worldwide.

To develop more equitable and acceptable pricing schemes, Lawphongpanich and Yin (2010) and Song et al. (2009) stud-
ied a class of Pareto-improving pricing schemes without revenue rebate as they apply to networks. They formulated the
problem of finding Pareto-improving tolls as a mathematical program with complementary constraints, and proposed a solu-
tion algorithm via manifold sub-optimization. However, such Pareto-improving toll schemes exist only conditionally.! In
parallel, Liu et al. (2009) and then Nie and Liu (2010) adopted a continuous value of time (VOT) distribution and examined
the existence of Pareto-improving and revenue-neutral road pricing and transit fare schemes in a simple bi-modal network con-
sisting of a single road and a parallel transit line. Guo and Yang (2010) investigated Pareto-improving congestion pricing cum
revenue refunding schemes in general networks and established a sufficient condition for the existence of origin—destination-
specific but class-anonymous Pareto-improving refunding schemes. However, even with revenue redistribution and the appeal-
ing Pareto-improvement, the government plays a role as an objectionable toll collector, and its claim of revenue-neutrality is
not always easy to verify and thus perhaps hard to believe. Compensation (to those who are priced off the roads due to road
pricing) is insufficient and procedures play an essential role (Frey et al., 1996).

Given the general political resistance to congestion charges, some researchers and planners have turned to quantity
instruments to curtail the unrestricted use of private vehicles. In quantity control, the government determines the travel de-
mand to be served, and then assigns fixed mobility rights equally to all individual travelers or inhabitants so that fairness is
explicitly demonstrated. The simplest quantity control method—plate-number-based road space rationing, has been in place
in many Latin American cities like Mexico City and Sao Paulo, and has recently been tried in a few large cities in China includ-
ing Beijing and Guangzhou. Modeling and efficiency analysis of plate-number-based rationing schemes in general networks
have been carried out recently by Wang et al. (in press) and Han et al. (2010). Under such a rationing policy, every private
car’s access to the road is restricted on the same fraction of days according to its plate number, with enforcement carried out
through an automated traffic surveillance network. Observable congestion reduction and air quality improvement have been
reported under short-term rationing, but it is also known that the pure plate-number-based rationing strategy tends to pro-
mote undesirable second-car ownership in order to circumvent the restriction. Indeed, there is evidence that driving restric-
tions in Mexico City (Hoy No Circula) led to an increase in the total number of vehicles in circulation as well as a change
toward old, cheap and polluting vehicles (Davis, 2008; Mahendra, 2008). So long-term number plate rationing may lose
its effectiveness over time as car ownership increases.

Daganzo (1995) has suggested a hybrid strategy between pricing and rationing for a single bottleneck, and proved the
possibility of achieving Pareto-optimum without toll redistribution. He further specified a certain time-dependent conges-
tion reduction scheme involving tolls and rationing which can benefit every driver when each driver is assumed to pass the
bottleneck at a given time (Daganzo, 2000). Nakamura and Kockelman (2002) applied Daganzo’s idea to the San Francisco-
Oakland bay bridge and showed the practical difficulty or impossibility of Pareto-improvement through pricing and
rationing.

A more sophisticated quantity control method—termed the tradable driving permit (right or credit) or the emission cap-
and-trade scheme—has been proposed in the transportation literature. A variant of this method was originated earlier by
Dales (1968) for the purpose of attaining water quality targets in a cost-effective manner, and discussion of similar schemes
now abounds in the realm of environmental policy (including, for example, in the Kyoto Protocol and the European Union
Emission Trading Scheme (Perrels, 2010)). In a tradable credit scheme, a policy target is defined in terms of quantity and
the associated consistent equilibrium price of credits is determined by the market through free trading.

Chin and Smith (1997) and Seik (1998) studied the vehicle ownership quota system implemented in Singapore in 1995.
The government designed that system to control and limit the growth in supply of private vehicles. Under the system, the
number of new vehicle registrations allowed each year is determined by the Land Transport Authority (LTA) while the mar-
ket determines the price of owning a vehicle.? Raux (2004) looked at two existing permit systems, the Ecopoint program in
Austria designed to limit pollution and noise from truck traffic, and the Zero Emision Vehicle (ZEV) program in California which
aims to reduce vehicle emissions. Raux and Mariot (2005) described a potential application of a domestic market for car fuel
consumption permits and outlined an evaluation of the socioeconomic consequences of market operation and the surpluses that

! The existence of the Pareto-improving tolls without revenue redistribution discussed by Lawphongpanich and Yin (2010) requires that the untolled
equilibrium flow pattern be dominated by an alternative feasible flow pattern, under which some users are better off and no user is worse off than at the
untolled equilibrium. Such a dominating flow distribution and the Pareto-improving tolls exist only for certain special networks that exhibit the generalized
Braess paradox defined and characterized by Hagstrom and Abrams (2001).

2 Following the strategy of Singapore, the city of Shanghai has implemented policies to restrain both car use and ownership. Since 1998, the number of new
car registrations per year has been limited and the rights are sold in a public auction.
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would result from it. Goddard (1997) proposed using tradable vehicle use permits as a cost-effective complement to technolog-
ical abatement for mobile emissions control. Verhoef et al. (1997) explored the potential of a tradable permit scheme in the
regulation of road transport externalities and discussed many practical applications on both the demand side (user-oriented)
and the supply side (the automobile and fuel industries). They mentioned a tradable road-pricing smart cards (TRPS) scheme
and appraised it as ‘combining the advantages of electronic road pricing in terms of efficiency and of tradable permits in terms
of social feasibility’. A similar idea was addressed by Viegas (2001), who suggested a monthly distribution of mobility rights to
all taxpayers. These mobility rights can be used either for private car driving in a tolled area or for riding public transport, and
are freely tradable among citizens. Kockelman and Kalmanje (2005) and Raux (2007) further evaluated these concepts and pro-
posals, and made valuable case studies appraising policy impacts such as wealth redistribution between motorists and the
community.

Apart from these conceptual studies, a few relevant mathematical analyses are worthy of mention. Nagurney and Dhan-
da (1996) and later Nagurney (2000) modeled systems of marketable pollution permits using a variational inequality ap-
proach. Friesz et al. (2008) introduced a European-type congestion call option to value commuting to work along a given
path for a given departure time selected by the driver when a telecommuting alternative exists. Teodorovi¢ et al. (2008) put
forward an auction-based congestion pricing scheme, the basic idea of which is that all drivers who want to enter a cor-
doned downtown area in a specific time period have to participate in an auction. The operator or traffic authority is the
auctioneer who makes the decision whether to accept or reject particular bids by the drivers. Akamatsu (2007) examined
a tradable bottleneck permits scheme under which the road manager initially issues link- and time-specific permits that
allow a permit holder to pass through a certain link or bottleneck in a pre-specified time period, and permit holders can
either use these permits themselves or sell them in a competitive market. By fixing the number of link-specific permits
at any time, queuing delay can be eliminated. However, such a tradable bottleneck permit scheme entails a number of
problematic issues. First, a traveler has to acquire all the link permits along his or her chosen path, and the trading prices
are link-specific, requiring as many trading markets as the number of links. These properties make the system complicated
for a general network unless it has only a very limited number of bottlenecks, or unless it is simplified into an area-based
single permit system like Singapore’s, which sells permits for entering the controlled area in tandem with its vehicle own-
ership quota system. A second consideration is that if the link-specific permits are sold to individual travelers through auc-
tions organized by the traffic authority, the ‘market selling scheme’ considered by the author becomes just a variant of
traditional road pricing with endogenous formation of individual link prices, thereby losing the revenue-neutral property.
Akamatsu proposed a ‘free distribution scheme’ for revenue-neutrality, but it is difficult or complicated for the traffic
authority to freely distribute the permits for each individual link to each individual traveler in an equitable and transparent
manner.

This study examine an alternative simple but forceful tradable credit distribution and charging scheme, where credits are
universal for all links but link-specific in the amount of credit charge. Such a scheme would have three parts. (1) The gov-
ernment initially issues credits to all eligible travelers. (2) The government predetermines the charge or the consumption
rate for each roadway link. (3) Credits can then be traded freely in a competitive market without government intervention.
If there is an initial uniform distribution of credits to all registered travelers, the scheme involves at least the same equity as a
strict rationing policy, so it would avoid the serious political resistance that would result if some group were favored over
another.? Link-specific (or cordon-based) charges regulate traffic flow as pricing does in both static and dynamic control set-
tings by allowing for unrestricted trading of credits. And the scheme leaves everyone free to choose what to do with their initial
endowment of credits. In particular, with the free credit allocation and trading travelers have a supplementary incentive to limit
their vehicle use (by, for example, using public transport or carpooling), because they can sell their extra credits and then get a
tangible reward for the inconvenience. Most importantly, in contrast with conventional congestion charging that involves a
financial transfer from motorists to the government, the scheme confines transfers to within a predefined group of travelers
throughout the whole exercise. The scheme is thus clearly revenue-neutral.*

We will now proceed to discuss this tradable credit scheme in more detail. We will investigate how to obtain the equi-
librium traffic flow pattern and the credit market price in the fixed demand case for a given credit scheme, and then show
that tradable credits can lead to certain desirable network flow patterns. The analysis will then be extended to the elastic
demand case.

2. A tradable credit distribution and charging scheme
2.1. Initial distribution of credits

A well-formulated initial distribution of credits to travelers is important for political acceptance of the policy. The gov-
ernment must first define the eligible receivers of free credits. Presumably, the government can assume that all taxpayers

3 Clearly, the equity impacts of the tradable credit scheme in question here also depend on how the link-specific credits are charged, which should be
addressed in both social and spatial contexts as in the network road pricing case (Yang and Zhang, 2002).

4 The scheme does offer the flexibility for the government to collect a certain amount of revenue periodically that can be earmarked for system
implementation by charging an appropriately low initial price for each credit according to the total number of credits to be issued.
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(or all qualifying travelers/workers) are eligible to receive free credits for every period of the credit scheme, which could be a
month.>® For simplicity, assume that in the fixed demand case, credits are distributed freely to all travelers; in the elastic de-
mand case, credits are distributed to both revealed and latent travelers in order to avoid any distortion of the travelers’ incentive
to drive.

The government then needs to set the rules for the distribution of free credits to registered travelers. Again for simplicity,
consider two simple initial credit distribution schemes: uniform credit distribution, and origin-destination (O-D) specific
credit distribution. The former is simple and fair, while the latter depends on the travelers’ home and job locations but
has the potential to make everyone better off (Pareto-improving).” The total amount of credits is predetermined and the cred-
its are month specific, so no one can gain by banking or stocking credits for the future.

2.2. Link-specific credit charges

The credits that travelers hold can be used on any link but the amount of credit charge is link-specific. This link-specific
charge is similar to the tradable road-pricing smart card discussed by Verhoef et al. (1997). With today’s electronic road pric-
ing facilities and GPS technologies, such a credit charging system is conceivable. Without making the system unnecessarily
complicated, we will require that all link-specific credit charges be nonnegative.®°

2.3. Trading credits

Travelers’ requirements for credits will in general differ from their allocations depending on their origin, destination and
route choices. We suppose there is a free market for credit trading where travelers can buy or sell credits according to their
individual travel needs. The government does not interfere in the market as a buyer or seller, but solely acts as a manager to
monitor the system. Assume the market is competitive (reasonable in view of the large number of agents involved), thus a
uniform and constant credit price prevails, and the transaction cost is low enough that it can be ignored in the context of this
study (Robert, 1995).1°

3. Tradable credits with fixed demand

Consider a general network G = (N, A) with a set N of nodes and a set A of directed links. Let W denote the set of O-D pairs
and R,, the set of all routes between an O-D pair w € W. The travel demand for each O-D pair w € W is denoted by d,,, d,, > O.
To minimize complexity, consider a separable link travel time function, t,(7,), that is assumed to be nonnegative, differen-
tiable, convex and monotonically increasing with the amount of flow 7, on link a € A. Assume also that travelers are homo-
geneous and, without loss of generality, that they each have a value of time (VOT) equal to unity.

3.1. Traveler equilibrium

This tradable credit scheme is characterized by its initial distribution and the charging scheme. The initial distribution
schemes considered here will be either uniform or O-D specific. Let k = {k,,, w € W} denote a general O-D based credit dis-
tribution scheme, where k,, is the amount of credit distributed to each traveler over the O-D pair w € W. For a uniform dis-
tribution scheme, k,, = k,» for any w € Wand w” € W. For a given and fixed demand d,, and a given distribution scheme, the
total amount of credits, denoted by K, is given by K = " ewkwdy. As already mentioned, this analysis is restricted to link-spe-
cific credit charging. Let x = {x,, a € A} denote the charging scheme, where x, is the credit charge for using link a € A. In what
follows, we will use (K, ) to represent a credit charging scheme x with a total number of credits K issued for all links, or
simply a credit scheme in short.

Let f..,» denote the traffic flow on route r € R,, between O-D pair w € W. fis a path flow vector f = (f.w. 1 € Ry, w € W), and
represents the set of feasible path flow patterns defined by

5 A decision about the boundaries of the system is also required. In cities with well-defined geographical limits (Hong Kong for example), this could be
straightforward, but it will be less so in a megalopolis.

6 The system must also deal with individuals who live outside the jurisdiction but occasionally drive in. Letting them travel without incurring charges would
be unpalatable to residents. Visitors could be required to purchase credits on the market, but the transaction costs per trip might be high. Otherwise, some
alternative form of payment would be necessary which would add to the overall system costs.

7 Distribution based on the traveler’s origin (home location) and destination (job location) would cover commuting trips but it would miss a large number of
other trips such as for shopping which are in reality fairly common. In the long run, the distribution scheme may induce people to change their home and job
locations to become eligible for more credits.

8 This assumption is not essential. One can assume an initial nil distribution of credits but allow for both positive and negative credit charges on links,
thereby leading to various revenue-neutral and Pareto-improving traffic flow patterns examined in Liu et al. (2009), Nie and Liu (2010) and Xiao and Zhang
(2010).

9 Negative charges could create a negative full cycle through which a traveler may have an incentive to travel and accumulate credits.

10 This is similar to the case of electronic road pricing and has been addressed in the literature thanks to the electronic technology which is affordable today
(Raux, 2007).
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Let v= (v, a € A) be the link flow vector, and Q, represent the set of feasible link flow patterns defined by

Qy:{y

where 6,4, =1 if route r uses link a and 0 otherwise.

With given and fixed O-D demand, it is obvious that not all credit distribution and charging schemes can guarantee the
existence of feasible network flow patterns. The total amount of credits might be too small to meet the needs of all travelers
going through the network even if all of them use least-credit paths. So for a given O-D demand, define the corresponding
feasible set of credit schemes that ensures the existence of feasible network flow patterns. Let ¥ denote the feasible set of
credit schemes where

Vg = Z Zﬁ’.W(SCLMf S Qfaa S A} (2)

weW reRy

acA

Y= {(K,K)

3f € @ such that Zrcaz/a <K ve Q,,} 3)

Qrand Q, have been defined in (1) and (2) respectively. Hereafter, assume that ¥ is nonempty.
Let p denote the unit credit price in the credit market. Given a feasible scheme with tradable credits, (K, k) € ¥, the user
equilibrium (UE) conditions can be written as:

> (ta(va) + PKa)dar = My, if fr, >0, TER), WeW 4)

acA

> (ta(va) + PKa)dar > fh,, if fr,, =0, TER,, WeW (5)

acA

and the credit market equilibrium conditions are given by:

D Kata=K, ifp>0 (6)
acA
D Ko <K, ifp=0 (7)

acA

where f € Qrand ve Q,. Eqs. (4) and (5) state that, at traffic equilibrium, all utilized paths between the same O-D pairw e W
have equal and minimal generalized travel cost p,,. The generalized travel cost consists of two parts: (1) the usual travel time
cost; and (2) the credit cost. The credit cost of using link a € A is given by the number of credits consumed, x,, multiplied by
the unit credit price, p. At the same time, Egs. (6) and (7) represent the credit market clearing conditions, which stipulate that
the equilibrium credit price is positive only when all the issued credits are consumed.

Consider now the following equivalent mathematical formulation for the UE and the credit market equilibrium:

Va
min XH: /0 to(w)dw 8)
subject to:
Z KaVa <K 9

acA

This is a simple variant of the standard UE model (Beckmann et al., 1956) with the network-wide credit feasibility condition
(9) added. Since the problem is a convex nonlinear programming problem with linear constraints, for an optimum solution
fr=(frwr€Ry,weW) e @ and v = (v;,a € A) € Q,, there exist the Lagrange multipliers p and u = (u,, w € W) associ-
ated with the credit feasibility constraint (9) and the path flow conservation constraint (1) respectively, such that the follow-
ing first-order optimality conditions hold:

(Z (ta(V}) + PKa)dar — ,uw)fr’fw =0, reR,, weW (10)

acA

> (ta(¥;) +PKa)dar — i, =0, f7, =0, TE€R), WeW (11)

acA

<1<—Z;cay;>p0 (12)
a

K-> 12,20 p>0 (13)

acA
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It is evident that the first-order optimality conditions (10)-(13) are equivalent to the UE conditions of (4) and (5), and the
credit market equilibrium conditions of (6) and (7). The Lagrange multipliers p and u correspond to the unit credit price at
market equilibrium p* and the minimal generalized travel cost at equilibrium. It is worth mentioning here that the first-order
optimality conditions or the equivalent UE conditions and thus the resulting UE flow pattern are scale-invariant with the
credit scheme. To put it differently, the UE conditions and the market equilibrium conditions remain unaltered if the total
amount of credits issued, K, and the link credit charge, k, are uniformly scaled up or down, because the market price of cred-
its will be driven down or up by the same factor.

Since both the objective function and the constraints of problem (8) and (9) are convex in 7, the link flow pattern at equi-
librium, %, is unique. However, as in the standard UE model, the path flow pattern, f*, at equilibrium is usually not unique.
The uniqueness of the credit price, p*, at market equilibrium is described in the following proposition.

Proposition 1. Given a tradable credit scheme (K, k) € P, the equilibrium credit price p* is unique if there exists at least one O-D
pair whose equilibrium path set always contains the same two (or more) paths with different credit charges.

Proof. The equilibrium credit price is zero and hence unique when constraint (9) is inactive or if the amount of credits issued
is excessive. We only need to consider the case with binding credit constraint (9). Suppose two paths ry, 1, € R, with different
path credit charges are always equilibrium paths between an O-D pair w € W for any equilibrium path flow patterns and
credit prices. That is,

t;‘w+pKT1~W::uw (14)
tﬁz,w +DPKrw = My (15)

where &y = Y geakadar and t7, = > ata(;)da, are the path credit charge and path travel time that are defined uniquely at
UE. Then the only equilibrium credit price that exists can be expressed explicitly by

t ., —t

* W W

= Krow & Kryw (16)
Krow = Knw 7 '

Therefore, the credit price at market equilibrium is uniquely determined if all equilibrium path flow patterns contain at least
the two paths with different credit charges connecting the same 0-D pair.!' O

To provide an alternative and general expression of the equilibrium credit price, sum Eq. (10) over all r€ R, and w e W
and use the definitions }- . fr, = dw and 3, >z frwdar = ¥ This leads to

> (ta(w)) + PRV = > ph,du (17)

acA weW

The equilibrium credit price is then given by

_ ZweWtude B ZueAt“(vZ) UZ _ Zwewﬂwdw -T _ Zwewuwdw -T
_ _ / _ (18)
S A Kal, K K

'

where T" = 3 _,t.(v;) v; is the total travel time at UE under the credit scheme and K* = Y, ,xq?; is the total amount of
credits actually consumed at equilibrium. Note that Eq. (18) is valid for both K* < K and K* = K. If K* < K we have p* = 0 from
(12) and, as a result, T* = > ewttwdw. Thus p* =0 as well from (18) with either K or K*.

If the sufficient condition in Proposition 1 is met and hence the equilibrium credit price is unique, then the generalized
cost inclusive of travel time cost and credit cost for any path is unique, since the link flow pattern is unique at equilibrium.
Thus the set of least-cost equilibrium paths is uniquely defined or invariant. But the converse is not true. That the set of least-
cost equilibrium paths is invariant does not ensure the uniqueness of the credit price. This can be seen from Examples 2 and
3 which will be presented below, where a set of all-or-nothing equilibrium paths is invariant but the equilibrium credit price
is indeterminate.

The condition in Proposition 1 is generally satisfied for real networks. Nonetheless, there are rare cases where the con-
dition is not satisfied and hence the credit price may not be unique.

Example 1. This simple example shows that the sufficient condition in Proposition 1 is satisfied and the credit price at
equilibrium is unique. The network, shown in Fig. 1, consists of two links or paths connecting a single O-D pair. Let

tl(ﬂl):8+27)1, tz(?/z):16+1/2, d12:10, K:30 K1 :4, Ky = 2.

1 As an alternative proof, regard path flow f as the basic variable and the link flow v as a function of fin (8) and (9). Then, for any given (K, k) € ¥, if the
condition in Proposition 1 is satisfied, one can show without difficulty that any optimal path flow solution f* to the problem (8), (9) satisfies the linear
independence constraint qualification (LICQ) (Bazaraa et al., 1993). Namely, the gradients of the active inequality constraints (nonnegative condition of path
flows in (1) and the credit feasibility condition (9)) and the gradients of the equality constraints (O-D flow conservation conditions in (1)) are linearly
independent at f*. This implies that the Lagrange multipliers u,, w € W (O-D generalized cost) and p (credit price) are unique.
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1[4]

O

212]

Fig. 1. A simple network example with two paths connecting a single O-D pair.

0

Fig. 2. A simple network example without path choices.

For each link, the number outside the bracket is the link number and the number inside the bracket is that link’s credit
charge. Suppose both paths and all credits are used (as in the resultant equilibrium case). Then the user equilibrium and
credit market equilibrium conditions are given by

8+2v1+4p =16+ v, +2p
v1+1v,=10
40,4+ 2v, =30

The unique solution is v; = v5 =5, p* = 1.5. The credit price at equilibrium is unique, because the number of equilibrium
paths |R},| = 2 and the condition of Proposition 1 is met.

Example 2. This example is shown in Fig. 2, where the credit price is indeterminate when an all-or-nothing traffic
assignment is the only feasible flow pattern due to network topology. We simply let

d12=d]3 :5, K1 :3, Ky :1, KIZO 1(12 :k]3=2
This uniform credit distribution but link-based credit charge scheme is feasible, leading to v; = 3 = 5 and all credits are
used up. Clearly, any p* > 0 is an equilibrium solution for the credit price.

In this example, there is one and only one path available for each O-D pair, so the condition for unique credit price in
Proposition 1 is obviously violated. The credit price is indeterminate in this case, because the necessity of traveling from
node 1 to node 2 forces each traveler to purchase one additional credit from those traveling from node 1 to node 3 at
any positive price. The example also illustrates that in special cases the credit system may create an unhealthy market;
so in a credit system it is essential to offer travelers freedom of travel choices.

Example 3. In this example the condition in Proposition 1 is not satisfied and the credit price is not unique, even with

alternative paths available. Consider the network in Fig. 3 that contains the two O-D pairs 1-2 and 1-3 with travel demands

di2 =4 and dy3 = 6, respectively. The total amount of credits is set at K= 22 (through either a uniform or an O-D based credit
distribution). The link travel time functions are given by
t1 = v, 15'2:21)2+157 t; = v, ty =v4+10

It is easy to verify that the unique link flows are: v; = 10, v; = 0, 3 = 6, v = 0, and that travelers between 1 and 2 use

only the path through link 1, and travelers between 1 and 3 only use the path through links 1 and 3 at equilibrium. So this is
in fact an all-or-nothing flow pattern. This all-or-nothing UE flow pattern is sustained by the following credit prices:

10+2p<2x0+15+p; 6+2p<0+10+p
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1[2] 3[2]
2[1] 411]

Fig. 3. A simple network example with path choices.

The two conditions, together with the non-negativity of p, imply that any p* € [0, 4] is an equilibrium credit price. The non-
uniqueness of the credit price in this case is due to the large travel time differences between the different paths, such that a
small increase or decrease in the credit price is insufficient to induce travelers to switch paths.

These examples show that the credit price need not be unique when an all-or-nothing flow pattern occurs in the network.
Such a pattern could appear when alternative paths do not exist due to network topology, or when alternative paths exist but
(1) both the travel times and credit charges of alternative paths are higher than those of the utilized path or (2) the credit
charges for the alternative paths are less than that for the utilized path but not enough less to offset a much longer travel
time. The examples also demonstrate that non-uniqueness in the credit prices has nothing to do with the initial credit dis-
tribution, which nevertheless has great potential to affect individual travelers’ wealth if their initial endowments differ.

3.2. A credit scheme for a socially optimum flow pattern
Hearn and Ramana (1998) have shown that a unique socially optimum (SO) flow pattern #*° can be sustained by the po-

sitive link toll scheme'? 75° = (t°,a € A) > 0 if and only if there exists a vector u = (p, w € W) such that the following con-
ditions are satisfied:

Z (ta(V2) +T°)0ar > My, TERy, WeW (19)
acA

Yo (t(#) + T v =D e (20)
acA weW

In our tradable credit scheme, if the planner sets the credit charges: k*° = 7° or k%° = t°,a € A'® and an initial allocation of
K*° =Y kv, then the necessary and sufficient optimality conditions for the convex program (8) with linear constraints (9)
are

(Z (ta(va) +p’<2°)5a,r - ;uW)fr.w = 07 re RW7 weW (21)
acA

> (ta(va) + pK)ar — 4y = 0, fr, >0, TER), WEW (22)
acA

(KS" -> vaK§°> p=0 (23)

acA
K* =3 vk >0, p>0 (24)
acA

Obviously, a path flow pattern f = f*° which gives v = ¢*° satisfies the above conditions with p* = 1 under the credit scheme
(K*°, 1°°) € ¥, with either a uniform or O-D based distribution of the total amount of credits, K*°.#
This leads to

Proposition 2. If all SO path flow patterns, f*°, satisfy the condition in Proposition 1, then any tradable credit scheme (K, k)
contained in the following nonempty polyhedron given by the (K, k) part of the linear system (K, x, ) can decentralize a given SO
flow pattern (v*°, d*°)

Z[ta( °) + Kq|ar = Uy, TERy, weW (25)
acA
> (ta(¥) +10) Zuwdzs’ (26)
acA
> Kt = (27)
acA

12 Hearn and Ramana (1998) considered a SO toll set that allows for both positive and negative link tolls. Here we are restricted to nonnegative link tolls.

3 Doing so implies that we have implicitly presumed that the endogenous market price of credits at equilibrium is unity. Indeed, as shown later by using the
general Eq. (18), the equilibrium credit price under the given credit setting is constantly equal to 1.

14 As mentioned before, multiplying both K*° and x*° by a positive constant does not affect the equilibrium flow pattern but merely drives down the credit
price p* by the same factor. The current credit settings with an resulting equilibrium credit price p* =1 in fact define and fix their scale in a range that is
analytically and computationally convenient.
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If the condition for Proposition 1 is satisfied and thus the credit price at equilibrium is unique, then the unique equilibrium
credit price can be determined from (18) as follows:
x ZW€WMWd\SA? B TSO _ ZCIEAKG vtszo _ K =1.0
b= K T K K
where the second equality stems from Eq. (26).

The SO credit scheme is independent of the details of the initial credit distribution and only involves the charging scheme
and the total amount of credits distributed.!®> However, as has been mentioned, the initial distribution of credits will undoubt-
edly influence individual travelers’ wealth. If, for equity reason, a uniform credit distribution scheme is adopted together with a
SO credit charging scheme, the net loss to travelers between O-D pair w € W before and after the scheme is introduced can be
measured by the change in generalized cost ;2 — p*k* — i, w € W, where u*® = (152, w € W) denotes travelers’ generalized
cost under the SO credit charging scheme; pi*® = (fii,w € W) is the generalized travel cost under UE without any policy
intervention; and k** = K*/3",,.vdw is the initial uniform allocation of credits. The term p*k*® can be regarded as a uniform
‘pre-refunding’ to all travelers. Unfortunately, such a uniform credit allocation scheme does not necessarily make every traveler
better off.

(28)

3.3. A credit scheme for a Pareto-improving SO flow pattern

In this section we are interested in defining an O-D-specific credit distribution scheme that can make everyone better off.
Guo and Yang (2010) found Pareto-improving congestion pricing cum revenue refunding schemes which made every road
user better off compared with the untolled case. For a transportation network with homogeneous travelers, they showed that
a Pareto-improving O-D-specific scheme for refunding total toll revenue to all travelers exists if the pricing scheme reduces
the total system travel time. Correspondingly, in a tradable credit scheme such a Pareto-improvement can be achieved by an
appropriate O-D-specific distribution of free credits, as shown in the following proposition.'®

Proposition 3. Given a SO credit charging scheme k* and a total amount of credits issued K** = 3", 4k v%°, if the credit price p’
at market equilibrium is unique and the total system travel time at SO is less than that at UE without any policy intervention, then
there exists an O-D based credit distribution scheme that can make every traveler better off.

Proof. Note first that the credit price p* given by (28) for a SO credit scheme (K*°, k°°) is strictly positive if the total system
travel time at SO is less than that at UE before introducing the credit scheme (otherwise, the original UE is intact with p* = 0).
Now consider the following O-D-specific free distribution of credits k” = (kﬂj,w € W), where ‘pi’ stands for Pareto-
improving:

where o, is a positive number satisfying o, >0, w € Wand }_,,_, o = 1. Multiplying both sides of Eq. (29) by d,, and adding
them together over all O-D pairs w € W, we have

> kivdw = Z“W(”ﬁi i) P (Z edy, — > psod, + pk ) =K* (30)

weW weW weW weW

so all credits are distributed to travelers by kP = (I<5V'7w € W). Furthermore, from Egs. (29) and (28) we have

weW weW

52 — pkiy = W——(wa Zu”dww’w) s — W(T“ ), weWw (31)

where T*° is the total system travel time at SO, and T is the total travel time at UE without policy intervention. Eq. (31) then
implies that as long as T*° < T_“e, we have 12 — pk,, < i, w € W. That is, every traveler is made strictly better off under the
credit distribution scheme kP' defined by (29)."” O

15 As can be observed easily from the linear system (25)-(27), the total market value of all SO credits is not constant. In the spirit of the minimal-revenue
congestion pricing (Dial, 1999, 2000), one may seek a SO credit scheme to minimize the market value of all credits (or the total number of credits issued) and
thus potentially reduce the financial transfer (or credit transactions) among travelers. This argument, however, does not apply for the elastic demand case,
where the total market value of all SO credits is constant, as shown in the subsequenrt section.

16 Although such a Pareto-improving credit distribution scheme exists in theory, the following distribution Eq. (29) suggests that the calculation would be
complicated for large networks in view of the amount of information required to compute the credit for each O-D pair.

17 1t is clear from the proof that Proposition 3 is also valid for a second-best network flow pattern under a tradable credit scheme. Namely, if a tradable credit
scheme reduces the total system travel time (not necessarily to a minimal SO total travel time), then there exists a Pareto-improving, O-D based credit
distribution scheme that can make every traveler better off.
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4. Tradable credits with elastic demand

In the case of elastic demand, we assume that all revealed and latent travelers are eligible credit receivers. Latent travelers
who, for example, telecommute or take public transport can sell their credits to the revealed car travelers. For simplicity,
assume no income effects on demand; i.e., the demand curve for trips is invariant with respect to the value of the credits

(the number of credits allocated to each traveler multiplied by their market price). This assumption is reasonable inasmuch
as driving accounts for a relatively small fraction of most people’s expenditures.'®

4.1. Traffic equilibrium under a given tradable credit scheme

Let €, q4) represent the feasible set of O-D demand and link flows defined by

weW reRy reRw

Q(v.d) = {(1/7 d)

0= S S Foniarsty = S fomfon > 0.dy > 0.1 € Ryw € Wia eA} (2)

Let B,(d) be the inverse demand function (the marginal benefit function), which is assumed to be monotonically decreasing,
and let d,,d,, > 0, be the potential or maximum demand (from qualifying credit receivers) over an O-D pair w € W. Then,
given a tradable credit scheme (K, k), the UE problem with elastic demand can be given by the following convex formulation:

Va ’dw
min ta(w)dw — / B (w)dw 33
(v.d)eQy a) ; A (@) v;/ Jo (@) 33)
subject to:
S keve <K (34)
aeA
dy<dy, WeW (35)

Again, this is the standard elastic-demand UE model (Beckmann et al., 1956) with an added network-wide credit feasibility
condition (34) and a demand upper-bound condition (35). Note that condition (35) is added into the above problem merely
for the analysis of the initial credit distribution (to all d,,, w € W travelers) and the uniqueness of the credit price at market
equilibrium. Different from the fixed demand case, here any given tradable credit scheme (K, «) can guarantee the existence
of a feasible solution to problem (33)-(35), because (0, 0) € 4y always satisfies constraints (34) and (35).

Let p=(uw, weW) be the Lagrange multipliers associated with the O-D flow conservation conditions in (32), let
p = (p,,w € W) and p be the Lagrange multipliers associated with constraints (35) and (34). The following first-order Kar-
ush-Kuhn-Tucker conditions for the optimality of the above convex program with linear constraints then hold (Bazaraa
et al.,, 1993):

(Z(ta(va) + PKo)day — uw>fr_w =0, reR,, weW (36)
acA

> (ta(va) + PKa)dar — fty =0, fr,, >0, TER,, WeW (37)
acA

(L + P — Bu(dw))dw =0, weW (38)
Wy + Py —Bw(dw) =20, d, >0, weW (39)
(dw—dw)p, =0, weW (40)
Py =0, dy—dy,>0 weW (41)

<1< ¥ Kaya> p=0 (@2
acA
K—ZM%?Q p=0 (43)

acA

Note that the multipliers (4, p, p) exist, since the problem (33)-(35) forms a convex nonlinear programming problem with
linear constraints. The first-order conditions coincide with traffic equilibrium and market equilibrium conditions with elastic
demand. The Lagrange multiplier p can be regarded as the credit price, and the Lagrange multiplier u can be regarded as the
minimal generalized travel cost. Like the fixed demand case, the first-order optimality or UE conditions and hence the result-
ing UE flow pattern is scale-invariant with the credit schemes.

8 A simple and loose way to incorporate income effects is to assume that each traveler spends a certain portion of the initial endowment of credits for
traveling. A general and rigorous way is to take the initial endowment as an input in the production of car trips within the framework of consumer behavior
including both time and money budget constraints (Jara-Diaz, 2007).
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The objective function (33) is strictly convex with respect to » and d, and thus the equilibrium link flow, #* and travel
demand d* under a given credit scheme (K, x) are unique. In addition, as long as there exists one O-D pair w € W whose real-
ized demand d;, is strictly positive but does not reach its upper-bound d,, and the realized demand goes through at least one
path with nonzero credit charge, we have p,, =0, u, =By (d;,) and >, _,(ta(¥;) + P¥a)dar — i, = O for at least one path
fiw>0,7 € Ry,w € W. Hence, the equilibrium credit price that exists, is uniquely determined from the equilibrium condi-
tions and is given by

. _ BW(d:\/) B t:,w

Ko . Kew#0 (44)

where r € R, is any utilized path with f7,, > 0 and %, > 0. Otherwise, if the realized travel demands for all O-D pairs reach
their upper-bound, d,, = d,,, Yw € W, then the problem reduces to the UE problem with fixed demand examined in the pre-
ceding section. In this case the uniqueness of the credit price at equilibrium can be ascertained using Proposition 1.

For simplicity and for consistency with the standard elastic-demand network equilibrium models in the literature, here-
after, without loss of generality, we will discuss only the case when d,, < d,, for all w e W. In this case, the UE conditions
(36)-(41) can be simplified and rewritten as:

> " (ta(¥;) + P'Ka)dar = Bu(d,), if f7, >0, r€Ry, weW (45)
acA
Z(ta(vg)er*Ka)éa,r>Bw(d;,), if fr,=0, reRy, WweW (46)
acA

where (", d*) € €. Multiplying both sides of Eq. (45) by f,, and adding them up over all r € Ry, w € W yields

SN TR (ta(y) + P Ka)dar | = D diBu(dy,) (47)

weW reRy L a i weW

The left-hand side is equal to

Z Zf;fw Z (ta(V}) + P"Ka)dar| = Zra(y;)v;; +p Z Kav =T +p'K (48)

weW reRy L a acA acA

where T* is the total travel time at equilibrium. The second equality in (48) stems from the fact that, at equilibrium,
Yeeakaty < Kifp*=0and Y, ,k.v; = K if p* > 0. Therefore, from Egs. (47) and (48), the equilibrium credit price is uniquely
given by
d By(d,)-T*
p‘ _ Zwew w W( W) (49)
K
In summary, we have the following proposition.

Proposition 4. Given a tradable congestion credit scheme (K, i), the equilibrium credit price p" is unique and given by (49) as long
as there exists at least one O-D pair whose realized positive demand does not reach its upper-bound.

The condition for uniqueness of the credit price set out in Proposition 4 is much milder than that in Proposition 1 with
fixed demand. It can be considered as always being satisfied.

4.2. A credit scheme for the SO flow pattern

The standard SO problem with elastic demand can be formulated as:
oy

- B
vgrygnyd ; Vata(Va) M;/ A v (0)dow (50)
Let d*° and ¢*° be the unique O-D demand and link flow solutions of (50). Based on the work of Hearn and Yildirim (2002)
and Yildirim and Hearn (2005), we can characterize the positive link toll pattern 7 = (7,4, a € A) > 0 that can decentralize the
given SO flow pattern (2°°, d*°) as the following polyhedron given by the linear system defined in 7:

> (ta() + Ta)dar = Bu(dy), TER), weW (51)
acA

> (ta(¥) +Ta) U = > Bu(dy)dy (52)
acA weW

If we replace 7, in (51) and (52) by k., we can easily arrive at the following proposition.

Proposition 5. Any tradable credit scheme (K, k) contained in the following nonempty polyhedron given by the linear system
defined in (K, k) can decentralize a given SO flow pattern (v*°, d*°):
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> (ta(¥) + Ka)dar = Bu(dy), TER), W (53)
acA

> (ta(#9) +Ka) 0 = D Bu(dy)dy (54)
acA w

D Kt =K (55)
acA

Note that from Egs. (49), (54), and (55) we have

. _ Zwewdws/l?BW<de‘/J) -T° o ZaeAKﬂ Z/ZO _ K _
p= e = St = =10 (56)

Therefore, for any SO credit scheme (K*°, k*°) contained in the above polyhedron (53)-(55) the equilibrium credit price re-
mains constantly equal to unity. In addition, the total market value of all credits is constant at

Im° = p'K* = > dyB,(d};) — T = constant (57)

weW

Namely, the credit market value IT°° given by (57) is invariant across the set of SO credit scheme (K*°, k*°) contained in (53)-
(55) for a given unique SO solution (d},,w € W) and (¢%°,a € A).

4.3. A credit scheme for traffic restraint

The proposed credit scheme can accomplish the same task as the tolling schemes for traffic restraint in the road pricing
problems examined by Yang and Bell (1997), Larsson and Patriksson (1999), Nie et al. (2004) and recently by Yang et al.
(2010). The problem is to seek a link toll pattern or a link-based credit scheme on a road network so as to hold traffic demand
within a given level such as the network’s environmental or physical capacity.

The standard elastic-demand UE problem with link capacity constraints is described by

Va dy
min 3" /0 ta(a))dw—wezw /0 B, (@)d (58)

(Vvd)EQ(y.d) acA

subject to

V,<Cy acA (59)

where €, 4) is defined in (32) and C,, C,> 0 is either the physical or environmental capacity of link a € A (Yang and Bell,
1997).1°

Let (¢/, d") be the unique equilibrium link flow and O-D demand solutions to the convex system described by (58) and
(59), where ‘tr’ stands for traffic restraint. The Lagrange multiplier T = (,, a € A) associated with capacity constraint (59) pro-
vides an effective solution for link tolls that can be used to hold network traffic flow within the predetermined physical or
environmental capacity. In addition, 7,=0 if ¥ < C,, and 1, > 0 if v = C,. So a positive link toll is needed only when the
flow through that link reaches its capacity. The link tolls that can accomplish the capacity restraint task or support (2, d"
as an equilibrium are not unique, but can be characterized by the following polyhedron given by the linear system defined
in T:

> [ta(#) + Tl oar > Bu(dy), TERw weWw (60)
acA

> (ta(08) +1a)v = > Bu(dy)di, (61)
acA weW

> (Ca—v)Ta=0 (62)
acA

Ci—" >0, 7,=0 acA (63)

If we replace 1, in (60)-(63) by x,, we readily reach the following proposition.

Proposition 6. Any tradable credit scheme (K, k) contained in the following nonempty polyhedron given by the linear system
defined in (K, ) can hold network flow pattern within a given desirable target level v < Cq,a € A:

19 The environmental capacity of a link is assumed to be less than its physical capacity. If physical capacity is adopted for C,, a € A, wasteful queuing delay will
be removed. If, however, lower environmental capacity is adopted, traffic demand is held within a desirable level without physical vehicle queues.
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> (ta(¥5) + Ka)our = Bu(dy), TERy, weW (64)
acA

> () + 1) = > Bu(dy)diy (65)
acA weW

> (Ca—vi)Kka=0 (66)
acA

Co—2" >0, K,20, acA (67)
> Kty =K (68)
aeA

Like the SO credit scheme, we have the unique equilibrium credit price p* = 1.0 from (49) and (65), and the total market value
of all credits is unique as well, because

" =pK = Z Kot = Z KoCq = Z d"B,, (dfj) - Z ta(2) ¥ = constant (69)

acA acA weW acA

where (7, d) is the unique equilibrium solution of link flows and O-D demands to problem (58) and (59).

5. Discussion of results

This study has investigated a tradable credit scheme in a general network with homogeneous travelers. Under such a
scheme, the government initially distributes a certain amount of credits to all eligible receivers and charges a link-specific
amount of credits to travelers using each link. Travelers can sell or buy additional credits among themselves in a competitive
credit trading market. For a given credit scheme, we have shown that a unique user equilibrium flow pattern exists under
either fixed or elastic demand, and it can be obtained by solving simple convex optimization problems. We also have shown
that the price of credits at market equilibrium is unique subject only to very mild assumptions. Encouragingly, a properly
designed tradable credit scheme with a suitably chosen total number of credits and link charges can emulate a system of
congestion toll charges and support various desirable traffic flow optima.

The advantages of the tradable credit scheme are clear. It can guarantee that a predefined quantitative objective will be
attained, whether this involves congestion abatement or not exceeding a certain vehicle emissions threshold.?° Secondly, un-
like road pricing (or emissions charges or gasoline taxes) which generate large financial transfers from the public to the gov-
ernment and thus usually meet with considerable skepticism, the tradable credit scheme offers revenue-neutral incentives
for mobility and environmental quality. Unlike plate-number-based traffic rationing, which would be spatially and temporally
less inefficient and ineffective, the tradable credit scheme plays essentially the same role as road tolling in the regulation of
location-dependent and time-dependent congestion and environmental externalities, while avoiding the incentive to buy more
cars. Thirdly, the fact that the initial credit distribution is free greatly enhances the political acceptability of the scheme. The
scheme would actually improve the distribution of income among travelers, as the higher-income groups would need to acquire
more credits from the lower-income groups to fulfill their travel plans diverting money from the wealthy to the less so.2! By
adding a price component to the initial credit distribution, the tradable credit scheme can be made a blend of quantity and
price-based demand management with self-financing system implementation. The tradable credit scheme thus offers the best
combination of cost-effectiveness, administrative flexibility and distributional fairness.

Beyond this preliminary investigation, there are many open and potentially valuable avenues for further study. Among
them are user heterogeneity, implementation with limited information, multiple objectives and hybrid credit schemes, each
with either a static or a dynamic setting.

5.1. Tradable credits with heterogeneous travelers

The current modeling of credit schemes applies only to homogeneous user cases but it could be extended to the heter-
ogeneous case (Yang and Huang, 2004; Guo and Yang, 2009,2010). This becomes more complicated but more interesting
when credits are freely traded not only among travelers on different paths and O-D pairs, but also among travelers with dif-
ferent incomes or values of time. The extension would offer more dimensions for Pareto-improvement with financial
neutrality.

20 One should be careful in making such a statement. Apart from the fact that emissions depend heavily on vehicle maintenance and other things, because
travelers have a choice of route, there is no guarantee that a given quantitative objective is always met unless credit charges on the links are set appropriately.
Fixing a total number of credits (K) does not constrain total travel as tightly as, say, an emissions cap constrains CO, emissions, or a fishing quota limits the
number of whales caught. These are one-dimensional control problems whereas the problem here is complicated by network considerations.

21 In this regard, the credit scheme can be contrasted with a congestion pricing system. If higher-income groups need to acquire more credits to fulfill their
travel plans then they would also pay more road tolls. Both systems would be absolutely progressive if not also progressive on average in terms of income. To
the extent that higher-income workers have greater work-hours flexibility than lower-income workers they may be better able to avoid peak-period tolls. If so,
it is conceivable that they would pay less in tolls and correspondingly require fewer credits under a tradable credit scheme. The credit scheme would then be
regressive.
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5.2. Scheme design with limited information

The demand functions, link travel times and travelers’ valuations of travel time savings called for in this analysis are not
usually readily available in practice. To circumvent this difficulty, the tradable credit scheme could be implemented in the
spirit of the trial-and-error road pricing method developed by Yang et al. (2004, 2010) and Meng et al. (2005). In this case,
one more piece of market information—the revealed credit price—becomes available, signaling the need for an upward or
downward adjustment of the total amount of credits to be issued in a subsequent implementation period.??

5.3. Hybrid schemes for multiobjective optimization

Apart from the system travel time or cost envisaged here, one can naturally consider total network emissions as a sec-
ondary objective function (Yin and Lawphongpanich, 2006). Or one may introduce a scheme based on, for instance, fuel con-
sumption. Such a hybrid form with dual tradable credits together with an initial allotment fee offers a more flexible and
perhaps more acceptable way to achieve multiobjective network optimization (Yang and Huang, 2004; Guo and Yang,
2009). Also, credit charges can take alternative forms, such as a distance-based or time-based charge. Together with a proper
total amount of credits issued, such a credit charging scheme would allow for effective control of the total number of vehicle-
kilometers driven and the total number of vehicle-hours spent on the network (the two standard engineering measures).

All in all, the tradable credit scheme offers a powerful tool to manage network mobility, traffic congestion and environ-
mental quality in an effective, efficient and equitable manner. Its various potential applications remain largely unexplored.
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