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Tradable mobility credit scheme has recently received much attention inspired by its 

successful implementation in pollution control programs. In a typical tradable credit scheme, the 

transportation authority determines a quantity-based control target. To achieve the target, 

mobility credits are issued and distributed among eligible travelers.  Travelers are subsequently 

charged a certain number of credits to access the transportation facilities. Additionally, the 

credits are allowed to be traded among travelers in a market established for this purpose and the 

credit price emerges as a result of the interaction between network and market equilibriums. 

To investigate the potential of tradable credit scheme in a more realistic setting, this 

dissertation investigates their efficiency under uncertainty. As a benchmark to evaluate the 

performance of tradable credit scheme, its efficiency is compared with congestion pricing. In a 

deterministic setting, we demonstrate that there is a one-to-one correspondence between 

congestion pricing and tradable credit scheme in achieving a desired control target. However, as 

shown numerically, the two schemes no longer mirror each other when there is uncertainty 

associated with the demand-side and/or supply-side of the transportation system. As a quantity-

based instrument, tradable credit scheme preserves the quantity target but allows the price to 

fluctuate. In contrast, congestion pricing as a price-based instrument cannot guarantee achieving 
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the quantity target because the toll cannot be adjusted in response to revealed scenarios. The 

volatility of credit price might undermine public acceptability of tradable credit scheme because 

the credit price might be too high in some cases. Hence, a safety-valve policy is proposed that 

imposes a ceiling on the credit price. It has been shown how the price ceiling can be designed 

appropriately to provide a trade-off between public acceptability and success rate in achieving 

the control target. 

Finally, we incorporate the impact of travelers’ heterogeneity on analysis and design of 

tradable credit scheme under uncertainty by focusing on a specific tradable credit scheme aiming 

the temporal distribution of travel demand.  
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CHAPTER 1  
INTRODUCTION 

1.1 Background  

Traffic congestion as one of the major challenges in metropolitan areas imposes monetary 

and non-monetary costs on society, threatening quality of life and economic prosperity. 

According to the Texas Transportation Institute Urban Mobility Report (Schrank et al. 2012), 

total travel delay in U.S. is estimated to be 5.5 billion hours, which imposes 121 billion dollars 

cost on the nation. Traditionally, the solution to the rising level of congestion has been adding 

new capacities to existing ones. Yet, such an approach is increasingly subject to spatial and 

financial constraints. More importantly, as new capacities usually induce new demands, the 

congestion relief brought by them is often short-lived (Duranton and Turner 2011). 

Consequently, market-based instruments have gained acknowledgment as more effective and 

cost-efficient solutions to the congestion problem.  

Market-based instruments for congestion mitigation are generally classified into two 

classes, i.e., price- and quantity-based. The former, widely known as congestion pricing, has 

been advocated by transportation economists since the seminal work by Pigou (1920). The idea 

behind the congestion pricing is to charge travelers the marginal external costs that their trips 

impose to the society to reduce traffic congestion or increase social welfare. For recent reviews 

on methods and technologies for congestion pricing, see, e.g., Yang and Huang (2005), Tsekeris 

and Voss (2009), de Palma and Lindsey (2011).  Congestion pricing has been implemented 

across the world in variety of forms, such as cordon pricing in Stockholm, London, Singapore, 

and high-occupancy-vehicle/toll lanes implementation across US. However, the penetration of 

congestion pricing looks relatively low, despite its theoretically proven potential in tackling 



 

12 

congestion.  Indeed, congestion pricing has deficiencies acting as barriers against its extensive 

implementation. 

Optimal design of congestion pricing such that meets the objectives defined by the 

transportation authority (here after referred to as “authority”) requires prior knowledge of the 

characteristics of demand-side and supply-side of the transportation system. More specifically, to 

evaluate the consequences of a congestion pricing scheme the analyst should have full 

knowledge of the demand function, the travelers’ generalized cost function, and the level of 

service function of the infrastructures. Among them, access to a reasonable demand function is 

the greatest challenging (Yang et al 2004). 

Congestion pricing sets a price on a service that used to be free (Small 1992). Hence, the 

public may perceive it as another form of taxation on their travel in addition to the gas tax. The 

opposition from the public causes political resistance against the implementation of congestion 

pricing. 

There are concerns regarding the distributional effect of congestion pricing. The general 

perception among the public is that congestion pricing favors high-income people, and forces 

low-income travelers toward less desirable travel options (Jaensirisak et al. 2005). 

While numerous studies are conducted to address the issues associated with congestion 

pricing, quantity-based instruments are drawing attention. In contrast to price-based instruments 

that use price to influence travel choices, quantity-based instruments control the quantity target 

directly.  

Different quantity-based mechanisms have been proposed thus far. Among them, the 

tradable credit scheme has recently received much attention. The concept of tradable credit was 

initially proposed by Dales (1968) as a mechanism to control water pollution. Since then, it has 
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been tested and implemented in several pollution control programs such as the Acid Rain 

Program to control the total SO2 emission in US, NOx Trading Program to regulate NOx emission 

(Tietenbeg 2005). 

Inspired by its successful implementation in pollution control, tradable credit is 

considered a potential solution for congestion mitigation. Verhoef et al. (1997) identified several 

potential applications of tradable credit in regulation of transportation externality. The first 

theoretical attempt in this direction is conducted by Yang and Wang (2011) who proposed a 

mathematical framework to study tradable credit by capturing the market and network 

equilibrium simultaneously. 

A typical tradable mobility credit scheme designed to mitigate congestion can be 

described as follows: The authority, as the responsible organization to manage mobility across 

the network, determines a quantity-based control target that guarantees a desired level of service. 

To achieve the control target, mobility credits are issued by the authority and distributed among 

eligible travelers. Each traveler wishing to access transportation facilities is required to pay a 

certain number of credits. Moreover, a virtual market will be created in which the credits can be 

traded among travelers through free market trading, and the credit price will subsequently 

emerge. If the initial allocation is not enough to fulfill their credit needs, travelers can purchase 

credits from other travelers in possessing surplus credits. Conceptually, travelers who place more 

value on using the facility fulfill their travel needs by purchasing credits from those who value 

less. Some promising features of tradable credit are discussed below: 

 In tradable credit schemes, after designing the scheme, the authority’s role is limited to 

identify eligible travelers and distribute the credits among them. The schemes are 

essentially revenue neutral, and no wealth is transferred from the public to the authority. 

Therefore, it is expected to receive less opposition from the public and subsequently 

politicians. 
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 The travelers displaced to less desirable modes, routes or departure times can sell their 

unused credits to other travelers, and receive compensation.  

 The initial allocation of credits among the travelers can be adjusted by the authority to 

control the distributional effects on the individuals’ welfare, resulted from the 

implementation of the scheme. 

However, similar to any other instrument, tradable credit has its own drawbacks and 

technical issues which need to be addressed before any real implementation. Below are some 

among others: 

 The initial allocation of credits can be a challenge for the authority. How are the eligible 

travelers identified?  More importantly, how many credits should be assigned to each 

eligible traveler? Even though the initial allocation might not alter the efficiency of the 

instrument (Montgomery 1972), its implication on travelers’ welfare cannot be ignored. 

 Transaction cost associated with credit trading might suppress the efficiency of the 

scheme. With a higher transaction cost, the concerns regarding the initial allocation 

would be even more. 

 Mobility credits are expected to be issued periodically. An important issue is then 

whether the credits are allowed to be transferred to the next periods. The transferability 

allowance will raise questions regarding the transferability rules, and potential banking 

and borrowing of credits and their effects on the efficiency of the scheme. 

 Travelers might not be aware of the exact number of credits they need beforehand, which 

implies the risk in their decision-making. The effect of travelers’ risk attitude should be 

reflected in analysis and design of tradable credit scheme. 

 Uncertainty in both travel demand and supply can deteriorate the efficiency of tradable 

credit schemes. Hence, a robust design that enables the scheme to handle the unforeseen 

fluctuations is of great importance. 

The above mentioned issues have been investigated in the existing literatures. Among 

them, the impact of uncertainty on the efficiency of tradable credit is of particular interest. To the 

best of our knowledge, no major research is conducted to explore the consequences of demand-

side or supply-side uncertainty on the capability of the tradable credit scheme to manage 

congestion. This dissertation is specifically aimed to fill the gap in the literatures. We will show 

how recurring uncertainties associated with travel demand and supply affect the efficiency of 
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tradable credit scheme. More specifically, we compare the robustness of tradable credit to 

achieve the design target with congestion pricing, and demonstrate how the outcomes of these 

two schemes differ under uncertainty. By highlighting negative impacts of uncertainty on the 

efficiency of tradable credit scheme, we will discuss how the design of tradable credit scheme 

should be modified to suppress unfavorable outcomes. In addition, we demonstrate how 

traveler’s heterogeneity will affect the performance of tradable credit scheme under uncertainty, 

and how it should be designed in response. 

1.1 Dissertation Objectives 

This dissertation is aimed to study the efficiency of tradable credit scheme under 

recurring uncertainty. We are going to achieve the following objectives in this dissertation: 

 Examine tradable credit schemes under  a more realistic setting 

 Explore the pros and cons of tradable credit schemes, in the light of comparison with 

congestion pricing 

 Identify the circumstances to admit tradable credit as a worthy instrument 

 Suggest appropriate designs of tradable credit under uncertainty 

 

1.2 Dissertation Outline  

Chapter 2, reviews the relevant literature of tradable credit. Chapter 3 formally 

establishes one-by-one correspondence between tradable credit and congestion pricing in a 

deterministic setting. Chapter 4 investigates how tradable credit and congestion pricing fall apart 

when uncertainty is introduced into the problem, and how to design tradable credit schemes 

under uncertainty. Chapter 5 captures how the travelers’ heterogeneity affects the efficiency of 

tradable credits, and how the design of tradable credit should be adjusted in response. Chapter 6 

summarizes and concludes the dissertation. 
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CHAPTER 2  
LITERATURE REVIEW 

This chapter provides a brief review of relevant researches on the application of the 

tradable credit scheme in congestion mitigation. The idea of tradable credit scheme has been 

essentially borrowed from pollution control. Firstly, Dales (1968) proposed the concept of 

tradable credit scheme under terminology of transferable rights to maintain the quality of water 

resources. Later, Montgomery (1972) proved that tradable credit scheme is the most cost-

efficient mechanism to achieve a pollution control target.  

Tradable credit scheme is a relatively novel proposal in congestion mitigation context and 

most of its related studies are relatively recent. The potential of tradable credit scheme in 

managing traffic congestion is firstly realized by Verhoef et al. (1997). They identified several 

potential applications of tradable credit in managing vehicle ownership, driving day, vehicle 

miles, and fuel consumption (Verhoef et al. 1997). The first theoretical attempt to analyze 

tradable credit scheme was conducted by Yang and Wang (2011) who proposed a mathematical 

framework which is able to simultaneously capture the network and market equilibrium. In their 

proposed framework, the charging scheme is at link-level, i.e. travelers need to pay certain 

number of credits to be allowed to access a specific link. Yang and Wang (2011) showed the 

link-level charging scheme can be designed to decentralize the system optimum flow 

distribution.  

Yang and Wang (2011)’s framework became a basis for subsequent studies that each 

focused on a specific aspect of tradable credit scheme. Generally speaking, the extensions to 

Yang and Wang (2011)’s framework can be fallen into three categories. The first category, 

referred as the methodological extensions, include studies that are enhancing the framework to 

analyze tradable credit scheme under more realistic assumptions. The second category, referred 
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as operational extensions, addresses the concerns associated with implementation of tradable 

credit scheme. The studies falling to the third category explore other potential applications of 

tradable credit scheme in transportation management. In the following, each of these categories 

will be reviewed in separate sections. 

2.1 Methodological Extensions 

Wang et al. (2012) lifted the assumption of homogenous travelers, by allowing discrete 

heterogeneity in value of travel time. Compared to the case with homogenous travelers, they 

argued that tradable credit scheme provides more appealing distributional effect. The 

heterogeneity also increases the wealth transfer from high-income groups to low-income groups. 

The resulting link flow distribution and credit price, however, are not necessarily unique under 

travelers’ heterogeneity. Nonetheless, Wang et al. (2012) provide the sufficient conditions for 

designing tradable credit scheme which guarantees the uniqueness of link flows and credit price. 

In the same line, Zhu et al. (2015) extend the methodology to capture the continuous 

heterogeneity in value of travel time. 

Yang and Wang (2011)’s framework is established based on the assumption that travelers 

are infinitesimal players. In reality, however, there are Cournot-Nash (CN) players such as 

logistic companies who manage their fleet to minimize their overall travel costs. The existence of 

CN players would change the network equilibrium to mixed network equilibrium. He et al. 

(2012) studied the analysis and design of tradable credit scheme under mixed equilibrium 

behavior. In the absence of transaction costs, they designed a tradable credit scheme with 

anonymous charging scheme that decentralizes the system optimum flow distribution.  

Another assumption in Yang and Wang (2011)’s framework is that travelers are loss 

neutral. In other words, for a given number of credits being traded the magnitude of utility that 

travelers gain by selling their credits is equal the magnitude of utility that they lose by 
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purchasing the same number of credits. Yang and Wang (2011)’s framework is no longer valid, 

if travelers’ perception with respect to gaining and losing are different. Realizing this issue, Bao 

et al. (2014) proposed a model that captures travelers’ loss aversion. 

Dynamic evolution of network flows and credit price are investigated by Ye and Yang 

(2013) under finite and infinite time horizon. In their model, travelers continuously adjust their 

path choice based on their perception of paths’ travel costs and their anticipation of the credit 

price. The evolution of credit price at any moment depends on the current credit price and the 

remaining credit supply. They formalized the necessary and sufficient conditions to find the 

equilibrium state. 

2.2 Operational Extensions 

As we discussed in Chapter 1, one of the drawbacks of the marginal-cost pricing is its 

dependency to have prior knowledge on demand function that is subjected to practical and 

methodological constraints. The same issue exists in designing tradable credit scheme when the 

control target is to decentralize the system optimum flow distribution. More specifically, to 

determine the charging scheme, the authority should have full knowledge of demand function. 

To overcome the drawback, Wang and Yang (2012) proposed a trial-and-error implementation of 

tradable credit scheme for a single link with unknown demand function. In their methodology, 

the authority would periodically adjust the charge rate on the link and the total number credits, 

through continuous monitoring of the link flow and credit price. They suggested a bisection-

based algorithm to stabilize the observed link flow on the unknown system optimum. 

Subsequently, Wang et al. (2014) modified the trial-and-error algorithm to derive the unknown 

system optimum flow distribution for a general network. In their case, there is an unknown 

demand function associated with each origin-destination. The authority can adjust the link-

specific credit charges and the total number of credits based on the signals received from the 
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observed link flows and the credit price. Realizing non-convergence nature of bisection method, 

Wang et al. (2014) used method of successive average (MSA) to update the design variables. 

Another concern associated with implementation of tradable credit scheme is the impact 

of transaction costs.  Considering the mobility credits as the traveler’s property, there are 

transaction costs associated with credit trading similar to transferring of any other properties. In 

fact, to be involved in the market travelers should learn credit market rules, and know how many 

credits are needed to fulfill their travel needs. Either as a seller or buyer, the travelers should find 

and negotiate with a trading partner. To facilitate these processes, the authority might establish 

brokerage facilities and the transaction costs can be paid in term of brokerage fees. In addition, 

there might be some costs associated with monitoring and enforcement of the market (Stavins 

1995).  

The negative impacts of transaction cost are twofold: Firstly, the trading amounts are 

suppressed. Secondly, it imposes extra cost burdens directly on the travelers. Nie (2012a) studied 

the effect of transaction cost on two types of credit market: auction and negotiated market. In 

both markets, the authority monitors the market through selling extra credit. Nie (2012a) showed 

that if transaction cost is less than the credit price obtained in the absence of transaction costs, 

the efficiency of the tradable credit scheme would not be affected in the presence of transaction 

cost. In the case of negotiated market, however, the efficiency of tradable credit scheme would 

be deteriorated in the essence of transaction cost, independent to its magnitude. According to Nie 

(2012a), the degree of efficiency loss due to the transaction cost depends on the magnitude of 

transaction cost, the initial allocation, and the characteristics of transportation network. He et al. 

(2013) also analyzed tradable credit with mixed equilibrium in presence of transaction cost. 

Their finding confirms that transaction cost affects the trading volume. However, while the 
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concerns regarding the negative impacts of transaction cost on tradable credit efficiency is valid, 

high transaction costs are not expected due to the huge market size (Stavins 1995).  

The other issue is how the mobility credits should be distributed, and more importantly, 

how the eligible travelers should be identified. To address this issue, Nie (2012b) proposed a 

tradable credit scheme in which the mechanism for identifying the travelers’ eligibility and credit 

distribution are embedded in the scheme. The proposed scheme charges the travelers passing the 

bottleneck within the peak charging window uniformly, and rewards credit to the travelers who 

are avoiding the bottleneck during the peak charging window. Nie and Yin (2013) extended 

Nie’s scheme by rewarding to travelers who are shifting to alternative route or mode, in addition 

to those who are traveling during off-peak periods. 

Wu et al. (2012) studied the equity aspect of tradable credit scheme. A modeling 

framework is proposed to design a tradable credit scheme for a multimodal transportation 

network that incorporates income equity as well as social welfare. Compared to the optimal 

pricing design, the optimally designed tradable credit scheme is more progressive from the 

equity aspect, thanks to its flexibility in initial allocation of credits.  In a hypothetical study, 

Mamun et al. (2014) compared the socioeconomic impacts of tradable credit scheme, gasoline 

tax and mileage fee. Compared to the other instruments, tradable credit scheme achieves the 

control target with the least adverse effects on social welfare and has the best position from the 

equity perspective. 

2.3 Others Applications 

Implementation of the tradable credit scheme can potentially promote transit ridership. 

Tian et al. (2013) studied the application of tradable credit scheme in a bi-modal bottleneck 

model with travelers’ heterogeneity in value of time. The scheme is essentially designed to clear 

all the queues behind the bottlenecks, while dictating the social optimum modal share. 
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Zhang et al. (2011) acquired tradable credit scheme as a mechanism to control congestion 

in a bi-modal many-to-one network with parking capacity limitation. In their model, parking 

permit distributed among travelers and travelers may purchase extra parking permits through 

trading. Their numerical example showed that the efficiency of tradable parking permit is close 

to system optimum. 
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CHAPTER 3  
IDENTITY OF CONGESTION PRICING AND TRADABLE CREDIT IN PERFECT 

CERTAINTY 

Economists have pointed out that the use of prices or quantities as management 

instruments would achieve the same level of efficiency in an idealized environment of perfect 

certainty (Weitzman 1974). In this chapter, we show that there is a one-to-one correspondence 

between congestion pricing and tradable credit schemes in managing mobility for any specific 

control target.  

Traffic congestion is a result of spatial and temporal concentration of travel demand. 

Managing travel demand through spreading in terms of time and space could potentially reduce 

the congestion level. The authority may define spatially- or temporally-aimed quantity control 

targets corresponding to a desired level of service in the transportation system. A variety of 

control targets will be discussed through this chapter, and the corresponding tradable credit 

scheme and congestion pricing will be designed by assuming a perfect certainty in demand- and 

supply-side of the transportation system. 

The reminder of this chapter is organized as follows. Section 3.2 establishes the identity 

between tradable credit scheme and congestion pricing in achieving control targets through 

managing the spatial distribution of travel demand. Section 3.3 demonstrates such identity for 

control targets aiming the temporal distribution of travel demand. 

3.1 Identity in Spatially-Aimed Control Targets 

Different spatial distribution may be desired from the transportation authority’s 

perspective and each of them can be expressed in term of specific quantities. One authority may 

be more concerned on the total vehicle mileage traveled across the network and is looking for 

controlling it to not exceed a critical threshold. The other one may be interested to manage the 

entering flows into central business district (CBD) area. In a finer control target, the authority 
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might be looking for controlling the spatial distribution of flows over every single link of the 

network. In this section, we will demonstrate mathematically that each quantity-based control 

target can be decentralized by an appropriately designed tradable credit scheme or congestion 

pricing. The analysis follows the mathematical framework proposed by Yang and Wang (2011). 

3.1.1 Notation 

Let  (   ) denote a road network, where   and   are the sets of nodes and links in the 

network, respectively. We denote a link as     or the pair of its starting and ending nodes, i.e. 

  (   )   . Let    represents the flow on link a and   be a vector of link flows. Associated 

with each link, there is a travel time or link performance function,   (   ), which is continuous 

and monotonically increasing, and  ( )     
| |

 is a vector of these functions. In addition,    

denotes the length of link    and    > 0 for all    . For travel demand,   denotes the set of 

origin-destination (OD) pairs and    is the demand for OD pair    . Associated with each 

OD pair, there is an inverse demand function,   
  ( ), which is continuous and monotonically 

decreasing. Additionally,     
| |

 and    ( )    
| |

 are vectors of these demands and their 

inverse functions, respectively. (Hereinafter, the bold typeface indicates vectors of variables or 

functions; the “+” sign in the subscript indicates that each component of the vector is 

nonnegative, and the “++” sign in the subscript indicates positive component.)  

To satisfy demands, we use    to denote the set of all possible paths for OD pair  . 

Then,   
  represents the number of vehicles using path      and   is a vector of these path 

flows. Then, the set of all feasible flow-demand triplets, (     ), can be described as follows: 

  {(     )     ∑ ∑      
 

     

 ∑   
 

    

      
                  }  

where       if arc   is on path   and       otherwise.  
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Below we establish the identity between congestion pricing and tradable credit schemes 

for each specific regulation target. 

3.1.2 VMT as Control Target 

Suppose that the traffic authority attempts to control the total vehicle mile travelled 

(VMT) across a network to be less than a threshold, say K. A tradable credits scheme will be 

simply to allocate K credits to all eligible travelers and then collect one credit for each mile 

traveled. Given such a credit scheme, the equilibrium conditions in the network and credit 

market can be written as: 

∑    (  (  )     )     
  (  )              

 (     )     

   

 (3-1) 

∑    (  (  )     )     
  (  )             

 (     )     

   

 (3-2) 

∑     

   

                                                          (3-3) 

∑     

   

                                                          (3-4) 

In (3-1),    
 (     ) denotes the set of utilized paths with respect to (     )   . 

Similarly,   
 (     ) in (3-2) is the set of unutilized paths. In words, (3-1) and (3-2) state that, 

at equilibrium, all utilized paths have the same generalized travel cost that equals to the value of 

the inverse demand function evaluated at the “realized” demand    and the costs of those not 

utilized cannot be lower than   
  (  ). The generalized cost consists of two parts: travel time 

and the credit cost. The credit cost for using a particular link equals the length of the link, i.e., the 

number of credits consumed,   , multiplied by the unit credit price p. To simplify the notations, 

the credit price in this paper is represented in the unit of time. Equations (3-3) and (3-4) represent 
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the credit market-clearing conditions, which stipulate that the equilibrium credit price is positive 

only when all the issued credits are consumed.  

The above equilibrium flow and price can be obtained by solving the following convex 

program, called as tradable credit problem (TCP): 

TCP 

   ∑ ∫   ( )  
  

    

 ∑ ∫   
  ( )  

  

    

 

       (     )    

          ∑     

   

   

 

 

(3-5) 

It is easy to verify that the first-order optimality conditions of TCP are equivalent to (3-

1)-(3-4) with the market-clearing credit price, p, being the Lagrangian multiplier associated with 

(3-5). With assumed properties of   ( ) and   
  ( ), it is also easy to prove that the above 

program yields unique optimal link flows and realized demands. 

Proposition 3-1. The market-clearing credit price determined from solving TCP is unique. 

Proof. Multiplying (3-1) by the corresponding path flow and summing it over all utilized 

paths for all OD pairs, and then applying the link flow definition condition, i.e.,     

∑ ∑      
 

     
   and the flow balance condition, i.e., ∑   

 
     

    , we have the following:  

   
∑     

  (  )  ∑      (  )      

∑        
 

Because (   ) is unique, the market-clearing credit price, p, is unique.   

On the other hand, the target VMT can be also achieved by implementing a mileage fee 

that equals the above credit price p. This can be easily verified by solving the following tolled 

user equilibrium problem or TUE: 
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   ∑ ∫   ( )  
  

    

 ∑ ∫   
  ( )  

  

    

 ∑      

   

    (     )   

 (3-6) 

3.1.3 Traffic Demand into an Area as Control Target 

We now suppose that the traffic authority wishes to control the total number of vehicles 

into a certain area within a certain period to be less than a threshold, again, K, with a slight abuse 

of notation. Similarly, a credit scheme is to allocate K credits to travelers and collect one credit 

whenever a vehicle enters the area. 

Let   be partitioned into two subsets,    and   , where the former contains links inside 

the control area and the later consists of those outside. By definition,          and      

  . Note that links in    need not be connected. Similarly,    is divided into two subsets:     

and    . The former consists of paths containing links in    and using these paths requires 

paying one credit, even if the path enters the tolled area more than once. In general, paths in     

contain links in both    and    to connect the origin of OD pair   to its destination. On the other 

hand, paths in     contain no link in    and are thus credit-free.  Given such a credit scheme, 

the equilibrium conditions can be similarly written as: 

  ∑      (  )

   

   
  (  )               

 (     )      (3-7) 

  ∑      (  )

   

   
  (  )              

 (     )      (3-8) 

∑      (  )

    

   
  (  )                     

 (     )      (3-9) 

∑      (  )

    

   
  (  )                    

 (     )      (3-10) 
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∑ ∑   
 

      

                                         (3-11) 

∑ ∑   
 

      

                                         (3-12) 

The equilibrium flow distribution and credit price can be obtained by solving the 

following convex program: 

   ∑ ∫   ( )  
  

    

 ∑ ∫   
  ( )  

  

    

 

          (     )    

∑ ∑   
 

      

   

 

 

 

(3-13) 

The equivalence can be similarly established and the equilibrium credit price is the 

Lagrangian multiplier associated with (3-13). It is also easy to prove that the above program also 

yields unique optimal link flows and realized demands. 

Proposition 3-2. The credit price determined from solving the above program is unique. 

Proof. Multiplying both sides of (3-7) and (3-9) by   
  and then summing over     

   and 

    
  for all OD pairs respectively, we have the following closed-form expression for the credit 

price: 

   
∑     

  (  )  ∑      (  )      

∑ ∑   
 

      
  

 

When     , ∑ ∑   
 

      
    , the uniqueness of (   ) will imply the uniqueness of the 

credit price.   

Interpreting the Lagrangian multiplier as an entry fee, the target demand into the area can be 

achieved by implementing area-based pricing. This can be easily verified by solving the 

following tolled user equilibrium problem or TUE 
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TUE: 

   ∑ ∫   ( )  
  

    

 ∑ ∫   
  ( )  

  

    

 ∑ ∑   
 

      

  

      (     )    

 

The above formulation is path based, which can be reformulated to be an equivalent link-

based formulation, although the travel cost is not link-wise additive (Lawphongpanich and Yin 

2012)  

3.1.4 Link-Level Congestion as Control Target 

Regulating congestion at the link level may be the finest level of control. It is assumed 

that the traffic authority attempts to control the number of vehicles travelling on each link of the 

network to replicate a particular flow distribution that, e.g., maximizes social welfare. Design of 

a tradable credits scheme to achieve this objective involves solving the following user 

equilibrium with side constraints: 

   ∑ ∫   ( )  
  

    

 ∑ ∫   
  ( )  

  

    

 

    (     )    

    ̂            

 

 

(3-14) 

where  ̂  is the target flow at link a. In addition to the original feasibility conditions, the 

optimality conditions of the above program also include the following: 

∑    (  (  )    )

   

   
  (  )            

 (   )      (3-15) 

∑    (  (  )    )

   

   
  (  )           

 (   )      (3-16) 

(    ̂ )     (3-17) 



 

29 

     (3-18) 

where    is the Lagrangian multiplier associated with (3-14).  

From (3-15)-(3-18), it is evident that a tradable credit scheme for controlling link-level 

congestion can be constructed from the optimal solution of the above program. More 

specifically, the traffic authority needs to allocate   ∑         to eligible travelers and then 

collect    credits for traveling on link a. With such a scheme, the market-clearing credit price is 

1. If one scales up (   ), the price will be driven down by the same scale. It can be proved that 

the total market value of all credits is constant (Yang and Wang 2011). In correspondence, a 

congestion pricing strategy is to directly charge    at each link. Note that there may exist 

multiple pricing strategies   that achieve the same control objective (Hearn & Ramana 1997). 

Each of them will have a tradable-credit mirror. 

Below we use a numerical example to show the one-to-one correspondence between 

congestion pricing and tradable credit schemes in managing network mobility. Consider a 

network depicted in Figure 3-1 with one OD pair between nodes 1 and 6, and the demand 

function is assumed to be     (   )        (        ), where     is the equilibrium OD 

travel cost. The corresponding link parameters are presented in Table 3-1 and link travel time 

function is assumed to be the BPR function. Without any intervention, the total VMT of the 

network is 1859 and the demand into the central area (links 5 and 6) is 68.4. 

 
 

Figure 3-1. A six-node network 
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Table 3-1. Link parameters for the six-node network 

Link ID Start-End nodes Free Flow Travel Time (min) Length (mi) Capacity 

1 2-4 7 7 22.5 

2 3-5 3 3 22.5 

3 1-2 3 3    45 

4 1-3 5 5    45 

5 2-5 6 6 22.5 

6 3-4 5 5 22.5 

7 2-3 1 1 22.5 

8 5-4 1 1 22.5 

9 5-4 3 3    45 

10 4-6 5 5    45 

 

Below are three specific control targets that can be achieved by using either congestion 

pricing or tradable credit scheme. 

a) Reducing VMT to be less than 1000 

A tradable credit scheme allocates 1000 credits to all eligible travelers and collects one 

credit for each mile traveled. The market price for each credit is 1.503. The corresponding 

congestion pricing implements a mileage fee of 1.503 and the resulting total VMT in the network 

will be 1000. 

b) Reducing the number of vehicles into the central area to be less than 50 

A tradable credit scheme allocates 50 credits to all eligible travelers and collects one 

credit for each trip entering the central area. The market credit price is 6.055. The corresponding 

pricing scheme implements an area-based charging of 6.055 and consequently total trips entering 

the central area will be 50. 

c) Maximizing social benefit  

A tradable credit scheme allocates 1523 credits to all eligible travelers and charges 5.002, 

6.577, 4.739, 3.957, 4.995, 5.784, 0.018, 0.007, 4.745 and 3.951 credits respectively at links 1 to 

10. The market credit price is 1. The corresponding pricing scheme charges the marginal-cost 
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pricing toll at each link as follows: 5.002, 6.577, 4.739, 3.957, 4.995, 5.784, 0.018, 0.007, 4.745 

and 3.951. 

3.2 Identity in Temporally-Aimed Control Targets 

In the absence of any regulation, travelers choose their departure time such that their 

resulting arrival time to be as close as possible to their desired arrival time to their destination. 

On the other hand, workings activities in metropolitans are concentrated in CBD, and the 

working hours of employers are almost the same. These imply that travelers’ desired arrival 

times during the morning peak are pretty similar. As a result, the demand to use transportation 

infrastructures would exceed their capacities, and therefore, queue formation and delay are 

inevitable. 

Market-based instruments can also be acquired to achieve more efficient temporal 

distribution of travel demand. More specifically, either quantity- or price-based instrument can 

be designed to suppress the queue lengths through spreading the individuals’ departure times. 

Similar to the spatial distribution, the identity between congestion pricing and tradable credit in a 

dynamic setting is demonstrated. To do so, Vickery (1969)’s bottleneck model is used which is 

the simplest dynamic model to describe the queue formation and dissipation. Despite its 

simplicity, the bottleneck model is a powerful tool to study the implications of policies aimed to 

influence the temporal distribution of travel demand. 

In the following, the bottleneck model will be introduced briefly, and it will be shown 

how the corresponding tradable credit and tolling schemes can be designed to achieve certain 

quantity targets expressed in term of queue lengths.  

3.2.1 Bottleneck Model 

The morning commute problem was first introduced by Vickery (1969) to describe the 

temporal distribution of morning commutes. Vickrey argued that, in addition to travel time, the 
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deviation of actual arrival time from desired arrival time is an important factor in traveler’s 

departure time choice. In fact, travelers who want to avoid traffic delay depart relatively early or 

late. On the other hand, travelers who arrive closer to the desired arrival time incur more travel 

delay. Smith (1984) and Daganzo (1985) proved, respectively, the existence and uniqueness of 

the equilibrium arrival pattern for a single bottleneck. For recent comprehensive reviews on the 

morning commute problem, see, e.g., Arnott et al. (1995) and de Palma and Fosgerau (2011). 

In bottleneck model, we assume   homogenous individuals are commuting every 

morning from their home (origin) to their workplaces located in the CBD (destination). Without 

loss of generality, the free flow travel time from home to work place and the work start time are 

assumed to be zero. The capacity of the highway connecting the origin to the destination is 

denoted by  . Obviously, not all travelers can arrive at their workplace on the work start time 

when arrival rate exceeds the capacity. The generalized travel cost of a traveler who arrives at 

time   follows the equation (3-19) 

 ( )  {
  ( )    (    )     

   ( )    (    )         (3-19) 

where  ( ) is travel delay,   is value of travel time,   and   are unit monetary cost of early and 

late arrival, respectively. The arrival time of the first and last traveler are denoted by    and   , 

respectively. 

Travelers want to choose departure times minimizing their own travel cost. Therefore, 

equilibrium can be defined as the state in which no traveler can reduce his/her travel cost by 

unilaterally changing his/her arrival time, which implies the travel cost is the same for all arrival 

time between    and   . Obviously, the bottleneck operates with full capacity during the 

congestion period, i.e., from    to   , otherwise some travelers may better off by changing their 
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arrival time. From the equilibrium definition, we have,  
  ( )

  
  . Taking derivative from (3-19) 

and equalizing to zero yields to, 

  ( )  {

 

 
        

 
 

 
          

 (3-20) 

Moreover, queuing delays associated with the first and last traveler are zero. Otherwise, 

they can reduce their travel time by departing a little bit earlier or later, respectively. Using (3-

19), travel cost of the first and last travelers can be obtained as, 

 (  )         (  )      (3-21) 

Additionally, because all travelers would arrive between    and    and bottleneck is fully 

utilized, we have: 

      
 

 
 (3-22) 

Combining (3-21) and (3-22) is resulted in: 

     
 

 

 

 
      

 

 

 

 
 

(3-23) 

where   
  

   
. The equilibrium departure and arrival patterns are depicted in Figure 3-2 and the 

corresponding queuing pattern is presented in Figure 3-3. Clearly, travelers who arrive closer to 

work start time and enjoy less schedule delay incur more queuing delay, and travelers who arrive 

farther away incur less queuing delay. 
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Figure 3-2. Equilibrium arrival and departure pattern without any regulation 

 
 

Figure 3-3. Equilibrium queue pattern without any regulation 

From the society’s standpoint, any queue is being considered as an economic loss and the 

queue length acts as a measure of its severity. To remedy the loss, the authority may define a 

variety of control targets. Among them, we focus on two of them: the ideal goal of clearing all 

the queues and the more practical target of limiting the maximum queue length. It will be 

discussed how tradable credit and congestion pricing can be designed to achieve these targets. 

3.2.2 Zero Queue Length as Control Target 

The most ideal target which requires the finest level of market intervention is removing 

all the queues behind the bottleneck. To achieve this target using tradable credit scheme, 
 

 
 

  

 
 

credits are distributed among travelers and a dynamic charging scheme would be implemented 

according to Figure 3-4. Note that the start and end of congestion period are matched with    and 
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   of the case without any policy intervention. The charging amount increases with rate of   up 

to    and then decreases with rate of  . Hence, the traveler who arrives on time would be charged 

the most. 

In fact, the dynamic charging scheme would replace the queuing delay cost with the 

credit cost. It can be easily shown that the equilibrium credit price is one by comparing the travel 

cost of the first traveler and the travelers who arrives on time. The proposed tradable credit 

scheme decentralizes the system optimum departure pattern, because all the queues would be 

removed and the resulting congestion period minimizes total schedule cost 

The corresponding tolling scheme that removes all the queues and decentralizes the 

system optimum is known in the literature as marginal-cost or fine toll (Arnott et al 1990), and 

follows the pattern of Figure 3-4. Under the marginal-cost tolling scheme, each traveler would 

pay the difference between his/her marginal cost imposed on the society and his/her own private 

cost. Hence, the queuing delay cost will be replaced with the toll, and the departure and arrival 

patterns would be as depicted in Figure 3-5. 

Dealing with zero queue length as the control target would require implementing a 

continuously variable credit charging or tolling schemes which are expected to be unpleasant for 

the travelers, and therefore, their implementation are subjected to practical restraints (Arnott et al 

1990). In Section 3.3.3, we will study how to control the maximum queue length behind the 

bottleneck as the single target.   
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Figure 3-4. The charging scheme and marginal cost toll (zero queue length as control target) 

 

Figure 3-5. Equilibrium departure and arrival patterns (zero queue length as control target) 

3.2.3 Maximum Queue Length as Control Target 

Recently, Liu et al. (2015) proposed a reservation system to manage bottleneck capacity. 

In their proposal, the traffic authority sets several time points around a reference time, e.g., work 

start time, and travelers then either choose a time point before the reference time and should 

arrive before it or choose a time point after the reference point and arrive after it. To control the 

queue length, a limited number of travelers are allowed to choose a time point in the first-come-

first-serve manner. Liu et al. (2015) showed that by increasing the number of arrival time points, 

the system can reach a higher efficiency. Ultimately, when the number of time points increases 

to infinity, each arrival time is essentially reserved for one traveler and thus queuing will be 

eliminated. The proposed reservation system resembles the tradable permit scheme proposed by 

Akamatsu et al. (2006), in which the authority issues tradable permits specific to each arrival 
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time and any traveler who wishes to pass the bottleneck should obtain the specific permit 

associated with his/her arrival time. The scheme can be considered as a quantity-based analogy 

to Vickery’s fine toll. However, despite theoretically appealing, the scheme is not very practical 

as the permits are time-specific and change continuously. 

In the same spirit as Akamatsu et al. (2006) and Liu et al. (2015), a multi-step toll scheme 

will be designed to maintain the maximum queue length behind the bottleneck below a pre-

specified threshold, denoted by  ̃, for a maximum travel demand, denoted by  ̅. While 

designing based on the maximum travel demand is conservative and may lead to inefficient use 

of the bottleneck capacity, however, it can guarantee meeting the queue length requirement for 

all realized travel demand.  

Let’s assume the number of charging windows or periods for early and late arrival are    

and   , respectively. For early arrival, the  th charging period starts at     
  and ends at   

 , where 

  
   . For late arrival, the  th charging period starts at     

  and ends at   
 , where   

   .  The 

toll level associated with the  -th early/late charging period is denoted by   
 /  

 .  

Among different possible design schemes that can meet the design target, we require the 

design to be such that the queue at the start of each early tolling period and at the end of each late 

tolling period be zero. This would lead us to a minimum number of toll steps. In addition, the 

design would be such that the first and last travelers do not need to pay toll. 

Because the first and last travelers pass the bottleneck free of charge, the congestion 

period, i.e., ,     -, is similar to the basic model. In early arrival, the queue length with respect to 

arrival time increases with the rate of 
 

 
 within each toll period. Therefore, the maximum queue 

length of toll period   is associated with the traveler who arrives on     
 . By imposing  (    

 )  

 ̃, we have: 
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(3-24) 

     
    implies that 

  
    

 

 

 ̃

 
            

(3-25) 

Defining    
 

   

 ̅

 
 , where   

 

 
,    will be determined as  

   ⌊
 

 

 

   

 ̅

 ̃
⌋ 

(3-26) 

In late arrival, the queue length decreases with the rate of 
 

 
 as we deviate from the work 

start time. Therefore, the maximum queue length of charging period   occurs at the start of the 

period, i.e.,     
 . Again, by imposing  (    

 )   ̃, we have: 

  
       

   
 

 
 
 ̃

 
             

(3-27) 

 

By setting      
     one can obtain that 

  
   

 

 

 ̃

 
           

(3-28) 

 

Denoting    
 

   

 

 
 ,    will be determined as 

   ⌊
 

 

 

   

 ̅

 ̃
⌋ 

(3-29) 

 

Comparing (3-26) and (3-29), it is clear that the number of toll periods for early and late 

arrival is the same. The toll level should be determined following the definition of the departure-

time equilibrium. The equilibrium travel cost is  
 ̅

 
. Hence, the toll level can be determined as: 
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 ̅

 
    

 ̃

 
                            (3-30) 

  
         

   
 ̅

 
    

 ̃

 
                (3-31) 

Since      , the toll levels at  th early and late toll period are the same, and one can 

combine them and refer the combined one as  th toll period. Therefore, the multi-step toll 

scheme can be characterized by     (   ) toll windows, in which the  th period imposes 

     
 (   

 ) within ,  
      

 )  ,    
    

 ). We also consider the free of charge periods as 

(   )-th period and set     
     and     

    . 

The corresponding queuing pattern is depicted in Figure 3-6. Consistent with earlier 

studies on step tolls (Lindsey et al. 2012), two types of discontinuity can be identified in Figure 

3-6, immediately before and after each toll period. One type of discontinuity happens at   
 , when 

the arrival time changes from period     to period   . Because the last traveler arriving within 

period  +1 has the same arrival time as the first traveler arriving within period  , and pays a 

lower toll at the same time, the equilibrium conditions require the traveler experiencing more 

queuing delay. Therefore, there should not be any departure for a period of time after her/his 

departure. 

 

Figure 3-6. Schematic queuing pattern of the proposed multi-step toll for the design demand 

The other type of discontinuity is associated with   
 . Similarly, the first traveler who 

arrives within period  +1 enjoys a lower toll rate but arrives at the same time as the last traveler 
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arriving within period  , and thus should experience more queuing delay. Liah (1994) justified 

the discontinuity by assuming the formation of an imaginary queue behind the bottleneck parallel 

to the main queue. According to Liah’s model, referred as the separated waiting model, some 

travelers attempt to avoid higher toll and are competing for the arrival spot immediately after   
 . 

Hence, the first traveler who arrives after   
  is the first traveler in the separated queue and 

therefore experiences more queuing delays compared to the first traveler arriving within the 

previous charging period.  

In the corresponding tradable credit scheme, the authority determines multiple charging 

periods and issues a specific type of credits for each charging period. Then, all the credits are 

distributed among eligible travelers. Any traveler who wishes to pass the bottleneck within a 

charging period should have one credit for the specific charging period. The credits of each 

period can be traded at a market, and its credit price will be emerged eventually through free 

trading. In equilibrium, if there is any unused credit in a credit market, the market is not cleared 

and its credit price would be zero. 

Similar to the basic model and multi-step toll, the queues form at the rate of 
 

 
 during the 

early arrival periods and dissipate at the rate of 
 

 
 during the late arrival periods. The scheme is 

designed for a travel demand of  ̅ and would be such that the first and last travelers will not be 

charged. Therefore, the start and end of congestion period do not change. It can be easily verified 

that the number of early and late charging periods is the same and can be determined either by 

(3-26) or (3-29). The boundaries of early and late charging periods can be also determined using 

(3-25) and (3-27). In this situation, the queuing pattern would be similar to Figure 3-6. The 

authority may consider the early and late charging period   as two separate or one combined 

credit type. Note that because the schedule delays at the start of early charging period   and the 
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end of late charging period   are the same, even if they are treated as two separate credit types, 

their credit prices would be the same. However, the number of credit markets with combined 

credit types is a half of the case with separate types. To summarize, the tradable credit scheme 

can be described as follows: the authority charges one credit type   on each traveler arriving 

within ,  
      

 )  ,    
    

 ). The total number of credits of type   is ((    
    

 )  

(    
    

 )) .  

3.3 Summary 

In this chapter, the one-to-one correspondence between tradable credit and congestion 

pricing is formally established. We showed that the authority can achieve the desired quantity-

based control target by implementing either tradable credit scheme or congestion pricing. The 

quantity target aimed to manage the travel demand either spatially or temporally. For the spatial 

distribution purpose, three control targets have been studied: VMT control target, area based 

control target and link-level control target. For each of the targets, a tradable credit scheme and 

its corresponding congestion pricing are designed. 

For the temporal distribution purpose, the bottleneck model is used as the analysis tool, 

and the queue length is considered as the quantity measure. Two control targets have been 

investigated: zero queue length and controlling the maximum queue length below a threshold. 

The equivalent tradable credit and tolling schemes that guarantee achieving the control targets 

are designed. 
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CHAPTER 4  
CONGESTION PRICING VS. TRADABLE CREDIT UNDER UNCERTAINTY 

 

Chapter 3 showed there is a one-to-one correspondence between tradable credit scheme 

and congestion pricing in a deterministic setting. However, the identity between the use of 

congestion pricing and tradable credit scheme in managing network mobility falls apart when 

there is uncertainty associated with transportation supply or demand. Uncertainty will cause 

congestion pricing and tradable credit scheme behave differently and lead to divergent welfare 

consequence. Intuitively, in uncertain conditions, congestion pricing does not guarantee that a 

quantity target will be achieved while tradable credits ensure to meet the quantity target but leave 

the market credit price uncertain.  

The contribution of Chapter 4 is twofold. First, we conduct Monte Carlo simulations to 

show how the use of tradable credits and congestion pricing result in different outcome in 

uncertain conditions for both spatially- and temporally-aimed control targets. Second, safety-

valve policies are designed to impose a ceiling on the credit price.  

The remainder of Chapter 4 is organized as follows. Section 4.2 is assigned to spatially-

aimed control targets. Monte Carlo simulation is used to contrast the difference between tradable 

credit scheme and congestion pricing in managing the transportation network spatially, follows 

by a sensitivity analysis of joint network and market equilibrium and design of safety-valve 

policy. Section 4.3 highlights the difference between tradable credit scheme and congestion 

pricing in a dynamic setting using the bottleneck model, and shows how a safety-valve policy 

can be designed. Finally, Section 4.4 concludes Chapter 4. 

4.1 Spatially-Aimed Quantity Control 

In Section 3.2.2, tradable credit and congestion pricing are designed to control VMT 

across the network. Hereinafter, in analyzing and designing of spatially-aimed credit schemes 
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under uncertainty, we limit our attention on the scheme that controls VMT across a network. 

Below a numerical example is used to demonstrate how congestion pricing and tradable credit 

schemes behave in a transportation network with stochastic capacity and demand. 

4.1.1 Monte Carlo Simulation 

Consider the same network of Figure 3-1 and now suppose that link capacities are subject 

to stochastic degradation and follow a uniform distribution between the nominal capacity in 

Table 3-1 (denoted as  ̂ ) and the lower bound    ̂ , where        for all links in the example. 

The O-D demand function is assumed to be: 

   (   )  (   )      (        ) 

 

where   is a uniformly distributed random variable between (        ) to reflect the stochastic 

nature of travel demand. In order to regulate VMT to less than 1000, we examine the following 

two schemes: 

 Tradable credits scheme. The scheme is simply to allocate 1000 credits to travelers and 

collect one credit for each mile traveled. 

 Mileage fee scheme. The mileage fee is 1.464 obtained by solving TCP with average link 

capacities, i.e.,    
(    )

 
 ̂  and average demand function, i.e.,    (   )  

      (        )  

A Monte Carlo simulation is conducted to evaluate the above two schemes. For 

simplicity, we assume that travelers are risk neutral and fully adaptive in changing their route 

choices to each unfolded scenario. Therefore, for each sample of link capacities and demand, we 

solve TCP to estimate the resulting credit price and VMT. The mileage fee policy is evaluated by 

solving TUE. The comparison statistics are presented in Table 4-1. Figures 4-1 and 4-2 depict 

the volatility in VMT and credit price, respectively. As expected, the price varies significantly, 

from 1.091 to 1.773, in the credit market associated with the stochastic network. The average 
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price is 1.439, lower than the mileage fee of 1.464. However, in 47.2% of cases, the credit price 

is higher than its pricing counterpart. On the other hand, the mileage fee policy yields a lower 

average VMT simply because it charges more in average. However, the regulation objective is 

only achieved with a 52.7% success rate. If the government aims at a higher success rate, a 

higher mileage fee is needed. Alternatively, the fee needs to be constantly adjusted to adapt to 

the realized capacities and demands, which is difficult, if not impossible, to do in practice. In 

contrast, the uncertainty is accommodated by the market via spontaneously varying credit price. 

Table 4-1. Simulation with sample size of 1000 

Scheme VMT Mean(SD) Price Mean(SD) 
Success rate of  

achieving control target 

Credit 1000(0) 1.439(0.167) 100% 

Pricing 985.4(90.6) 1.464(0)   52.7% 

 

 
Figure 4-1. Realized VMT under two schemes. 
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Figure 4-2. Volatility of credit price. 

4.1.2 Sensitivity Analysis of Market and Network Equilibrium 

The quantity policy is more appealing to a risk-averse traffic authority since it ensures the 

success of the regulation. However, one of its limitations is the volatility of credit prices. It is 

thus critical to characterize the volatility. As a first step toward this goal, below we conduct 

sensitivity analysis of the coupled network and market equilibrium to predict how credit price 

varies with respect to the perturbation associated with the supply or demand. The analysis is 

based on the approach developed by Tobin and Friesz (1988) and Yang (1997). Other 

approaches, e.g., Patriksson (2004) and Cho et al. (2000) are also applicable here.  

We consider a general situation that there are perturbed parameters in the link 

performance and demand functions, namely,  (   ) and  (   ), where   is the vector of 

perturbations. The functions are once continuously differentiable with the perturbations. 

Additionally, denote the link-path and OD-path incidence matrices by   and  , respectively, and 

the link length vector by  . The general perturbed network equilibrium with tradable credits can 

be written as the following variational inequality: 

Find (     ) such that  (    )  (    )     (    )  (    )      (   )  ( )   

where:  ( )   *(   )                      +  
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The restriction approach proposed by Tobin and Friesz is to select a path flow solution to 

the above problem when       The path flow solution is required to be a nondegenerate 

extreme point of the equilibrium path flow set. Assuming that      is such a nondegenerate 

extreme point, there exists a solution to the following system: 

 ̂(       )            

     (   )    

       

 (       )    

             

where  ̂(       )    ( (    )    );   is the vector of multipliers associated with the 

nonnegativity condition of path flows, and   is the vector of OD travel cost. 

We further assume that the credit price is strictly positive, i.e.,     at    . One can 

expect that the path flows and credit price remain strictly positive in the vicinity of    . 

Therefore, the above system can be reduced to the following:  

 ̂ (       )            

      (   )    

          

where “0” in the superscript reflects the reduced system. Differentiating both sides of the above 

system with respect to  , we have: 

[

   ̂
 (      )    ̂

 (      )   (  ) 

       (   )

     

] [
   

 

   
   

]  [
    ̂

 (      )

   (   )
 

]     

In the above Jacobian matrix (see, e.g., Hazewinkel 2001), denoted as        , we have: 
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   ̂
 (      )     ,( 

 ) ( (    )    )-  (  )    ( 
   )   

   ̂
 (      )      ,( 

 ) ( (    )    )-  (  )    ( 
   )   

   ̂
 (      )     ,( 

 ) ( (    )    )-  (  )    

Consequently, the gradient of link flows, price, and OD travel times with respect to the 

perturbation vector can be explicitly written as follows: 

[
   

 

   
   

]         
  [

    ̂
 (      )

   (   )
 

]    

In the following, we apply the above sensitivity analysis approach to estimate the changes 

of credit price with respect to perturbations associated link capacities and travel demand for the 

network in Figure 3-1. Between the OD pair 1-6, there are nine paths, and the link-path incidence 

matrix,  , is: 

  

[
 
 
 
 
 
 
 
 
 
         
         
         
         
         
         
         
         
         
         ]

 
 
 
 
 
 
 
 
 

 

 

We consider the following perturbed travel time and demand function: 

  (  )     
 (  (

  

      
 
)

 

)     (   )  (     )      (        )          

where    
 and    are corresponding perturbed parameters. When    , the link flows are 15.72, 

37.856, 57.144, 24.609, 2.049, 26.078, 39.324, 25.569, 67.368, and 14.385. A nondegenerate 

path flow solution can be obtained as                                        
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                   . Therefore, the corresponding reduced link-path and OD-path 

incidence matrices become: 

   

[
 
 
 
 
 
 
 
 
 
      
      
      
      
      
      
      
      
      
      ]

 
 
 
 
 
 
 
 
 

          ,      -  

The Jacobian matrix,        , can be estimated as follows: 

         

[
 
 
 
 
 
 
 
                                              
                                        
                                              
                                              
                                        
                                  

              
              ]

 
 
 
 
 
 
 

 

The gradients of path costs with respect to the perturbation parameters are 

                 

[
 
 
 
 
 
                                

                                   
                                         
                                                     
                                           
                                ]

 
 
 
 
 

 

 

Finally, the gradient of credit price,    , can be estimated as follows, 

        ,                                                                            - 

The above derivative information provides insights on the direction and magnitude that 

the credit price may change with respect to demand or capacity perturbations. It can be seen that 

the changes in capacities of links 3 and 7 have more substantial impact on the credit price, but in 
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a different direction. In addition, the price is insensitive to the capacity of link 5, due to its low 

traffic volume and uncongested traffic condition. 

To see how the derivative information is accurate in predicting the credit price, suppose 

that the capacities of links 3 and 7 degrade by 10% and the perturbation of the demand function 

is 0.05. The price obtained by solving TCP is 1.569. The predicted price based on the above 

derivative information is as follows: 

      (               )  (                  )  (            )        

Note that the above sensitivity analysis approach is only applicable for studying marginal 

impacts of demand or supply perturbations. It is more desirable and also more challenging to 

characterize the probability distribution functions of the credit price under stochastic demands or 

capacities. Yet, with more restrictive assumptions on the types of uncertainty and route-choice 

behaviors, it remains feasible to estimate the distribution functions. Another simple way is to 

conduct a Monte Carlo simulation to estimate their moments and then use them to approximate 

the functions. 

4.1.3 Design of Credit Schemes under Uncertainty 

The key issue in designing credit schemes under uncertainty is to confine the volatility of 

credit price, because it can be too high to be acceptable for the public. One remedy is to 

implement a price ceiling. More specifically, if the market price achieves the ceiling, the 

government will intervene in the market by selling additional credits at the ceiling price. The 

idea, dubbed as safety valve, was initially suggested by Roberts and Spence (1976) and later 

developed in the context of climate policy by Pizer (2002). 

The conditions for network and market equilibrium under such a safety valve policy can 

be described as follows: 

(3-1) - (3-2) 
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∑     

   

                  (4-1) 

∑     

   

                  (4-2) 

    ̂                     (4-3) 

    ̂                     (4-4) 

where   is the additional credits that the government needs to provide at the ceiling price 

 ̂. In the above, (3-1) and (3-2) represent the network equilibrium conditions; (4-1) and (4-2) 

imply the market-clearing conditions, and (4-3) and (4-4) ensure that if the credit price reaches 

the ceiling, additional credits need to be provided to the credit market.  

The solution to the above system, i.e., the equilibrium flow, price and number of credits, 

can be obtained by solving the following tradable credit problem with price ceiling or TCPC: 

 

   
(       )

∑ ∫   ( )  
  

    

 ∑ ∫   
  ( )  

  

    

  ̂            

    (     )    

        ∑     

   

     

 

 

(4-5) 

The equivalency can be easily established by examining the first-order optimality 

conditions of the above convex program, with the market-clearing credit price being the 

Lagrangian multiplier associated with (4-5). 

Proposition 4-1. The VMT under a safety-valve policy is non-increasing with respect to its price 

ceiling. 

Proof. Suppose that (        ) and (        ) are optimal solutions to TCPC when the 

price ceiling is  ̂  and  ̂  respectively. Note that (        ) is feasible to TCPC with  ̂  being 
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the price ceiling and vice versa. Denoting  (   )  ∑ ∫   ( )  
  

     ∑ ∫   
  ( )  

  

     

we have: 

 (     )    ̂      (     )   ̂                        

 (     )    ̂      (     )   ̂            

Summing the above inequalities yields ( ̂   ̂ ) (     )     which implies that if  ̂   ̂  

then         

We now consider the numerical example in Section 4.2.1 and conduct the same Monte 

Carlo simulation to evaluate the credit scheme with a price ceiling equal to 1.464, the mileage 

fee. For each sample of capacities and demand, TCPC is solved to estimate the resulting VMT 

and credit price. The results are presented in Figure 4-3. It can be observed that the safety valve 

policy is essentially a hybrid of the price and quantity approaches. When the credit price is below 

the ceiling, the system acts as a credit scheme with the VMT fixed but the price left to adjust. 

When The ceiling price is reached, the system behaves like the mileage fee policy, fixing the 

charge but leaving VMT to adjust. The hybrid system yields the same success rate of 52.7% as 

the mileage-fee scheme, but a much lower average price of 1.380, as compared to the mileage 

fee of 1.464. Therefore, such a safety valve policy appears more amenable to the public 

acceptance. If the government agency attempts to ensure a higher success rate, a higher price 

ceiling should be imposed. On the other hand, a lower price celling will confine the volatility of 

credit price, but leaving VMT less controlled.  

The ceiling price is reached, the system behaves like the mileage fee policy, fixing the 

charge but leaving VMT to adjust. The hybrid system yields the same success rate of 52.7% as 

the mileage-fee scheme, but a much lower average price of 1.380, as compared to the mileage 

fee of 1.464. Therefore, such a safety valve policy appears more amenable to the public 
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acceptance. If the government agency attempts to ensure a higher success rate, a higher price 

ceiling should be imposed. On the other hand, a lower price celling will confine the volatility of 

credit price, but leaving VMT less controlled. 

 

Figure 4-3. VMT and credit price under a safety-valve policy. 

Indeed, the price ceiling provides a means for the authority to make a tradeoff between 

the regulation success and price volatility/public acceptability. It is thus of critical importance to 

investigate how to determine an appropriate price ceiling. Intuitively, it should be the lowest 

price that guarantees a targeted success rate, because it both confines the price volatility and 

meets the control objective as much as possible. The problem for finding such a value can be 

formulated as the following chance-constrained price ceiling or CCPC-I problem:  

       ̂ 

          (∑     ( ̂)

   

  )     

(4-6) 

where    is the (stochastic) flow at link a under stochastic demand or capacity, with  ̂ being the 

price ceiling, and   is the targeted success rate. Define ∑     ( ̂)     ( ̂). 

In words, the above problem finds the minimum price ceiling that ensures the control 

target to be met with a probability more than  . Although appearing simple, the problem is 
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difficult to solve, because  ( ̂) is a stochastic variable whose cumulative distribution function, 

  ( ̂)( )    ( ( ̂)   ), is implicitly decided by the price ceiling, it is difficult to obtain a 

closed-form analytical expression for the function. However, the function possesses an 

interesting property. Consider two price ceilings  ̂  and  ̂  with  ̂   ̂ . For any instance of 

stochastic demand or capacity, we always have ∑     ( ̂
 )    ∑     ( ̂

 )    due to 

Proposition 4-1. This implies that   ( ̂ ) has a first-order stochastic dominance over   ( ̂ ), i.e. 

  ( ̂ )( )    ( ̂ )( ) for any z. Their relationship is depicted in Figure 4-4 where M is a 

sufficiently large value. 

In Figure 4-4, when the price ceiling is M, the credit price never reaches to its ceiling and 

thus the VMT will not exceed the control target K with 100% probability. In contrast, if the price 

ceiling is 0, the authority will issue credits as many as needed and the credit scheme has no effect 

on VMT, an uncontrolled scenario. The situations with  ̂  and  ̂  are in between, and 

  ( )( )    ( ̂ )( )    ( ̂ )( )    ( )( )   .  

 

Figure 4-4. Cumulative density function of VMT with respect to price.  
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CCPC-I essentially seeks for a minimum price ceiling with   ( ̂)( )    . In view of the 

above stochastic dominance relationship, the price can be found within an interval , ̂    ̂  - by a 

simulation-based bi-section procedure as follows: 

Step 0. Initialization. Set  ̂     and  ̂    .  

Step 1. Compute the price ceiling  ̂  
 ̂    ̂  

 
.  

Step 2. Conduct a Monte Carlo simulation to estimate the regulation success rate, i.e., 

  ( ̂)( ). 

Step 3. If   ( ̂)( )    ,  ̂    ̂; Otherwise  ̂    ̂. 

Step 4. If ( ̂    ̂  )    where   is sufficiently small number, go to step 1. Otherwise, 

return  ̂ as the solution. 

In the above procedure, a Monte Carlo simulation is conducted at each iteration to 

estimate the success rate. In the simulation, for each sample of stochastic capacities and demand, 

the resulting VMT is obtained by solving TCPC with the current price ceiling  ̂, and is then 

compared with the control target. If the VMT is no larger than the target, we consider it as a 

success event, i.e.,    ; otherwise    . Clearly, the success rate is  ( ), whose estimate can 

be calculated in a recursive manner during the simulation. The simulation stops when the 

standard deviation estimate of  ( ) is sufficiently small.  

Consider the numerical example in Section 3. Suppose that we are interested in finding a 

price ceiling to ensure a 90% success rate in regulating VMT less than 1000. Table 4-2 reports 

the implementation of the above bi-section procedure with        . The procedure finds the 

optimal price ceiling to be 1.656 in 12 iterations. 

 

 

 



 

55 

 

Table 4-2. Iterations of the bi-section procedure. 

Iteration  ̂    ̂    ̂   ( ̂)( ) 

1 0.000 2.000 1.000 0.00 

2 1.000 2.000 1.500 0.59 

3 1.500 2.000 1.750 0.99 

4 1.500 1.750 1.625 0.83 

5 1.625 1.750 1.688 0.95 

6 1.625 1.688 1.656 0.90 

7 1.625 1.656 1.641 0.86 

8 1.641 1.656 1.648 0.87 

9 1.648 1.656 1.652 0.88 

10 1.652 1.656 1.654 0.89 

11 1.654 1.656 1.655 0.89 

12 1.655 1.656 - - 

 

4.2 Temporally-Aimed Quantity Targets 

As we discussed above, the multi-step toll and tradable credit schemes are both designed 

for the maximum possible travel demand. In reality, however, the realized travel demand can be 

less than its maximum and is subject to day-to-day fluctuations. In what follows, the efficiency 

of the proposed schemes are analyzed under demand fluctuations. We start with the multi-step 

toll and then will proceed to the tradable credit scheme. 

4.2.1 Multi-Step Toll Scheme under Demand Uncertainty 

Because the realized travel demand is lower than what the toll periods are designed for, 

the toll levels might be perceived relatively high compared to the actual level of congestion. 

Such disproportionality between the realized travel demand and the designed toll levels are 

intensified as the realized demand deviates from its maximum. Hence, travelers would avoid 

arriving at the times that the traffic delay reduction does not offset the extra burden of tolls. In 

early periods, the idle intervals would be at the beginning of the toll periods, when arriving 

immediately after the toll increment would result in higher travel cost, even with experiencing 

zero queue delay. The first traveler at the toll period   arrives at      , and no arrival would occur 
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within ,  
       ) . In the late periods, the idle periods would be at the end of toll periods, when 

travelers would be better off by deferring their arrival to the next toll period and paying lower 

toll. The last traveler at the toll period   arrives at      and no one arrives during (        
 -. The 

schematic queuing pattern when the realized travel is less than its maximum is depicted in Figure 

4-5. To have       and      , the number of travelers at the toll period   is needed. Propositions 4-2 

to 4-4 would guide us to obtain these unknowns. 

 

Figure 4-5. Schematic queuing pattern of the proposed multi-step toll for the realized demand 

Proposition 4-2. Under the proposed multi-step toll scheme and independent of the realized 

travel demand, the same number of travelers arrive at each toll period, and the ratio of early to 

late arrivals is 
 

 
. 

Proof. Consider the end of early stage at  -th and (   )-th toll periods, i.e.     
 and   

 . 

The difference of early schedule penalties would be  (    
    

 )   
 ̃

 
, that is equal to the 

difference of the toll level at these periods. Therefore, at equilibrium, the queue length at these 

moments should be the same, implying the same number of travelers at consecutive early 

periods. Similarly, we can show the number of travelers at the late stage of two consecutive toll 

periods is equal. Moreover, because the schedule delay at     
  and     

  within  -th toll period is 

the same, the queue length associated with them should be equal. This requires that the ratio of 

early to late arrival at the toll period to be 
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Proposition 4-3. For any realized demand, arrival would occur at all toll periods. 

Proof. From Proposition 4-2, it is clear that if arrival occurs at any of the toll periods, it 

would occur at all others. Now consider the situation that the travelers only arrive at the free 

periods. Then, any traveler can be better off by arriving within  -th toll period at     
  or     

 , 

because the reduction in schedule delay is greater than   .  

Proposition 4-4. If the travel demand drops below  ̃   (   ) 
   

 

 

 
  ̃    ̅, no traveler 

would arrive at free period. 

Proof. The travelers are better off by arriving inside the toll periods rather than the free 

periods as long as, 

       
  

  

 
 

(4-7) 

 

According to Propositions 1 and 2,          
  

 

   

 

  
. By plugging      into (4-7), 

and replacing    
  and     

  with (3-25) and    with (3-30), we can derive    (  

 ) 
   

 

 

 
  ̃    ̅.  

Now we can obtain the number of travelers at each period. Denote the number of 

travelers at the early and late stage of toll period   with   
 and   

 , respectively. Then, based on 

Propositions 4-2 to 4-4, we have: 
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(4-8) 

 

 

Subsequently,      and      can be derived as, 

         
  

  
 

 
            

  
  

 

 
              

(4-9) 
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In addition, the start and end of the congestion period can be determined as, 

   {

                                        ̃

  
  

 

   

   ̃

(   ) 
   ̃

           
  {

                                      ̃

  
  

 

   

   ̃

(   ) 
   ̃

 

(4-10) 

 

 

4.2.2 Tradable Credit Scheme under Demand Uncertainty 

Under the tradable credit scheme, the credit prices can adjust themselves based on the 

realized demand. Lower travel demand would result in milder congestion, and hence lower credit 

prices. In fact, the credit markets would adjust the credit prices to ensure operation of the 

bottleneck with full capacity. Propositions 4-5 and 4-6 discuss how the credit price of each credit 

market can be estimated for a realized travel demand. 

Proposition 4-5. The credit price of the markets associated with the first/last travelers is zero. 

Proof. Three cases with respect to arrivals of the first/last traveler can be identified. In the 

first case, the first/last traveler arrives during the free-of-charge periods. It is evident that they 

would not be charged at all. In the second case, the traveler arrives inside of a charging period. In 

this situation, the credit market is not cleared and thus its credit price would be zero. In the last 

case, the traveler arrives at the boundaries of a charging period, i.e. the start of a charging period 

in early arrivals or the end of a charging period in late arrivals. In this situation, although the 

market is cleared but the credit price would be zero. To see this, assume that the credit price is 

not zero. Then the traveler can be better off by shifting his/her arrival time to a little bit earlier or 

later in early or late stages, respectively, and arriving within a period that has an un-cleared 

market or is free of charge. Then, the original credit market is not cleared anymore and its credit 

price would be driven to zero.  

In view of Proposition 4-5 and considering the first and last travelers always experience 

zero queue delay, we can conclude that 
  

  
  , implying the first and last travelers arrive within 
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the same charging periods. All the other travelers arrive between    and    and there is no idle 

interval in between. Therefore,     
 

   

 

 
 and     

 

   

 

 
 

Proposition 4-6. Assume (   )
   

 

 

 
 ̃       

   

 

 

 
 ̃, where     *         +. Then the 

credit price of types     is zero. The credit price of types     is     
 

 
    

 . 

Proof.  If   
         

 , then the credit price of types     would be zero. Substituting 

  
  and     

  with their definitions in (3-25), and plugging them into the boundaries of the 

condition, we can derive that (   )
   

 

 

 
 ̃       

   

 

 

 
 ̃. For    , by comparing the 

travel cost of the first traveler arriving at  th charging period with the travel cost of the first 

traveler, we can reach      
 

 
    

 .  

4.2.3 Tradable Credit Scheme with Price Ceiling 

The design of the proposed tradable credit scheme is characterized to be robust in 

meeting the queue length requirement, even for the highest possible travel demand. As shown in 

Section 4.3.2, the credit price is adaptive to the realized demand so that the bottleneck capacity is 

efficiently utilized to ensure the success in achieving the queue length requirement. Designing 

based on the maximum travel demand is also advantageous from the information perspective. 

However, the resulting credit prices might be too high to be acceptable by the public. As a 

remedy, the authority may consider imposing a ceiling for credit prices, denoted by  ̂. Whenever 

credit prices reach to the ceiling, the authority allows passing the bottleneck by paying a toll rate 

equal to the ceiling price. In this situation, the scheme operates as a hybrid between tradable 

credits and toll.  

Credit prices increase as the charging periods get closer to the work start time. Therefore, 

the inner charging periods always reach the price ceiling before the outer charging periods. All 
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the charging periods whose prices reach the price ceiling would be essentially operating as a 

single step toll. The remaining charging periods with credit prices below the price ceiling would 

operate as before.  

To analyze the bottleneck under the hybrid scheme, we first need to derive the demand 

thresholds that drive each credit price into the price ceiling. From Proposition 4-5, it can be 

found that       { 
 

 
    

    }. Therefore, the demand threshold that triggers the price 

ceiling at charging period  , denoted by  ̂  , can be obtained as 

 ̂  
 

 
( ̂     

 ) 
(4-11) 

 

Whenever   exceed  ̂ , the charging periods     would operate as a single step toll that 

charges  ̂ over [  
    

 -  In this situation, the queue length associated with arrival times between 

,  
    

 - can be obtained as follows, 

 ( )   {

 

 
(          ̂)   

     

 

 
(          ̂)        

 

  
(4-12) 

 

Note that under the hybrid scheme, the queue length requirement cannot be necessarily 

maintained. In fact, the hybrid scheme provides a tradeoff between the success in achieving the 

control target and the public acceptance. Imposing a higher price ceiling increases the chance of 

success in maintaining the queue length requirement. 

4.2.4 Monte Carlo Simulation 

In this section, we use a numerical example to evaluate the above three schemes. The 

bottleneck capacity is assumed to be 1000 veh/hr and the maximum queue length requirement is 

400 vehicles for a maximum travel demand of 4000. All vehicles are assumed to be single 
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occupant. The corresponding  ,  , and   are $6.4, 3.9, and 15.21 per hour, respectively (Nie and 

Yin 2013). The resulting multi-step toll scheme is comprised of four toll periods as follows 

 Period 1:     9.86$ at [-0.656, 0.168) 

 Period 2:     7.30$ at [-1.313, -0.656)   [0.168, 0.337) 

 Period 3:     4.74$ at [-1.969, -1.313)   [0.337, 0.505) 

 Period 4:     2.18$ at [-2.626, -1.969)   [0.505,0.673) 

 

Alternatively, in the tradable credit scheme, 824 credits of each type are issued and 

distributed among eligible travelers. The charging periods would be similar to the toll periods. A 

Monte Carlo simulation is conducted to evaluate the performance of the proposed schemes under 

demand uncertainty. We assume the travel demand is uniformly distributed between 2,000 and 

4,000, and for simplicity, travelers are fully adaptive in changing their departure time, and hence 

their arrival time, in response to each unfolded scenario of travel demand. In the simulation, 

1000 scenarios of travel demand are generated. For each scenario, the credit prices of the four 

credit market are obtained. Figure 4-6 depicts the volatility of credit prices, compared to the 

corresponding toll levels. Clearly, the capability of tradable credit to adjust prices based on the 

realized demand result in lower prices. The average prices are presented in Table 4-3. It can be 

observed that in Period 1 with the highest price among all periods, the credit price is 69% of the 

corresponding toll level. The highest reduction in price belongs to Period 4, in which many cases 

with low realized demand have zero credit price. 

We also demonstrate the performance of the hybrid scheme by imposing a price ceiling 

of 6.76$, that is the average credit price at Period 1 in the credit scheme. It is clear from Figure 

4-6 that credit prices never exceed 6.76$. However, confining the credit price to 6.76$ violates 

the queue length requirement whenever the credit price reaches the price ceiling, as depicted in 

Figure 4-6A. 
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Table 4-3. Average (standard deviation) of prices in the proposed schemes 

Scheme Period 1 Period 2 Period 3 Period 4 

Toll scheme 

 

 9.86$ 

(0.00$) 

 7.30$ 

(0.00$) 

4.74$ 

(0.00$) 

2.18$ 

(0.00$) 

Credit scheme 

 

 6.76$ 

(1.79$) 

 4.20$ 

(1.79$) 

1.81$ 

(1.55$) 

0.38$ 

(0.63$) 

Hybrid scheme 
 5.98$ 

(1.01$) 

 4.17$ 

(1.76$) 

 1.81$ 

(1.55$) 

0.38$ 

(0.63$) 
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Figure 4-6. Volatility of the credit prices under demand uncertainty 
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Figure 4-7. Volatility of the credit price and queue length under hybrid scheme 

4.3 Summary 

In this chapter, we evaluated the performance of tradable credit schemes under 

uncertainty with emphasis on their difference with congestion pricing. We showed numerically 

how the identity between tradable credit and congestion pricing falls apart under uncertainty.  

Tradable credit guarantees success in achieving to the quantity target, but at the cost of having no 

control on the price. We demonstrated that a safety-valve policy can be used to manage the upper 

bound of credit price. 
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CHAPTER 5  
EVALUATION OF TRADABLE CREDIT SCHEME WITH USER HETEROGENEITY 

So far, travelers are assumed to be homogenous in their value of time and unit schedule 

penalties. We now evaluate the capability of the proposed tradable credit scheme to maintain the 

queue length requirement under travelers’ heterogeneity in their scheduling parameters. While it 

is desirable to conduct such analysis under a general heterogeneity in which travelers may have 

any value of  ,  , and  , for tractability we limit our attention to two well-known types of user 

heterogeneity in the literatures (Arnott et al 1994, van den Berg 2014): proportional 

heterogeneity and  -heterogeneity. The former represents the situation where all scheduling 

parameters vary among travelers but their ratios are assumed to be fixed, while the latter casts 

the situation where only the consequence of late arrival is different among the travelers, i.e. the 

travelers have the same   and  , but different  .  

5.1 Analysis of Proportional Heterogeneity 

We assume 
  

  
  

 

 
 and 

  

  
  

 

 
, where  ,  , and   are the scheduling parameters that the 

tradable credit scheme is originally designed upon. Because the ratio of the scheduling 

parameters is the same, their distributions are equivalent and is characterized with the density 

function of  (  ) and cumulative density function of  (  ). Therefore, there are  (  )    

travelers with parameters of    ,   , and   . Under the proportional heterogeneity, travelers with 

higher    , and therefore higher    and   , arrive closer to the work start time, and travelers with 

lower    arrive farther away. Let   
  represent the traveler who is indifferent between arriving 

within  -th and (   )-th charging period.   
 s depend on the distribution of scheduling 

parameters and the realized travel demand and can be obtained as  
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     ( 

   

 
 
 

 
 
 ̃

 
)               

(5-1) 

 

where     is the inverse of cumulative density function, and   is defined in Proposition 

4-6. So, all travelers with    between     
  and   

  arrive at the charging period  ; 
 

   
 portion of 

them arriving at the early stage of charging period   and 
 

   
 portion of them arriving at the late 

stage of charging period  . It is also worth mentioning that all travelers at the charging period   

will travel jointly, and their position within period   will be random. This can be justified 

regarding the fact that the queue length increases at the rate of 
 

 
 within the early stage of 

charging period   and decreases at a rate of 
 

 
 within the late stage of charging period  . 

Therefore, no matter what position the traveler is at, his/her travel cost would be the same within 

the charging period  . 

Proposition 5-1. The queue length at the start and end of charging period   is zero. 

Proof. It is evident for      because there is no arrival at   
  and   

 . If    , firstly note 

that the queue length at   
  and   

  should be the same. Otherwise, the traveler arriving at the time 

with longer queue length can shift to the time with shorter queue length, and because schedule 

penalties at   
  and   

  are the same, the traveler would be better off. Moreover, because only 

travelers with credit type   can arrive within the charging period  , the queue length would be 

zero.   

In view of Proposition 5-1, the rate of queue formation and dissipation, and the length of 

early/late stage of charging periods, it can be concluded that the proposed tradable credit scheme 

originally designed for homogenous travelers can still maintain the queue length requirement.  
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To obtain the credit prices, note that all the charging period     are not cleared and their 

credit prices are zero. The credit price of the first charging period before   can be determined by 

equalizing the travel cost of the traveler with     
  at (   )-th and  -th charging periods, 

          
 

 

   

 

 
     

 (   )
 

 

 ̃

 
 

(5-2) 

 

For   (   ), the credit price of charging period   can be derived recursively by 

comparing the travel cost corresponding to the traveler with   
  at  -th and (   )-th charging 

periods,  

          
 
 

 

 ̃

 
 

(5-3) 

 

In the homogenous case, we found that the difference in credit prices of two consecutive 

charging periods is fixed. Under the proportional heterogeneity, in contrast, such difference 

increases as we get closer to work start time, due to the increase of   
  . 

5.2 Analysis of  -Heterogeneity 

Here, travelers are assumed to have the same   and  , as the homogenous case, but   is 

distributed with the density function of  (  ) and the cumulative density function of  (  ). The 

lower and upper bounds of   are denoted by   and   , respectively.  

With   heterogeneity, travelers arrive in a decreasing order of  . In other words, travelers 

with tighter schedule and higher   arrive at the early stage of charging periods and travelers with 

more flexibility in arrival time and lower   arrive at the late stage of charging periods. With such 

an ordering, the traveler with unit late arrival penalty of    is indifferent between arriving early 

or late. Hence, travelers with       arrive early while those with       arrive late. Because 

the arrival time of early arrival travelers is governed solely by   and  , the travel cost of all 

travelers with       is the same, and they are traveling jointly.  
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Under the proposed scheme of Section 3.3.3, let’s assume the first traveler arrives at the 

early stage of   -th charging period and the last traveler arrives at the late stage of   -th charging 

period, where        {1, 2, …, m , m+1}. Also, consider   as the minimum of    and   . Then, 

credit prices at all charging period     are zero. In addition, the bottleneck should operate with 

full capacity within ,     
      

 -. Otherwise, if there is any idle interval, the credit price 

associated with the charging period containing the intervals would be zero. Therefore, travelers 

from the outer charging periods can get better off by switching their arrival time to the idle 

interval. Clearly, the bottleneck is fully utilized within ,       
 - and ,     

    -. Because all 

travelers with       arrive early, we have 

    (   (  ))
 

 
      (  )

 

 
 

(5-4) 

 

So, the travel cost of travelers with       would be (   (  ))
 

 
 . For      , the 

travel cost corresponding to travelers with     would be 

 (   (  ))
 

 
  ∫ (     )

  

  

 (  )
 

 
    

(5-5) 

 

Clearly, the travel cost reduces as    decreases. The traveler with   would arrive at    

and its travel cost would be   (  )
 

 
, equal to the travel cost obtained from (5-5). This would 

result in Equation (5-6) that can be used to obtain   , 

 (   (  ))   ∫ .    /
  

 

 (  )      (  ) 
(5-6) 

 

As mentioned earlier, late arrival travelers arrive in a decreasing order of  . Let’s   
  

represent the unit late arrival penalty of the traveler who is indifferent between arriving at the 

late stage of  -th and (i+1)-th charging period. Given   , we can derive  
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     (

(     
  ) 

 
)   

(5-7) 

 

Let   
  denote the queue length at the start of the charging period  , and   

  stand for the 

queue length at the end of charging period  . Now, we provide the set of equilibrium conditions. 

The equilibrium of the traveler arriving at    and the first travelers arriving at the early stage of 

the charging period   requires that 

    
  

 

 
    

    (   (  ))
 

 
            

(5-8) 

 

The travel cost of the last traveler arriving at the early stage of charging period (   ) 

should be the same as the first traveler arriving at the early stage of charging period  . This 

implies  

      

(    
  

 
 

(  
      

 ))

 
      

  
 

 
        

(5-9) 

 

The indifference of the traveler with   
  of arriving between the late stage of  -th and 

(i+1)-th charging periods requires 

    
  

 

 
        

.    
  ∫

  

 
  

 

    
  (  )    / 

 
                   

(5-10) 

 

Finally, because the traveler with    should be indifferent between arriving early and late, 

the queue length should be continuous at     . Hence, 

  
  

 

 
  
     

  ∫
  

 

  

  
 

 (  )     
(5-11) 

 

Note that the queue length increases at the rate of 
 

 
 from    to     

 , which guarantees the 

travel cost of the last traveler arriving in the early stage of charging period   to be equal to the 

travel cost of the first traveler. Therefore, by constructing Equation (5-9), Equation (5-10) for 
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      is redundant. To summarize, we have  (   ) independent linear equations from (5-

8)-(5-11) and  (   ) independent unknowns. By solving the system of linear equations (5-8)-

(5-11), we can obtain all the unknowns to describe the equilibrium. 

However, the proposed tradable credit scheme originally designed for homogenous 

travelers may not be able to meet the queue length requirement. For the purpose of illustration, 

consider the scheme designed in the numerical example of Section 4.3.4. Let’s assume the 

realized demand is 3,000 and   is distributed uniformly between $15 and 17 per hour, and all the 

parameters are the same as before. From (5-6),    would be 15.408 and we can then obtain 

  
  15.296 from (5-7). The maximum queue length at the late stage of Period 1 would be 

  
   ∫

  

 

 

   

   

  
 3000       

 +403, greater than the queue length requirement of 400.  

The failure of the proposed tradable credit scheme in satisfying the queue length 

requirement can be attributed to the limited information about user heterogeneity during the 

design process. In the next sections, we will show if more information associated with  -

heterogeneity is available at the design stage, a more robust scheme can be designed. 

5.3 Design of Tradable Credit Scheme under  -Heterogeneity 

Now, we assume the distribution of    is known according to the specification of Section 

5.3 and we will modify the design in Section 3.3.3, based on the newly available information. As 

discussed earlier, under  -heterogeneity, the travelers arrive in decreasing order of   . The 

traveler with       is indifferent between arriving early and late. Travelers with       are 

forced to to arrive early to evade from the late arrival penalty. The design of tradable credit 

scheme is to ensure full utilization of the bottleneck. Therefore,    can be obtained from 

Equation (5-6), and would be independent of the realized demand. In other words, it won’t be 

affected by demand fluctuation. 
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(   (  )) ̅ of the travelers would arrive early, and because the travelers are 

homogenous with respect to   and  , the procedure of designing the charging periods in early 

arrivals would be similar to what have been discussed in Section 3.3.3. Therefore, the start of the 

early charging periods, i.e.   
 s, can be determined from (3-25). However, the number of early 

charging periods would be different and are determined as 

   ⌊
 

 
(   (  ))

 ̅

 ̃
⌋ 

(5-12) 

 

In contrast, because of the  -heterogeneity, the iso-cost curves are nonlinear and the 

procedure of determining   
  would be different. At the end of late charging period  , there is a 

traveler with     ̅ 
  who is indifferent between arriving within  -th and (   )-th late charging 

periods. To have the minimum number of charging periods, we design   
  such that queue at the 

beginning of late charging period   would be  ̃ and at the end of charging period   reaches to 

zero. This implies that 

∫
  

 

 ̅   
 

 ̅ 
 

 (  ) ̅     ̃               
(5-13) 

 

where  ̅ 
     . Given  ̅   

 ,  ̅ 
  can be obtained by solving Equation (5-13). 

Subsequently,   
  can be determined recursively as 

  
      

  
( ( ̅   

 )   ( ̅ 
 ))  ̅

 
              

(5-14) 

 

where   
   . However, because    is not known in advance, an iterative procedure should be 

implemented, which adds one charging period at each iteration, up to a point when the resulting 

 ̅ 
  from (5-13) is less than  . This indicates that no additional charging period is necessary. The 
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queue length at    
  is ∫

  

 

 ̅  
 

 
 (  ) ̅    that does not exceed  ̃. The following algorithm 

formalizes the steps to design the late charging periods: 

Initialization-  Let i=0,     ,   
   . 

Step 1- i=i+1.  Obtain  ̅ 
  from (5-13). 

Step 2- If  ̅ 
   ,        . Determine   

 from (5-14), and return to step 1. Otherwise 

report    and terminate the algorithm. 

Note that in this design, the credits of  th early and late charging periods are not the same 

and we cannot combine them as a single credit market. Therefore, there are       separate 

credit markets. In the next section, we analyze the modified tradable credit scheme under 

demand fluctuation to see how robust the scheme is in satisfying the queue length requirement. 

5.4 Analysis of the Modified Tradable Credit under Demand Fluctuation 

Now, assume the realized demand is less than the maximum possible travel demand, i.e. 

 ̅. As discussed earlier,    is independent of   and would be obtain from (5-6). The start and 

end of congestion are also determined from (5-4). In addition, assume    and    are the charging 

intervals that contain    and   , respectively. Because only travelers having credit type   can pass 

the bottleneck, the queue length at   
  is zero for all     . With the same reasoning, the queue 

length at   
  is zero for all     .  

For each late charging period     , the traveler with      
  is indifferent between 

arriving at  -th and (   )th late charging period. Given   ,   
  can be determined from (5-7). 

Now, the queue length at the start of late charging period   can be determined as 

∫
  

 

    
 

  
  (  )    . 
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Proposition 5-2. Under the modified tradable credit scheme, the maximum queue length within 

charging periods does not exceed  ̃. 

Proof. The proof for early charging period is straightforward. For charging period     , 

the queue length at the start of charging period is zero, and then increases at a rate of 
 

 
 and 

reaches  ̃ at the end of charging period. At charging period   , the maximum queue length at 

most reaches  ̃. For charging period     , there is no arrival and therefore no queue.   

The proof for late arrival is more involved. Let assume   (   ) is a function that returns 

   at time   for the travel demand of  . Because    are sorted in a decreasing order, we have: 

  (   )     (
    

     
)     (  (  )  

  

 
) 

(5-15) 

 

From (34) it is clear that as   decreases   ( ) would not increase. The maximum queue 

length at the late charging period   can be obtained as ∫
  (   )

 
  

  
 

    
  

. On the other hand, the 

modified design of tradable credit scheme ensures that ∫
  (   ̅)

 
  

  
 

    
  

  ̃. Because, for any 

realized demand  ,    (   )    (   ̅) we can conclude ∫
  (   )

 
  

  
 

    
  

  ̃, and this 

completes the proof.  

We now obtain the credit prices of the modified tradable credit scheme. The credit price 

of  -th early charging period, denote by   
 , can be determined as follows, 

  
   {

                           

    
           

 
(5-16) 

 

The credit price of  -th early charging period, denote by   
 , is zero for     . The credit 

price of      can be determined by considering the indifference of the traveler with   
  between 

arriving at  -th and (   )-th late charging periods. This yields:  
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        ∫   

  
 

    
 

 (  )
 

 
     

(5-17) 

 

where       and  
  
    .Therefore, the recursive equation (5-17) can be simplified as 

   ∫   

  
 

 

 (  )
 

 
     

(5-18) 

 

 

5.5 Summary 

In this chapter, the effects of travelers’ heterogeneity are investigated on the efficiency of 

tradable credit scheme. Two widely-accepted variations of travelers’ heterogeneity have been 

studied: proportional heterogeneity and  -heterogeneity. The scheme that was originally 

designed for homogenous case can still maintain the queue length below the threshold under 

proportional heterogeneity. However, under  -heterogeneity, the original scheme cannot 

guarantee achieving the control target. We showed if extra information provided, the design can 

be revised to accommodate  -heterogeneity.  
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CHAPTER 6  
CONCLUSIONS 

6.1 Findings 

This dissertation explores the potential of tradable credit schemes in congestion 

mitigation across the transportation networks with emphasis on their performance under 

uncertainty. Inspired by successful implementation of the tradable credit scheme in pollution 

control, the tradable credit scheme is increasingly considered as a viable instrument for 

congestion mitigation. Among issues associated with the tradable credit scheme, this dissertation 

investigates how their efficiency can be affected when there is uncertainty associated with the 

demand or supply of the transportation system.  

The pros and cons of tradable credit scheme can be understood in light of a comparison 

with its price-based mirror, i.e., congestion pricing. In Chapter 3, we demonstrated 

systematically that there is one-to-one correspondence between congestion pricing and tradable 

credit scheme. Furthermore, any flow distribution that resulted from congestion pricing 

implementation can be replicated by an appropriately designed tradable credit scheme, and vice 

versa. The existence of such equivalency is demonstrated for spatially- and temporally-aimed 

control targets. 

 For the purpose of spatially-aimed control targets, we started by designing a tradable 

credit scheme to limit total VMT across the network as a network-wide control target. Then, we 

proceeded to finer control targets: controlling total flow into CBD area and flows on the link- 

level. It has been shown that as the authority defines finer control targets the charging scheme of 

tradable credit would become more complicated. 

For the purpose of temporally-aimed control targets, the bottleneck model is used as the 

modeling framework.  Here, the primary objective is defined to control maximum queue length. 
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Because of the nature of control target the charging scheme of tradable credit would be time-

dependent. In the most ideal case, where there is no queue behind the bottleneck, the charging 

scheme varies continuously. However, when the objective is set to limit the maximum queue 

length a multi-step charging scheme can be designed to ensure the maximum queue length does 

not exceed the pre- defined threshold. Under specification of the proposed scheme, each specific 

charging interval requires its specific type of credit. Therefore, while the number of credits being 

charged remains constant, the type of credits would be different. As the result, multiple markets 

should be established and each credit type would find its market equilibrium price. 

The one-to-one correspondence between congestion pricing and tradable credit is under 

assumption of perfect certainty. In fact, if there is uncertainty associated with either supply- or 

demand-side of transportation system, tradable credit scheme and congestion pricing would no 

longer mirror each other. In this situation, the tradable credit scheme ensures the achievement of 

the control target but has no control on the resulting credit price. In contrast, the congestion 

pricing preserves the price but cannot guarantee achieving to the control target. The results 

obtained from conducting Monte-Carlo simulations in Chapter 4 are in accordance with this 

intuition.  

The Monte-Carlo simulation revealed that while the capability of the tradable credit 

scheme to ensure success in achieving the control target is appealing, its lack of control on the 

resulting credit price could be restrictive. Due to the uncertainty, the credit price might be too 

high to be accepted by travelers and it might create political resistance against the 

implementation of the tradable credit scheme. To overcome such drawback, a safety valve 

mechanism is proposed to confine price volatility. Under this mechanism, the authority imposes 

a ceiling for credit price. Whenever the credit price reaches to its ceiling level, the authority 
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would intervene in the credit market through selling extra credits at the ceiling price to ensure the 

credit price would not go beyond its ceiling. Tradable credit scheme with safety valve is 

essentially a hybrid scheme of tradable credit scheme and congestion pricing. When the credit 

price is below the price ceiling the scheme would operate as tradable credit scheme. Whenever 

the credit price reaches to the ceiling price, the scheme would operate as a congestion pricing 

scheme. The Monte-Carlo Simulation showed that the hybrid scheme can achieve higher success 

rate in achieving the control target compared to pure congestion pricing, with a lower average 

price.  

When there are multiple credit markets, as the case for the temporally-aimed control 

target, not all markets reach the ceiling price simultaneously. Therefore, some credit markets 

might reach the price ceiling and then operate as a tolling scheme, while other credit markets 

have the credit price below the ceiling price and are operating as a tradable credit scheme. 

In Chapter 5, the importance of traveler heterogeneity in the analysis and design of 

tradable credit scheme has been demonstrated. We discussed how the existence of users’ 

heterogeneity might affect the efficiency of tradable credit scheme. More specifically, it can be 

shown that the performance of tradable credit scheme which is originally designed under 

homogenous assumption might not be as expected under users’ heterogeneity. We further 

showed that if information associated with users’ heterogeneity is known in advance, the design 

can be modified to be more robust in achieving the control target. 

In this dissertation, tradable credit scheme is introduced as an alternative to the traditional 

congestion pricing in managing network mobility. In practice, congestion pricing has been 

implemented in variety of forms. As a result of its implementation, pros and cons of different 

variations of congestion pricing have been identified by researchers and practitioners, and 
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suggestions have been made to overcome their deficiencies and amplify their strengths. In 

contrast, the tradable credit scheme is a relatively new concept in congestion mitigation and there 

is no real-world instance of its implementation. While some findings from the application of the 

tradable credit scheme in pollution control, urban development and fishing control may be 

applicable, however,  the design, implementation, and maintenance of the tradable credit scheme 

in travel demand management is more challenging because its number of players are much 

higher than the previously examined contexts. In the following, some thoughts associated with 

implementation of the tradable credit scheme in real-world will be presented. 

6.2 Discussion on Real-World Implementation  

From the implementation perspective, a tradable credit scheme can be characterized by 

the ways the credits are initially allocated, traded, and charged. Below, each of these elements 

will be discussed in detail. 

6.2.1 Initial Distribution of Credits 

After determining of the total number of credits required for achieving a specific control 

target in the design stage, the authority should issue credits and distribute them among eligible 

travelers. It is necessary to have a precise definition of “eligibility” which might vary from one 

scheme to other. One might consider all taxpayers within the study area eligible, while the other 

one defines eligibility as having registered car within study area. The eligibility might be also 

defined based on work location. 

Each eligible traveler is required to open an account in an electronic platform. The initial 

allocation will be transferred in the account, and the subsequent charging will be deducted from 

it. The account might be connected to an E-trading platform and would be used in credit trading. 

The initial allocation of credit can be conducted in several ways. One way of credit 

allocation is grandfathering, where certain number of credits are allocated to each eligible 
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travelers at no cost. The credits might be distributed uniformly, in which all eligible travelers 

receive the same number of credits; or non-uniformly, in which the distributed number of credit 

varies among different groups of travelers. As discussed earlier, the authority might use the 

initial allocation of credits to enhance the equity and reduce the potential public resistance 

against its implementation. The number of allocated credits might be determined based on 

origin-destination, vehicle class, etc.  However, as Nie (2012a) highlighted, the initial allocation 

based on geographical locations is difficult to implement because OD pairs in reality are not as 

well defined as in the models.   

The initial allocation of credit might not be free. The authority might decide to sell the 

credits at a base price which is not necessarily the market equilibrium price. Any unused credits 

will be bought back at the base price at the end of period. Alternatively, the credits might be sold 

in auction. When the initial distribution of credits is not free of charge, however, tradable credit 

scheme would lose its revenue neutral property that is highly emphasized by its advocators. 

The authority might also embed a reward mechanism into the structure of the tradable 

credit scheme to reward credits to the travelers contributing in congestion mitigation through 

changing their route, mode, or departure time. A reward mechanism similar to the one proposed 

by Nie and Yin (2013) may solve the issues associated with the initial allocation of credits. A 

hybrid scheme can be implemented on pre-determined tolled roads during charging windows. 

The travelers using the toll roads within the charging window are required to either pay a certain 

number of credits or a premium toll at a higher rate. The travelers who avoid the toll roads by 

either traveling outside the charging window or switching to alternative mode or route are 

rewarded certain number of credits. Subsequently, the travelers can use the rewarded credits for 

their own trips or trade them in the credit market. The reward mechanism is expected to provide 



 

79 

fairer distribution of benefits among travelers. However, the reward rates should be designed 

such that it does not encourage traveling by itself. 

6.2.2 Credit Charging  

The number of credits being charged would be determined in the design stage. As 

demonstrated in Chapter 4, the credit charges might be location-specific and/or time-dependent. 

The credit charges may also depend on the vehicle classes. The authority can offer lower charge 

rates for specific vehicle classes such as electric vehicles to promote their usage. 

The same technologies that are already utilized to implement the congestion pricing can 

be acquired for credit charging. A smart card or on-board unit might be attached to the vehicle 

that is linked to traveler’s account and automatically charges certain number of credits on the 

account.  

6.2.3 Credit Market 

In order to facilitate credit trading, the authority has to create an artificial market. 

Establishing such a market is technically feasible and would not be cost intensive with respect to 

the vast development of electronic trading platforms.  

While the authority should not interfere in the credit market, it should monitor and 

enforce the market. In fact, continuously monitoring of the market is of quite importance to 

avoid illegal manipulation such as black marketing. With advancement in learning science, the 

fraud in the market can be readily detected. Because of the uncertainty associated with credit 

price, the authority might intervene in the market when the credit price is unreasonably high. In 

this situation, the authority can sell additional credits in a pre-defined ceiling price to limit the 

credit price. 

One of the important issues that might affect the efficiency of tradable credit scheme is 

the presence of transaction costs which can arise in any transfer of property rights, including 



 

80 

mobility credits. In tradable credit scheme, transaction cost may occur in different stages of 

legislation, design, or operation (Crals 2005). Travelers should learn the rules of credit market, 

and know how many credits are needed to fulfill their travel needs. Then, they should find and 

negotiate with a trading partner. In addition, there may be some cost associated with monitoring 

and enforcing the credit market (Stavins 1995). 

Transaction costs can be fixed or depend on the trading quantity with a constant, 

decreasing or increasing marginal rate. Constant marginal transaction cost is related to a fixed 

brokerage fee per trading unit. Decreasing transaction cost can be justified in two ways: one is 

when the broker offers discounts over quantity and the other emerges in the long-run when 

travelers get more experienced in the market and are able to fulfill their travel needs with less 

searching and information costs (Cason and Gangadharan 2003). Increasing marginal transaction 

cost can be justified by considering the fact that if a traveler needs more credit, they might assign 

more effort to search and find a better trading partner and as a result its corresponding 

transaction cost will be increased (Kerr and Mare 1998). However, increasing marginal 

transaction cost cannot be sustainednbecause the traders can reduce their transaction costs by 

dividing them into smaller portions. However, Stavins (1995) discussed that by combining a 

proper fixed transaction cost with marginal increasing transaction cost the above mentioned 

problem can be avoided. Nevertheless, it should be noted that most of markets have constant or 

decreasing marginal transaction cost (Cason and Gangadharan 2003). 

Transaction costs may reduce the efficiency of those optimal credit schemes. Transaction 

costs affect the trading and travel behaviors of travelers. More specifically, transaction costs 

suppress the trading of credits because they impose direct financial burden to credit buyers and 

reduce the profit of credit sellers. When transaction costs are sufficiently high, travelers with 
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unused credits will stop selling them. Consequently, those travelers will not consider credit 

charges in making their traveling decisions. At the same time, travelers with insufficient credits 

will reduce their purchases. These forces cause the equilibrium flow pattern to deviate from the 

target state. However, transaction costs do not necessarily increase individual travel costs 

because travelers are able to change their route or departure time choices to adapt.  

The concerns associated with the potential negative impacts of transaction cost on the 

efficiency of tradable credit scheme are mostly stemmed from the pollution control experiences.  

However, because the number of potential traders in mobility credit market is much higher its 

transactions costs are expected to be low. Therefore, while transaction costs reduce the efficiency 

of tradable credit schemes, the reduction is unlikely substantial. 

6.3 Concluding Remarks 

In summary, the tradable credit scheme has great potential to be considered as a travel 

demand management strategy. However, with regards of the challenges associated with its 

implementation, a pure tradable credit scheme implementation is not expected. In fact, a hybrid 

scheme that incorporates both congestion pricing and tradable credit scheme has higher chance 

of successful implementation. Tradable credits can be utilized as an add-on to congestion pricing 

to address its equity concerns and further encourage “good” behaviors.  In a hybrid scheme with 

free initial allocation, the free accessibility to tolled facilities can be provided to some extent for 

all travelers. Therefore, the public concern that congestion pricing is in favor of high-income 

travelers can be partially addressed.  
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