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ABSTRACT
A BI-LEVEL PROGRAMMING APPROACH FOR
THE SHIPPER — CARRIER NETWORK PROBLEM

by
Ya Wang

The Stackelberg game between shippers and carriers in an intermodal network is
formulated as a bi-level program. In this network, shippers make production,
consumption, and routing decisions while carriers make pricing and routing decisions.
The oligopolistic carrier pricing and routing problem, which comprises the upper level of
the bi-level program, is formulated either as a nonlinear constrained optimization
problem or as a variational inequality problem, depending on whether the oligopolistic
carriers choose to collude or compete with each other in their pricing decision. The
shippers’ decision behavior is defined by the spatial price equilibrium principle. For the
spatial price equilibrium problem, which is the lower level of the bi-level program, a
variational inequality formulation is used to account for the asymmetric interactions
between flows of different commodity types. A sensitivity analysis-based heuristic
algorithm is proposed to solve the program. An example application of the bi-level
programming approach analyzes the behavior of two marine terminal operators. The
terminal operators are considered to be under the same Port Authority. The bi-level
programming approach is then used to evaluate the Port Authority’s alternative

investment strategies.
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LIST OF MATHEMATICAL NOTATION

This is a glossary of mathematical notation used throughout this dissertation.

S: Set.
IS|: Number of elements in a set.
Notation on the Shipper Network
Sets
N: Set of nodes on the shipper network, n eN.
CN-: Set of centroid nodes, CNcN, b, b1, b2eCN.
IN: Set of intermediate nodes, INCN.
P: Set of paths on the shipper network, peP.

P(bl, b2): Set of paths connecting origin b1 to destination b2.

L: Set of links on the shipper network, /e L.

L(p): Set of links within path p, [ eL(p).

CL: Set of centroid connectors, CLcL.

LP: Set of links representing port terminals, LPcL, Ip €LP.

C: Set of commodity types, ¢ €C, cieC. ci is the iy, commodity type in C.

Parameters and Variables

A= [5,,,, } 1wy - LAnk-Node incidence matrix,

1 if link / originates from node n
0,, =4-1 if link / ends at node n

0 otherwise
A=[Agy, A, ], with

Ay = [5,’,,6(3,\, ] e being the Link-Centroid Node incidence matrix and

Ay = [5,,,,E W ] oy D€Ing the Link-Intermediate Node incidence matrix.

Xiv



[’11’" ]Pl*lu :

vol,.

Sb'c:

Tp,c.

Ty

Path-Link incidence matrix,

1= 1 if link /is contained in path p,i.e. / € L(p)
7" 10 otherwise '

Value-of-time implicit for commodity c.
Supply of commodity c at centroid b.

Supply of commodity ¢' at centroid b.

Vector of supplies at centroid b, S, = ( 38y cecs -)qu.

T
[CN *

Vector of supplies, S = ( 3 Sheens )

Vector of supplies of the commodity types other than c at centroid b,

Sb,—c = (. B Sb,c'eC,c'éc L ICl-1 "

Vector of supplies of commodity types other than c,
T
S = ...,S“CN’_C,...)ICN"

Supply price of commodity c at centroid b.
Vector of supply prices at centroid b, 7, = ( Ty eecs” ')|[C|'

T

Vector of supply prices, 7 = (-, 7,y »" --)’CM :

Demand of commodity c at centroid b.
Demand of commodity c¢' at centroid b.

T

Vector of demands at centroid b, D, = ( Dy e ,~--)| o

T

Vector of demands, D = ( s Dyeen s ')ICN; .

Vector of demands of the commodity types other than c at node centroid b,
A
Db,—c = ( s Db,c'eC,c’aec L .)lcl-l .

Vector of demands of commodity types other than c,
D_ = ('“’DbeCN,—c"")r;M .

XV



Db, Market (demand) price of commodity c at centroid b.

Db Vector of demand prices at centroid b, p, = ( s Pheecs -)[Tq .
. T
Joi Vector of demand prices, p=(--+, p,.cn»" ');CN. .
Ob1b2¢: Demand of commodity ¢ from centroid b/ to centroid b2.
K pe Minimum generalized average cost for commodity ¢ between centroid b;

and centroid b;.

Jie Flow of commodity ¢ on link /.

Ji: Vector of flows on link /, f, = (, Jieec ,---)‘Tq.

f: Vector of flows on all shipper links, f = ( s frens )ITLI .

S Vector of flows of the commodity types other than ¢ on link /,

Ve
fz,—c = (...,ﬁ,c,ec,#c,.. ')ICI—l .

fe Vector of link flows of the commodity types other than c,

f-—c :(”"f}eL,—c"”); '

R Service charge for transporting commodity ¢ on link /.

Ry Vector of commodity specific service charges on link /,
R = (...,Rl)cec’...)qu_

R;: Vector of service charges on all shipper links, R, =(---,R,,,"" ')|TL|'
Capr: Capacity on link /.

t: Free flow travel time on link /.

te: Average travel time of commodity ¢ on link /.

GCic: Average generalized travel cost of commodity ¢ on link /.

hp,c: Flow of commodity ¢ on path p.

xvi



GCp.c:

Functions

th(ﬁ)Z

rol,c',c ’ z'Ol,c ’,

rl,)c ,T

GCi(f):
Sb,(715):
00,,.,01,,..:
Dy, (7):
60,5610,
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CHAPTER 1

INTRODUCTION

1.1 Background

Advances in transportation and information technology and the recent expansion of the
global economy are two major factors driving the fundamental changes in the shipping
industry and the role of United States ports. The advances in technology include:
containerization of cargo, new ship designs, and information technology (IT) driven

freight logistics.

Containerization begun in 1966 with the maiden voyage of a Sea-Land container
ship from Newark, New Jersey to Rotterdam, Holland (Talley, 2000). In the container
ship operation, freight loaded in steel boxes or containers is moved directly between an
origin and a final destination. The reduction and, in some cases, full elimination of the
freight loading, unloading, and repackaging at the intermediate points (as it was done in
the pre-container era) resulted in faster service at a lower cost. The storage of cargo in a
sturdy steel box reduced the damage cost as well. Since the introduction of
containerization, the volume of freight moving via containers has grown steadily. Figure
1.1 shows that from 1994 to 1999, the US container traffic measured in TEUs (twenty-
foot equivalent units) has increased by 36 percent, from 19.58 million to 26.67 million

TEUs (The American Association of Port Authorities, 2001).
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Figure 1.1 US Container Traffic 1994 to 1999 (in Million TEUs)
(The American Association of Port Authorities, 2001).

Another trend accompanying the advent of containerization is the increased size
of container ships. The standard ship size has increased from less than 1000 TEUs in the
late 1960s to 6000 TEUs in the late 1990s (Airriess, 2000). The driving factor behind this
trend is the fact that the average cost of transporting a container decreases with an
increase in the ship size. For example, a 6000 TEU ship has approximately 20 percent
lower average unit cost compared to a 4000 TEU ship. However, this cost advantage can
be realized only if the ship sails fully loaded. Unused ship capacity can quickly translate
into high opportunity cost, which is very detrimental to profit. In addition, the larger ship
has a higher operating cost (e.g., fuel, crew, and maintenance costs). It also needs larger
cranes with longer reach from the berth to the ship, more sophisticated equipment, and a

technology-skilled labor force, which translates into a higher terminal handling cost.

Collectively, the issues discussed above have resulted in a higher cost per port
call. To ensure that the capacity of their ships is fully utilized, the ocean carrier lines

share vessels by forming various strategic alliances and partnerships as well as outright



mergers. During this process, many routes have been reconfigured and some of the ports

are no longer visited.

Now turning to the change in the manufacturing process, the manufacturing
industry adopted the just-in-time (JIT) principle in order to reduce the inventory cost and
to increase flexibility of production. JIT is a demand driven process. All inventories is
kept at the suppliers, and brought in via a reliable transportation system only when and
where it is needed. The recent advance in information technology, such as Electronic
Data Interchange (EDI), Automatic Equipment Identification (AEI) and Global
Equipment Positioning System (GPS), have greatly facilitated the communication
between producers and consumers of goods and providers of transportation services, and
enabled the real time tracking of the containers (Helling, 2000). The uncertainty and the
inventory costs and requirements are reduced, and as long as the JIT system has a highly
reliable transportation component, it is no longer necessary to locate the distribution
centers close to the production facilities and the markets. Ports have now become an
important part of the logistics link in the JIT production and delivery chain, since use of
information driven logistics has opened up more potential markets. In other words, the
market reach of the ports is no longer restricted to their neighboring region. For example,
ten years ago, 90 percent of the port traffic at the Port of New York and New Jersey was
tied to its regional market. Now, more than 15 percent is destined to the Midwest and

Canada (Cottrill, 1999).
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Figure 1.2 Share of International Trade in Goods and Services in the
US Gross Domestic Product (International Trade Administration
(ITA) of the United States Department of Commerce, 2000)

The international flow of goods, capital and labor have increased rapidly, driven
by the formation of trade agreements such as the North American Free Trade Agreement
(NAFTA), the economic and political organizations such as the European Union (EU)
and the Asia-Pacific Economic Cooperation (APEC). With this trend of globalization, the
United States has become deeply immersed in the international trade. Figure 1.2 shows
that from 1987 to 1999, the import and export as a percentage of Gross Domestic Product
(GDP) (based on the 1996-dollar) in America grew from 15 percent to 26 percent. The
rapid growth of trade with the Asia Pacific region, especially China, contributed greatly
to this trend. The trade with China, including Hong Kong, as a percentage of the total US
trade, grew from 5.54 percent in 1992 to 7.11 percent in 1999 (International Trade

Administration (ITA) of the United States Department of Commerce, 2000).

The trends discussed above brought both opportunities and challenges to the

ports. Fueled by the boom of international trade, container cargo at the ports is expected



to grow correspondingly. Attracting the international market with strong growth potential
is critical to the development of the ports. The strong growth of trade between the US and
the Asian Pacific region has prompted several ports both in the East and the West Coast
to identify this traffic as the strategic area in their development plans. The Port Authority
of New York and New Jersey, for example, plans to form an agreement with the Suez
Canal Authority to capture a larger share of the US bound Asia cargo. According to its
forecast, by shifting just seven percent of the current West Coast-bound traffic to the East
Coast via the Suez Canal, the port volumes could double by 2020 (The Port Authority of
New York and New Jersey, 1999). Clearly, there will be a competition for this traffic

among the US ports.

Competition among seaports is an old issue dating back to the colonial times. Up
to 1980s, only a few large ports along the East Coast such as the Port of New York, the
Port of Boston, the Port of Philadelphia, and the Port of Baltimore were competing with
each other for international trade. The shift to larger container ships will intensify this
competition since the consolidated shipping lines are likely to redesign their routes and
call only at a few ports. Equipped with advanced information and communication
technologies, the shipping lines that are not restrained by a contract can evaluate the
service charge and congestion levels at any port in almost real time and change their

selection of port calls accordingly.

“Corporate managers can, if they want, evaluate options and switch ports as
easily as they change television channels. When Steven Shyne, manager of international
transportation at Pfizer Inc. became dissatisfied with port service in NY he began shifting
more specialty chemical shipments to the Big Apples archrival in Montreal-and he saved
time and money in the process.

Herbert Ovida, manager of regional export development program at the PA of
NY-NJ is acutely aware of the new competition. “We used to think that the customer was



captive, that they had no choice”, admits Mr. Ovida. “But today the small ports have
grown up, and NY has a hell of a lot of competition.””"

Besides the increased intensity, the scope of competition has been expanded to

that between the East and the West ports and even to the national level.

With this increase in competition, the ports are rethinking ways to bolster capacity
and improve service quality in order to maintain current and attract new business. To
accommodate larger vessels, the ports need to deepen their navigation channels and
berths, acquire new larger cranes, implement state-of-the-art information and
communication technologies, and provide seamless connections between the modes such
as on-dock rail and truck. The increased competition adds to the pressure of infrastructure
investment. According to a report by the National Highway System (Department of
Transportation, 2000), most US port terminals have various deficiencies, among which
the most important is insufficient intermodal connectors that enable the seamless
movement of containers between modes. Hence, it can be expected that without prompt
infrastructure improvements, our ports may become a bottleneck for the international
trade between the United States and the rest of the world. This eventually may impair the
competitiveness of the export industry and hinder the growth of the US economy. In
response to the above opportunities and challenges, most ports have started to or plan to
redesign and reorganize their operations. Faced with the investment pressure, various
construction projects such as dredging and on-dock rail are being carried out at many
ports. In addition, most ports have come up with a long-term investment plan. The
federal government is a major source of funds for these projects. To receive the funds, the

ports need to conduct a comprehensive cost and benefit analysis. This gives rise to the

!"Miles, G. L. (1994). The War of the Ports. International Business. 7. 30-36.




investment issue of port authorities’ decisions, which is one of the issues discussed in this

dissertation.

The benefits of a port expansion are accrued not only by the immediate region in
which the port is located, but also extend beyond this region. The first focus of this
analysis is on economic benefits directly related to the operation at ports. Operations at
the ports are carried out by private terminal operators. Their activities include setting the
service charge and making the routing decisions. In the face of the intensified
competition, lowering service charges used to be the frequently preferred strategy by the
private terminal operators to increase business. However, severe service charge
competition and high operating costs have become detrimental for profit. Hence, it is
important to find an appropriate set of service charges, which are both competitive and
profitable, and make the optimal routing decision, which will allocate the limited
resources to the most efficient use, thus reducing the operating cost. Here arises the
pricing and routing issue of private terminal operators, which is addressed in this

dissertation.

The investment issues of the Port Authority and the pricing and routing issue of
the private terminal operators give rise to the realistic importance of this dissertation.
The dissertation aims to develop a model, which can derive the optimal service charge
and routing pattern at port terminals as applied to the Port Authority’s investment
decision in the framework of a multimodal freight network. More specifically, the model
can aid the transportation planner to forecast the production, consumption, and link flow
pattern on a freight network, evaluate the performance of the port terminal operation, and

determine the best investment strategies. Even though the primary motivation of this



dissertation was to develop a model for evaluating port terminal operations, the resulting
methodology is general and directly applicable to different types of carriers, such as

competing truck, rail, or intermodal service providers.

The rest of this chapter is organized as follows. Section 1.2 describes the role of
the seaports in the multimodal freight transportation system. Section 1.3 presents the
research problem to be solved in this dissertation. Section 1.4 gives the organization of

the dissertation.

1.2 Role of Seaports in the Multimodal Freight Transportation System

Ports in the U.S. are usually publicly owned facilities, consisting of channels, berths,
docks, and land, managed by a Port Authority, a public (or quasi-public) agency
operating in the public interest. A Port Authority may have several terminals within its
port complex and lease the land and facilities to private operators. The terminal operators
together with the other public and private transportation carriers that own and operate
transportation facilities constitute a multimodal freight transportation system. Through
this system, vehicles and containers carrying commodities from the shippers to the
receivers are located in spatially separated markets. Due to the existence of different
transportation modes and related complicated interactions between components of the
freight system within the port terminal, the analysis of port operations must be considered
within this framework of a multimodal freight system. In this section, the behavioral
principles of three major types of players involved in the port operation and the
interaction between these players will be described. Following this, the factors

influencing each player’s behavior will be discussed.



1.2.1 Players Involved in Port Operation

A set of players involved in the port operation include the steamship lines, railroads and
motor carriers, brokers, shippers, forwarders, port terminal operators, a Port Authority,
and the other regulatory agencies. Following the generalized definition of Harker et al.
(1986-a, 1986-b), these players could be combined into three major groups: the shippers,
the carriers, and the regulatory agency. It is the interaction of these players, which results
in an equilibrium of the spatially separated markets. At the same time, their individual
rent-seeking behaviors may disturb the market away from the equilibrium from time to
time. Understanding the behavior of each player and its rationale is the key to modeling a

freight network system.

1.2.1.1 The Shipper. As defined by Harker (1986-a, 1986-b), the shippers are
economic agents who engage in moving commodity over the spatial network to explore
the potential economic benefit arising from the difference in commodity price between
different regions. The rent seeking behavior of the shippers serves as an “invisible hand”,
which drives the spatial market to an equilibrium point where all the potential benefits
have been exhausted. Here, the shippers are a generalized notion in the respect that any
one among the producer, consumer, forwarder or broker could be classified as shipper, as

long as the above definition is satisfied.

The shipper’s decision variables consist of the amount of commodity supplied and
demanded at each market, and the freight flow between these markets. These flows are
assigned to a carrier or a sequence of carriers for a movement over their transportation
networks. The selection of the sequence of carriers is equivalent to the selection of the

transshipment locations. The transshipment locations are the points where the intermodal
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transfer of the goods (or the interlining practice--the exchange of goods between different
carriers) takes place. The objective of the shipper is profit maximization, which is
accomplished by shipping the commodity to market via the path with the cheapest
generalized cost, but with a high enough price to cover the sum of the production and the

transportation cost.

1.2.1.2 The Carriers. According to Harker (1986-a, 1986-b), the carriers are the
economic agents who operate the transportation facility and provide the transportation
service. The transportation facilities operated by the carriers may include the vessel, the
railroad, the berth, the warehouse, and so on. Facilities under different carriers could be
represented as non-overlapping sub-networks with various origins, destinations, and
intersection nodes. The union of all carriers’ sub-networks is called the carriers’ network.
The transportation service here is a generalized concept, which includes all those
processes needed in transporting the freight from an origin to a destination within a
carrier’s sub-network. In this dissertation, it is assumed that the links between each O-D
pair on a carrier’s sub-network represent not only the physical location, but the type of
service process taking place there as well. Different service processes taking place in the
same physical location are defined as different links. In another word, a link on a carrier’s
sub-network is both geographical and service orientated. Based on the above definition,
the shipping lines, the rail companies and motor carriers, and the port terminal operators
all belong to the same group: the carriers. They all satisfy the behavior principles

described below.

The carrier’s decision variables consist of link flow and service charge on the

routes on the sub-network under its control. The carrier’s objective is profit



11

maximization. It is accomplished by setting the service charge and routing pattern in such
a way that, for the flow of each commodity between each O-D pair, two conditions are
satisfied: 1. The marginal revenue (i.e. the gain in revenue by providing an additional unit
of service) equals the lowest marginal cost (i.e. the increase in the operating cost by
providing an additional unit of service). 2. The marginal cost on any used path between

this O-D pair equals the lowest marginal cost on all the paths between this O-D pair.

The next issue is modeling the carriers’ behavior. First, with the merger of the
carriers’ industry (Luberoff, 2000), the competition between different carriers exhibits an
oligopolistic nature. A carrier has certain power in setting the price instead of being
simply a price taker. A carrier adjusts its decision frequently according to the
environment and changes in the demand level, capacity of the facility, and service
charges offered by other carriers. Thus, the marginal cost pricing principle of the carriers
is not applicable here. Second, besides the competition, there exists certain level of
pricing collusion among the carriers. For example, before the Ocean Shipping Reform
Act (OSRA) was passed in 1998, the annual conference of ocean carriers (which also
serve the port) attempted to set some price agreement, though the agreement is not
always diligently observed (Pei, 2000). The above features are usually not captured by
the carrier level models presented in previous studies such as in Harker (1986-a, 1986-b).
This dissertation aims to fill these gaps by formulating the oligopolistic pricing behavior
of the carriers under either the non-collusive or collusive pricing schemes subject to the

shippers’ equilibrium.

1.2.1.3 Port Authority. Besides the terminal operators as a type of carriers, the Port

Authority is another player involved in the supply side of port operations. The Port
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Authority is a public agency, responsible for major infrastructure investments at a port; it
decides where and how much to invest. Its objective is the maximization of the net social
benefit to the region it serves. Unlike the service charge and the routing pattern of the
carriers, the Port Authority’s investment plan is carried out during a longer time period.
In this respect, the investment decision is not as flexible as the carriers’ pricing and
routing decisions. Usually, its benefits are returned in a long run, unless the claim of one
Port Authority to increase the capacity seems so credible to other competing ports that it
effectively hinders the investment at those ports. The latter case happens when the
demand is not great enough for every port to expand its capacity and the Port Authority
taking the initial step to invest has an edge over other competing Port Authorities, which

react slowly.

1.2.1.4 Interactions among Players. The way the players interact with each other is
influenced by whether the decision they are making is a long-term or a short-term one,
and whether the market in which they operate can be described as a monopoly, oligopoly
or perfect competition. The long-term decision, once committed, is difficult to change in
the short term. Hence, the interaction between the long-term decision-maker and the
short-term decision-maker has a sequential nature. The market conditions also influence
the interaction by bestowing the decision-maker with different levels of market power
under different market conditions. For example, the monopoly supplier or the monopoly
consumer has strong control over the market price. On the contrary, under the market
condition of perfect competition, the supplier or the consumer acts as the price taker.
Understanding the short-term or long-term nature of each player’s decision and the

market conditions is very important to the understanding of the interaction between and
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among the players. The nature of the decision and the market condition in which each

player acts are introduced below.

A shipper’s decision is assumed to be a short-term decision. It is assumed that
there are numerous shippers in the system, which indicates that the market condition for
the shippers is perfect competition. The profit-seeking behavior of all shippers determines
the market price and the flow pattern in the transportation market, although none of them

alone has the power to determine price individually.

The pricing and routing decision of the carriers is assumed to be a short-term
decision. This assumption is justified by the fact that both the service charge and the
routing pattern can be easily adjusted according to the level of demand. It is assumed that
there are only a few carriers providing service at each port. The carriers can observe each
other’s behavior and react accordingly. The market condition of the carriers’ industry is

assumed to be oligopoly.

The investment decision by a Port Authority is a long-term decision. The number
of Port Authorities in the market is even smaller than the number of carriers. The Port
Authorities can observe each other’s behavior and react accordingly as well. Unlike the
carrier, the Port Authority is a public agency. Besides the economic factors, its behavior
is considerably influenced by social and political factors, which render the economic
approach ineffective in formulating the competition between various Port Authorities.
Hence, the dissertation will not deal with this problem. Instead, the dissertation focuses
on developing a model, which can be used to evaluate the economic impact of several

alternative investment strategies and to identify the best strategy for a Port Authority.
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Based on the above discussion, the interaction between the three levels of players

can be summarized as follows:

Each shipper makes its commodity production and consumption decision based
on its knowledge of the pattern of the market prices in the spatially separated markets. It
makes its routing decision based on its knowledge of the pattern of the service charges set
by the carriers and the travel time function between O-D pairs on the carriers’ network.
This is determined by the purely competitive assumption of shippers’ market, which

indicates that each individual shipper is a price taker.

Each carrier makes its pricing and routing decision based on its knowledge of the
Port Authority’s investment decision and its forecast of the shippers’ and competing
carriers’ reaction. The sequential nature of the interaction between the Port Authority and
the carriers is determined by the fact that the Port Authority’s investment decision is a
long-term decision while the carriers’ pricing and routing decision is a short-term
decision. The interaction between different carriers is characteristic of the behavior in an

oligopoly market.

The shippers’ and carriers’ behaviors in turn influence the Port Authority’s
decisions. How the shippers and the carriers react to the Port Authority’s investment
strategy determines the effectiveness of this strategy. The Port Authority makes its
investment decision based on its forecast of the effects on carriers’ pricing and routing
decision and the shift of the production, consumption and link flow pattern under

different investment strategies.



15

1.2.2 Factors Influencing the Players’ Behavior

Various factors influence each player’s behavior and, consequently, the throughput of a
port terminal. In general, these factors can be classified into three categories: 1)
commodity supply and demand functions at a market, 2) transportation technology used
by modes and which is usually characterized by the operating costs and service
characteristics (e.g., travel time), and 3) how does a shipper perceives service
characteristics and derives a generalized cost (e.g., travel time plus related freight
charges). A small variation in the above factors may shift the production, consumption
and flow pattern in the system tremendously, and consequently change the profit of the
port operation significantly. Hence, a systematic analysis of the port operation should

take into account all of the above factors. These factors are discussed in this section.

1.2.2.1 Commodity Supply and Demand Functions. The producers and consumers at
each market jointly determine commodity supply and demand. Each producer’s behavior
may be described by a supply function, which is mainly influenced by the technology and
the cost of inputs (e.g., materials, salaries, and interest rates). Generally, supply is an
increasing function in its own price and a decreasing function in the price of its input
resources. If a product serves as an input to the production of another product, its price
will have a major influence in the other product’s production output. Alternatively, if two
products are competitive, an increase in price of one may stimulate the production of the
other. On the other hand, consumer behavior may be described by a demand function.
Unlike supply, the demand is usually a decreasing function in its own price. The price of
another product may influence the demand of the primary product either positively or
negatively depending on whether these two products are complementary or competitive

(i.e., they are substitutes for each other). The supply and demand functions at a market
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are obtained by aggregating the individual producer and consumer supply and demand

functions.

1.2.2.2 Transportation Technology Used by Modes. Transportation technology used
by modes is usually characterized by the operating costs and service characteristics (e.g.,
travel time). Operating cost is defined as the cost required to carry out a service process
at a carrier’s facility within certain time period. Travel time is defined as the time
required to finish a service process (e.g. transporting, loading, unloading) at a carrier’s
facility. Besides the level of technology, the operating cost and the travel time also
depend on the level of service demand, and the capacity of the carrier’s facility or
equipment. The technology and the capacity take effect by shifting the curve that
represents the operating cost or travel time function upward or downward. On the
contrary, the service demand takes effect by moving the operating cost or travel time

along the curve that represents the operating cost function or the travel time function.

1.2.2.3 Service Characteristics Perceived by the Shippers. Shipper’s behavior is
characterized by how a shipper perceives service characteristics and derives a generalized
cost. The service characteristics, which the shipper considers in its selection of the
carriers or transportation modes, are quite divefse, including both qualitative and
quantitative attributes. As identified by Evers (1996), there are at least six factors
influencing the shipper’s decision: 1) service charge, 2) reliability, 3) travel time, 4) over,
short, and damage, 5) market considerations, and 6) carrier considerations. Among these,
only travel time and service charge will be considered in formulating the shipper
decision. As indicated in the Evers’ study, travel time and service charge are the two of

the most important determinants in the selection of carriers or transportation modes. The
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relative importance of these two attributes in affecting the shipper’s decision is indicated
by value-of-time. Value-of-time converts travel time into the same unit as service charge,
so that they can be combined together to calculate the generalized cost. The flow of
different commodity types has a distinct value-of-time. The inner value of a commodity
is not the sole factor in determining it’s value-of-time. The logistic opportunity cost,
which is determined by the relative urgency to use certain commodity and the value-
decreasing rate of the commodity with the passage of time, are some other important
factors. In addition, the subjective perception of the players involved may also play a role
in determining the value-of-time of the freight. The generalized cost perceived by a
shipper is the linear combination of the service charge and the travel time that is

converted into monetary value by the value-of-time.

1.3 Research Problem

The interactions discussed above can be formulated using a three-level model. The first
level describes the behavior of the Port Authority in choosing the best investment
strategy to maximize net social benefit. The second level describes the behavior of the
carriers in choosing optimal service charge and routing pattern to maximize their profits.
The third level formulates the behavior of the shippers, which is to determine the supply
and demand of each commodity at each market (or centroid in transportation planning
parlance) and the distribution pattern of each commodity on the network. The structure of

the model is shown in Figure 1.3.
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First Level: Behavior of
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of the carriers

< Determine the production,
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Determine the service
charge and routing pattern
on each carrier’s sub-
network

Figure 1.3 Interactions between Different Players

More specifically, the research questions to be answered by each level of the

model in this dissertation are listed below:
1. Behavior of the Port Authority

Which investment strategy out of a finite set of alternatives should the Port
Authority implement in order to maximize the net social benefit? What will be the impact

of this strategy on the private terminal operators and consequently the shippers?
2. Behavior of the carriers

What is the equilibrium service charge and routing pattern on each carrier’s sub-
network given the competitive pricing game among the carriers? What is the optimal set
of service charge and routing pattern on each terminal sub-network and the resulting
profit if the carriers choose to price collusively? What will be the impact of the

competitive or collusive pricing on the shippers’ decisions?
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3. Behavior of the shippers

What are the optimal locations at which goods are produced and consumed, their
quantity and price? What is the equilibrium flow on the shipper network and the resulting

cost?

1.4 Organization of the Dissertation

The dissertation is organized as follows. Chapter 2 reviews the models found in the
literature to solve each of the above problems and discusses their advantages and
limitations. Chapter 3 describes the structure of the freight network, including both the
shipper perceived network and the carriers’ network. The port facilities and the service
processes that take place at a port terminal are viewed as a carrier’s sub-network. Chapter
4 presents the basic assumptions, equilibrium conditions, and formulations for the
carriers’ pricing and routing problem with explicitly defined demand function. Chapter 5
extends the model from Chapter 4 by integrating the shipper level problem with the
carriers’ pricing and routing problem. A bi-level program is developed to formulate the
Stackelberg game between the carriers and the shippers. A sensitivity analysis based
heuristic algorithm is developed to solve the bi-level program. Chapter 6 formulates the
Port Authority’s investment behavior and uses the model from Chapter 5 to model the
Port Authority’s investment decisions. Chapter 7 presents the case study. A numerical
example is developed and used to test the application of the model and the algorithms
developed in this dissertation. The model is implemented in the GAMS software (Brooke,
1992). Finally, Chapter 8 examines possible extensions of the model and directions for

future research.



CHAPTER 2

LITERATURE REVIEW

Chapter 1 defined the research problem of this dissertation. The problem consisted of
modeling decisions of three types of players - the shippers, the carriers, and the Port
Authority - and how they interacted in determining the production and consumption
patterns, resulting commodity flows and related carrier operations plans and service
charges. This chapter presents a review of the papers and studies from freight
transportation planning and spatial economics that were deemed relevant for the
formulation of a mathematical model of the research problem, and for designing a
solution algorithm for solving the model. The chapter concludes with a discussion of how

the approaches found in the literature relate to the models proposed in this dissertation.

2.1 Evolution of the Freight Transportation Planning Models

The freight transportation planning process in general needs to accomplish the following

tasks:

1. Determine, based on the underlying economic principles, the amount of commodities
to be produced and consumed at certain zones or regions under study.

2. Identify the trip matrix between the points of production and the points of
consumption.

3. Allocate demand over the available transportation modes.

4. Provide the routing of the vehicles carrying the commodities over the modal

networks.

20
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Early freight models mimicked the traditional four-step urban transportation
planning process for passengers. The first step, trip generation, represents the number of
trips to be produced at origins and attracted at destinations. The second step, trip
distribution derives the trip table that allocates the trips between origins and destinations.
The third step of the process, modal split is the allocation of trip interchanges to available
modes, while the fourth step, traffic assignment, disperses the modal trip interchanges to
available routes (Manheim, 1979). The freight planning process is more complex than the
passenger planning process because it involves interaction between at least two distinct
interest groups: the shippers that send the commodity, and the carriers that provide the
transportation system —(vehicles and the network) over which the commodity moves. The
freight planning models have evolved from those focusing on one stage and one type of
player/mode (e.g. the Railroads Routing Model (RRM) of Bronzini, 1981) to those
solving the problems of all four stages jointly, and considering both the shippers and the
carriers simultaneously (e.g. the Generalized Spatial Price Equilibrium Model (GSPEM)

by Harker et al., 1986-a, 1986-b).

Two strains of models with distinct focuses have been used throughout the history
to model the freight transportation planning process. The first strain is the pure spatial
price equilibrium model (Samuelson, 1952; Takayama and Judge, 1964), the purpose of
which is mainly to derive the competitive equilibrium of the commodity production,
consumption and distribution pattern among the spatially separated markets in a
simplified transportation network. On the simplified network, each Origin-Destination
(O-D) pair is connected by a link, and the link-based transportation cost is fixed. The

second strain is the freight network equilibrium model. It predicts the modal split and
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network assignment of freight flows over available links and paths on a general
multimodal transportation network consisting of various modal networks. The general
transportation network has the node-arc representation and flow-dependent transportation
costs. Various O-D pairs are connected at intermediate nodes, and the connecting paths
are made up of several links. Paths between different O-D pairs often share a link.
Usually, these models include performance functions that relate the travel time and cost
to traffic volumes. By assuming the amount of freight to be shipped as fixed, the models
ignore the impact of network performance and shipping cost on the commodity

production and consumption patterns in spatially separated markets.

With the recent methodological and theoretical advancements, these two strains
have converged. New models are sound in economic and behavioral theory, and have
been combined with the advancements in algorithmic developments and increased
computational power. The following sections review briefly the progress of the spatial
price equilibrium (SPE) model and freight transportation network equilibrium (FNE)

model, including both formulations and algorithms.

2.1.1 Pure Spatial Price Equilibrium Model

The pure SPE model aims to find an equilibrium solution in terms of the commodity
supplied and demanded at each market, and the inter-market network-based commodity
flows. The solution satisfies the market equilibrium condition: the delivered price at the
destination market (that is, the price of the product at the point of production plus the
lowest transportation cost to the market) equals the market price that the customers are
willing to pay. This means the appreciation of the supply price at the market has been

exhausted by the transportation cost. Figure 2.1 illustrates this concept.
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T12=T21=1
Market 1 O sz =972 O Market 2
S1 =2+P; S2 =13+6*P;
D;=16-P; D;=15-2P;
Si=4.4, D; =13.6, S2=21.4, D»=12.2,
Pi=2.4 P;=14

Figure 2.1 A Simple Pure SPE Model

The production and consumption on this simple network consisting of an origin

and a destination are described by the following functions:

S,=2+P; 2.1)
D=16-P, (2.2)
S, =13+6*P; 2.3)
D,=15-2P; (2.4)
where:

Si, Dy, P; and T; (Vij =1 or 2) denote the supply, the demand, the commodity
price, and the transportation cost, respectively. The subscripts 7 or j indicate the markets,
and @y is the net commodity export from market i to market j. The spatial price

equilibrium satisfies the following conditions:

If Q12>0, then P1+T12= Pz and if Q21>O, P2+T2]= P] (25)
S1-Di= Q1= -021 = D-S (2.6)
81, D1, 82, D22 0. (2.7)

Solving Egs. (2.5)-(2.7) yields the following:
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-14+2*%P;=2-8*P, (2.8)
Py+1=P; (2.9)
with equilibrium supply, demand, price and commodity flows being:

S/=4.4, D; =13.6, P;/=2.4, §,=21.4, D,;=12.2, P, =1.4, 0;=9.2.

Samuelson’s (1952) pure SPE problem, which assumed an over-simplified
transportation network with fixed transportation cost between each O-D market and
linear supply and demand functions at each market, was formulated as an optimization
problem. Takayama et al. (1964) extended Samuelson’s model to handle a multi-
commodity case and formulated the pure multicommodity SPE problem as a quadratic

programming problem. He assumed that the supply and demand functions are symmetric.

2.1.2 Freight Network Equilibrium Model

The FNE model aims to find the equilibrium solution in terms of link flows, which
satisfies Wardrop’s First and Second Principles (Sheffi, 1985). Wardrop’s First Principle,
also called the user equilibrium, states that at equilibrium all used paths between the same
O-D pair for the same commodity have equalized lowest cost. This principle is used for
modeling shippers’ routing decisions. The modified statement implies that at equilibrium
each shipper has no incentive to unilaterally change routes, paths or modes because it

cannot further reduce its cost.

Wardrop’s Second Principle, also called the system optimum, states that in order
to minimize the total transportation cost, all used paths between the same O-D pair for the
same commodity have the same lowest marginal cost. The principle applies to the

carriers’ optimal routing decisions. It is modified to state that at the optimum a carrier has
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no incentive to change its routing plan on the sub-network under its control because it

cannot further reduce its cost.

A detailed review of the FNE models is given by Bronzini (1980) and Friesz
(1983-b, 1985). Bronzini (1978) used a national freight transportation network model (i.e.
a FNE model) to estimate the energy conservation impact as well as the modal traffic
shares, transportation costs and service levels on a general multimodal transportation
network. The model assumed that the commodity trip distribution matrix of various
commodities between selected O-D regions was known, based on information provided
by the U.S. Department of Commerce. The freight network was described by a set of
performance functions: a cost function, a capacity function, and an energy function. The
service attributes, such as cost, time, and energy were functions of freight tonnage. The
assumed linear combination of these three attributes was used to represent the total
disutility the shippers would perceive when choosing the bundles of modes and routes.
The shippers’ equilibrium was obtained by the standard labeling algorithm (Sheffi, 1985).
In this approach, the disutility combines the carriers’ cost (including the operating cost
and the energy cost) with the time delay and is used to generate the shippers’ shortest
path. By mixing the carriers’ concern (i.e. the operating cost and the energy cost) with the
shippers’ concern (i.e. the time delay) and ignoring the impact of service rate on shippers’
choice in calculating the disutility, the model did not recognize a distinction between the

carriers’ and the shippers’ behavior.

In a latter paper, Bronzini (1981) ran the models with both the average operating
costs and the unit coal train rates to show that no major divergence existed between the

average cost-based approach and the price-based approach in determining the modal split.
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In the price-based approach, the unit coal train rates were determined using rate-cost
equations developed via the linear regression method. The transportation prices for all
other commodities except the unit coal train were simulated using marginal operating
costs. Bronzini (1981) is among the earliest efforts to relate the carriers’ pricing behavior
to the carriers’ cost. The limitation of the paper is that it only compared the divergences
in modal splits determined from the price-based and the cost-based approaches. The
potential divergence in the assignment patterns was ignored, thus the impact of using the
average carrier cost instead of actual rates in analyzing the shippers’ assignment cannot

be ascertained.

Friesz et al. (1986) extended the freight network equilibrium models of Bronzini,
1978, 1981 by combining the trip distribution problem with the modal split and traffic
assignment problem and treating the shippers’ and the carriers’ decisions separately. He
divided the problem into two sub-problems: the shipper network and the carriers’
network. The two networks are related through an incidence matrix between the arcs on
the shipper network and the O-D pairs on the carriers’ network. The trip distribution,
modal split and traffic assignment problem on the shipper network, and the assignment
problem on the carriers’ network were solved sequentially. The solution satisfies the
Wardrop’s First and Second principles. The trip distribution problem was solved using
the Gravity-type model (Manheim, 1979). There are two deficiencies in this approach.
First, it does not consider the trip generation problem, and uses the Gravity model for trip
distribution. Second, similar to Bronzini (1978), it assumes that the shippers’ cost is a

function of the link flow on the shipper network instead of being derived from the
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carrier’s behavior. Furthermore, it makes a strong assumption that the cost or delay

functions on both the shipper and the carriers’ networks are separable.

2.1.3 The General Spatial Price Equilibrium Model

In the last two decades, the distinction between the SPE and the FNE models became less
prominent. The recent SPE models deal with the modal split and traffic assignment
problems as well as the traffic generation and distribution problems simultaneously via
the use of a general multimodal transportation network. The recent SPE models that use
the general multimodal transportation network are called the “general SPE model”. For
these models, the definition of the pure SPE condition in section 2.1.1 needs to be
modified to include the Wardrop User Equilibrium condition of Section 2.2.2. The
revised definition of an equilibrium called the modified Wardrop User Equilibrium in this
dissertation states that for each commodity and a given O-D pair, the transportation cost
on any used path is equivalent to the difference between the supply price at the origin and

the demand price at the destination and is not higher than the costs on any unused paths.

Besides the use of the general multimodal transportation network, another
advance of the general SPE model lies in its mathematical formulation. The recent studies
adopt the nonextremal formulation, which uses either the Variational Inequality (VI) (see
Florian et al., 1982; Friesz et al., 1984; Harker et al., 1986-a, 1986-b; Pang 1984) or the
complementarity formulations (see Friesz et al.,, 1983-a), instead of the extremal
formulation from Section 2.1.1, which use the mathematical programming approach.
Florian (1982) pointed out that the application of the extremal formulation is restricted to
the situation where the inverse supply, inverse demand and cost functions are continuous

and have symmetric Jacobian matrix or separable functions. The nonextremal
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formulation has fewer restrictions, and can be used to formulate the problem with
asymmetric Jacobian matrix and non-separable functions, which frequently arises in the

problem with the general transportation network or dealing with multiple commodities.

Common to Florian (1982), Friesz (1983-a), (1984), Harker (1986-a, 1986-b), and
Pang (1984) is that they all cast the multicommodity SPE problem in a general
multimodal transportation network using a nonextremal formulation. However, these
papers have distinct features. Florian (1982) proposed the VI formulation with only the
nonnegativity constraints of the path flow variables. The flow conservation constraints
were incorporated in the formulation via the use of an indicator representing the
incidence relationship between path, link, and O-D pair. Friesz (1983-a) provided two
nonlinear complementarity formulations: one using the path flow and the other using the
arc flow formulation. Both Friesz (1984) and Pang (1984) gave the VI formulation using
the node- arc incidence relationship. Pang’s formulation differed from Friesz (1983-a) in
that the commodity price is not restricted to be nonnegative. In spite of this difference,
the two formulations are equivalent, as proven by Pang, under the condition that a unique
solution exists for both formulations. Harker (1986-a, 1986-b) also employed the VI
formulation using path-arc incidence relationship. As distinct from the general SPE
models in Florian (1982), Friesz (1983-a), (1984), and Pang (1984), which didn’t
distinguish the shippers’ and the carriers’ behaviors, the Generalized Spatial Price
Equilibrium Model (GSPEM) developed in Harker (1986-a, 1986-b) provided an explicit
treatment of the shippers’ and the carriers’ behaviors. In this respect, GSPEM model is

the most sophisticated SPE model.
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GSPEM model in Harker (1986-a, 1986-b) described the shippers’ behavior by
using the modified Wardrop User Equilibrium condition presented at the beginning of
this section. It described the carriers’ behavior by using the Wardrop’s System Optimal
condition from Section 2.1.2. Similar to the shippers, the carriers were portrayed as
economic agents with their own objective functions and a set of constraints, instead of
being represented by a set of performance functions as in Bronzini (1978, 1981).
Accordingly, in addition to being dependent on the shippers’ service demands, the service
attributes were influenced by carriers’ decisions on the rates to be charged and routes
offered. GSPEM model provided the simultaneous solution of the shippers’ and carriers’
problems by assuming the marginal cost pricing principle. Harker et al. (1985) used the

model to analyze the U.S. coal industry.

The mathematical formulation (both extremal and nonextremal) of the general
SPE model can be categorized into the quantity formulation (Nagurney, 1999), that uses
the inverse supply and inverse demand functions; and the price formulation (Nagurney,
1999), that uses the supply and demand functions. Based on the assumption that the
supply and demand functions are invertible, Florian (1982), Friesz (1984), Harker (1986-
a, 1986-b) and Pang (1984) provided the quantity formulation of the general SPE model.
For the non-invertible case, the reader is referred to Friesz (1983-a) and Nagurney

(1999).

From above, it is apparent that various types of formulations can be used for the
general SPE model. Accordingly, the solution algorithms are very diverse. For the
extremal formulation, various algorithms in the linear and nonlinear programming theory

such as the Frank-Wolfe algorithm (Sheffi, 1985) can be used. For the nonextremal
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formulation, various algorithms including the linearization algorithm, the relaxation
algorithm, the projection algorifhm, and various decomposition algorithms presented in
Nagurney (1999) can be used. More specifically, the linearization algorithm has been
used to solve the nonlinear complementarity problem. The decomposition algorithms are
applied to the VI problem defined over a separable set or a Cartesian product of sets.
Unlike the decomposition algorithms, the relaxation algorithm and the projection
algorithm have broader applicability in that they can be applied to a problem defined over
a nonseparable set as well. However, the decomposition algorithm is more suitable for
the large scale VI problem since the algorithm decomposes the problem into a sequence
of subproblems with much less dimensions and thus realizes efficiency of the algorithm.
The decomposition algorithms are categorized into parallel or serial versions. These
versions differ in that the serial version uses the information as soon as it becomes
available. Depending on whether the subproblems in the iteration of the algorithm are
linear or not, the decomposition algorithms are also categorized into the linear or the

nonlinear decomposition algorithms in Nagurney (1999).

Florian (1982) proposed the linear approximation method (LAP) for the nonlinear
programming formulation of a single commodity general SPE problem. He proposed the
nonlinear parallel version decomposition method for the multicommodity general SPE
problem with symmetric or separable functions, which was also formulated as a nonlinear
programming problem. For the multicommodity general SPE problem with asymmetric
and nonseparable functiong (which was formulated as a VI problem) he proposed to use
the Jacobian diagonalization method. As he mentioned but did not prove in the paper, the

diagonalization method is the relaxation-type algorithm (Nagurney, 1999) that will
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converge if the Jacobian matrix is both row and column diagonal. Friesz (1983-a)
proposed the successive linearization method, which was used to solve the nonlinear
complementarity formulation of the general SPE problem and established the
convergence condition for this method. Friesz (1984) compared the efficiency and
accuracy of the successive linearization method shown in Friesz (1983-a) to the
diagonalization method for the problems with various degrees of asymmetry. For the
subproblems in the iteration of the diagonalization method, two versions of Frank-Wolfe
algorithm were proposed depending on whether the network structure was employed.
Through various numerical examples, he showed that the diagonalization method
together with the version of Frank-Wolfe algorithm that employed the network structure
is fast but not accurate. On the contrary, the diagonalization method together with the
other version of Frank-Wolfe algorithm is accurate but slow. The successive linearization
approach is both fast and accurate. Pang (1984) proposed the Gauss-Seidel-linearization
method (i.e. the linearized serial version decomposition algorithm presented in Nagurney
(1999)). This method decomposed the VI formulation of the multicommodity general
SPE problem into a sequence of single-commodity SPE subproblems with the linear
inverse supply, inverse demand and transportation cost functions, which were then solved
by a special version of the parametric principal pivoting algorithm. Nagurney (1987) also
suggested the use of Gauss-Seidel-type decomposition method to solve the VI
formulation of the general SPE problem with alternative structures according to how
Cartesian product of sets was defined. She compared the performance of the Gauss-

Seidel method to the projection method and showed its superiority in terms of speed.
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Based on the above discussion, Table 2.1, similar to that of Friesz (1983-b), was

developed to categorize the models found in the literature and discussed above.

Table 2.1 Categorization of the models in the freight planning according to various

criteria
Criteria
General Explicit

Multiple | Multimodal | treatment of | Simultan-

commod- | transportat- shippers and | eous Extremal Nonextremal

ities ion network carriers solution formulation | formulation
Samuelson (1952) No No No No Yes No
Takayama (1964) Yes No No No Yes No
Bronzini (1978) Yes Yes No No Yes No
Friesz
(1986) Yes Yes Yes No Yes No
Florian (1982),
Friesz (1983-a,
1984), Pang (1984), Yes Yes No Yes No Yes
and Nagurney
(1999)
Harker et al. (1986-
a, 1986-b) Yes Yes Yes Yes No Yes

2.2 Game Models

The previous section reviewed freight transportation planning models ranging from the

most basic one (Samuelson, 1952) to the most comprehensive ones (Harker, 1986-a,

1986-b). However, even the most comprehensive model does not consider the complexity

in the carrier-carrier or shipper-carrier interactions that arises from the oligopolistic

behavior of the carriers in setting their service charges and routes. Some models in the

game theory and the oligopoly theory can be applied to analyze these interactions. The

basic concepts and applications of these game models are reviewed next.
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2.2.1 Nash Equilibrium and Variational Inequality Formulation

In the oligopoly theory defined in Chapter 1, a Nash game has been frequently used to
formulate the non-cooperative behavior of the oligopolistic players. In a Nash game, each
player is conscious of its rivals’ decisions; and, makes a decision in the belief that the
rivals would maintain their current decisions. To illustrate this mathematically, assume

there are m players. Each player i selects a strategy vector x; = {x;,":-,x,,} Vx;, €K, to

maximize its utility u; denoted as a function of the strategy vector of all players: u;=

uxs,....xm) in the belief that any other player’s decision x,,; would not change. Here,

K, c R" is a convex set. Based on the above notation, Nash equilibrium is a strategy

vector x* = (x, ,...,X, ) € K, such as that it yields:

“u,(x;, %) 2 u,(x,, %)) Vx, € K,,Vi, where

AKX _ * .. * .. * ’,1
X =00, XX X, )

i+l
Nash equilibrium defined above can be classified as either the Cournot or the
Bertrand equilibrium, depending on whether the decision variable is quantity or price

(Tirole, 1988).

Under the assumption that each u; is continuously differentiable on K and concave

in x;, Nash equilibrium can be formulated as a VI problem (Nagurney, 1999).

“Theorem 6.1:(Variational Inequality Formulation of Nash Equilibrium)
Under the previous assumptions, x is a Nash equilibrium if and only if

* * *
x € K is a solution of the variational inequality <F (x )yx—x >Z 0,Vxe K

where F(x)=(-V u,(x),---,-V u,(x)) is a row vector and where

"' Nagurney, A. (1999 ). Oligopolistic Market Equilibrium. In Network Economics: A Variational Inequality
Approach (pp. 211). Boston/Dordrecht/London: Kluwer Academic Publishers.
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This definition assumes that the strategy of each player is continuous. The
oligopolies may be faced with discrete strategies as well: whether to collude or to
compete. The “compensation principle” of Hicks and Kalder (Tirole, 1988) is used as a
criterion to evaluate whether the collusion could be established and sustained. The
principle states that the collusion should achieve better collective outcome than the sum
of the outcomes achieved individually without any cooperation. This principle also
requires that the winner can easily compensate the loser in the Nash game so that

everyone is better off. The compensation principle is expressed as follows:

Zul” < Zu,‘ Vi: Index for participant in the cooperation (2.10)

where: u; is the utility for the iy participant under the collusive game and u; is the

utility for the iy, participant under the competitive game.

Weskamp (1985) and Dafermos (1987) formulated the production and distribution
behavior of oligopolistic shippers in spatially separated markets as a Cournot game.
These models are called the spatial oligopoly models, and the equilibrium is the spatial
Cournot-Nash oligopolistic equilibrium. They employed the VI formulation and assumed
an oversimplified transportation network. As an extension of Weskamp’s paper,
Dafermos established that the spatial price equilibrium model is an extreme and limiting
case of the spatial oligopoly model. Proceeding from these works, Nagurney (1999)

formulated the spatial oligopoly model using the general transportation network.

? Nagurney, A. (1999). Oligopolistic Market Equilibrium. In Network Economics: A Variational Inequality
Approach (pp. 212). Boston/Dordrecht/London: Kluwer Academic Publishers.
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The oligopolistic competitive behavior of the supply-side of the transportation
service and facility is rarely analyzed. Yang and Woo (2000-b) was the pioneer to
approach this problem to study the interactions of two oligopolistic private toll collectors,
each in charge of a single link on a general transportation network. The collectors' toll
pricing behaviors are formulated as a Nash game. The authors also formulated the
interaction between the two toll collectors and the road users, which fits well into the

framework of a Stackelberg game.

2.2.2 Stackelberg Equilibrium, Bi-level Programming and Sensitivity Analysis
Method

The Stackelberg game, also called a-leader-and-a-follower game, is characterized by the
sequential nature of the decisions made by players, (i.e., the game has a hierarchical
structure). In the game, the leader has the authority to make a first move based on its
forecast of the follower’s rational reaction. The follower makes its decision in the
knowledge of the leader’s decision. Both the leader and the follower aim to maximize
their own utility. To illustrate this concept mathematically, the notation from the pervious

section is used. The leader is designated by the subscript / and the follower, by f. The best

strategy vector of the follower (x, ={x},--.x,} Vx,€K,) is associated with the
strategy vector of the leader (x, ={x,,---,x,,} Vx, € K,) by a vector of the reaction

functions: x} = R(x,) . The Stackelberg equilibrium is then defined as follows:

Definition: Stackelberg equilibrium is a strategy vector x* =(x,,x,)€ K, such
that u,(x,,R(x;)) > u,(x,,R(x,)) Vx, € K, with R(x,) = x} and u (x;,x;) > uf(x,*,xf)

Vx, € K. (Tirole, 1988)
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The above concept can be easily extended to define the equilibrium for the

Stackelberg game between multiple leaders and followers.

Mathematically, the bi-level programming problem is used to present the static
version of the Stackelberg game. Stackelberg game arises in various situations of the
transportation industry. Accordingly, the bi-level programming technique has wide
application in the analysis of the transportation problem. Typical examples include: the
spatial Stackelberg-Nash-Cournot competitive network equilibrium problem (Miller,
1991), the toll pricing problem (Yang and Lam, 1996; Yang and Bell, 1997-a), the signal
optimization problem (Yang and Yagar, 1995), the network design problem (Friesz et al.,
1992), the facility location problem (Miller, 1995; Taniguchi et al., 1999), and Stakelberg

equilibrium problem in the freight system (Fisk, 1983).

Different solution methodologies have been proposed to solve the bi-level
programming problem as reviewed by Yang and Bell (2001), such as the gap penalty
function approach (Meng and Yang 2001); the sensitivity analysis method based heuristic
algorithm (Yang et al., 1995, 1996, 1997-a, 2000-a, 2000-b); and the simulated annealing
algorithm (Friesz et al., 1992). Since the sensitivity analysis method is going to be used in
this dissertation, only the papers expounding on this method and the studies using this

method are reviewed.

In the literature, abundant studies have been performed on the methodology of the
sensitivity analysis for the nonlinear optimization problem or the VI problem. The
sensitivity analysis for the nonlinear optimization problem or VI problem is to compute
the derivatives of primal variables and dual variables with respect to perturbation

parameters. The general framework and rigorous approach for the sensitivity analysis of
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the network equilibrium problem formulated as the VI problem were provided in Tobin
(1988) and Yang (1997-b). For the general SPE problem, Dafermos (1984) derived the
direction of the change in the price and shipment pattern resulting from the change in the
inverse supply, inverse demand or transportation cost functions. Chao et al. (1984) and
Tobin (1987) provided the quantity sensitivity analysis method for the SPE problem with
perturbation in the parameters of the functions. Nagurney (1999) gave the sensitivity
analysis method for the parameter perturbation, which influences both the feasible set and
the functions. The sensitivity analysis method by Chao (1984) was applied to the
extremal formulation of the general SPE problem with separable nonlinear supply,
demand and transportation cost functions. The method involves the inversion of a matrix
with the rank being the number of regions, instead of the number of arcs. The number of
arcs is usually much larger than the number of regions. One of the assumptions underling
this method is that there is positive supply and demand at every node on the network.
Tobin (1987) advanced the work by Chao (1984) by developing the sensitivity analysis
methods for the nonextremal formulations (both VI and complementarity formulations)
of the general SPE problem. He reduced the size of the system of equations to be solved
in the sensitivity analysis by taking out the equations associated with the nonnegativity
constraints. Unlike Chao (1984), the method in Tobin (1987) is not restricted to the SPE
problem with separable functions and the assumption of this method requires only one of

the supply and demand at a node to be positive.

The sensitivity analysis method has been frequently applied to construct a
heuristic algorithm to solve the bi-level programming problem. For instance, Yang (1996,

1997-a) employed the sensitivity analysis method for the analysis of optimal pricing on a



38

transportation network. Yang (2000-a) demonstrated the use of this method to determine

the optimal toll and capacity improvement for privately operated roads on the network.

There are also examples in the literature, which explore this method to solve the
competitive equilibrium between the oligopolies, among which there are a leader and a
number of followers. For instance, Miller (1995) employed this method to solve the
location, production and distribution problem of the Stackelberg leader firm subject to the
spatial Cournot-Nash oligopolistic equilibrium or the spatial price equilibrium of its
competitors on the freight network. In Miller’s paper, the quantity decisions such as
production and the distribution decisions of the shipper both the Stackelberg firm and its
rivals are analyzed on a general transportation network while the role of the carriers in
the distribution of the commodity between spatially separated markets is not considered.
Yang and Woo (2000-b) combined this method with the quasi-Newton method to solve
the pricing competition between two private road providers subject to the Wardrop’s User

Equilibrium (Sheffi, 1985) of the road users.

2.3 Features of the Study in this Dissertation

This dissertation aims to set up a framework to analyze the interaction between the
oligopolistic carriers and the shippers as well as to answer the research questions
formulated in the shipper level problem and the carrier level problem presented in
Section 1.3. Based on the solution to these two problems, the questions associated with
the Port Authority level investment problem are answered by calculating the economic
impact of the alternative investment strategies and identifying the best strategy. To

accomplish this, it is crucial to develop a model that can solve the shipper and the carrier
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level problems in a systematic way. The various aspects of the models reviewed in the
previous sections, mainly the GSPEM model by Harker (1986-a, 1986-b) and the bi-level

model by Yang and Woo (2000-b), are adopted and modified for this purpose.

The bi-level model in this dissertation is similar to the GSPEM model by Harker
(1986-a, 1986-b) in two aspects. First, it treats the shippers and the carriers distinctively
and integrates the shipper and the carrier level problems. Second, it formulates the
shippers’ behavior using the general SPE model. The general SPE model was chosen
over the FNE model because it provides more generality and contains more economic
interpretation by accounting for the economic factors in solving its trip generation and

distribution problem.

The GSPEM model focuses on the shipper’s and carrier’s routing behaviors. It
simplifies the pricing behavior of the carriers by assuming the marginal cost pricing
principle. Proceeding from the work by Harker (1986-a, 1986-b), this dissertation
considers the oligopolistic pricing and routing behavior of the carriers. The carriers no
longer act simply as the price takers. Instead, they can use the pricing decision as a device
to manipulate the demand in order to maximize their profits. In addition, the carriers can
choose either to compete or collude in their pricing and routing decisions. Hence, the
equilibrium of the carriers’ pricing behavior follows the Nash equilibrium or the
Compensation principle presented in Section 2.2. The other feature distinct from the
GSPEM model is that the interaction between the carriers and the shippers is cast into
Stackelberg game and formulated as a bi-level programming problem. The GSPEM
model treats both the carriers and the shippers as price takers, with both reacting to the

service charges in the market. No direct interaction between the carriers and the shippers
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are considered. In contrast, the model in this dissertation assumes that the carriers and the
shippers react to each other’s decision. A heuristic algorithm based on the sensitivity
analysis method is developed, which solves the Stackelberg equilibrium in terms of the
carriers’ pricing and routing decisions and the shippers’ commodity production,

consumption and shipping decisions.

The bi-level model of this dissertation is similar to the bi-level model in Yang and
Woo (2000-b). First, both models formulate the Stackelberg game between the supply-
side (i.e. the leaders) and the demand-side (i.e. the followers) of the transportation
service. Second, both models cast the non-cooperative behavior of the leaders in a Nash
game and formulate it as a VI problem. Nevertheless, the model in this dissertation
contrasts with Yang’s model in three aspects. First, the behavior of the shippers, which
are the followers, are stated using the general spatial price equilibrium condition instead
of the Wardrop User Equilibrium condition that was used in Yang and Woo’s study
(2000-b). Instead of using the nonlinear programming formulation as shown in Yang’s
model, the VI formulation shown in Florian (1982), Friesz (1984) or Nagurney (1999) is
used in this dissertation for the follower level problem that is the general SPE problem.
The VI formulation provides more flexibility and generality in dealing with the case
when the inverse supply, inverse demand or cost functions are nonseparable and
asymmetric. Second, each carrier, which is the leader of the Stackelberg game in this
dissertation, is in charge of a carrier’s sub-network. The carrier’s subnetwork is distinct
from the shipper network. On a carrier’s sub-network, both the pricing and routing
problems are entailed. On the contrary, each toll collector in Yang and Woo’s model

(2000-b) operates only a single link in the transportation network of the road user. The
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toll collector has only one decision variable that is the toll on this single link. This
difference gives the model in this dissertation more complexity. Third, various
commodities characterized by distinct value-of-time are considered in this dissertation.
On the shipper side, the interaction between various commodities in the commodity
supply, demand, and transportation cost functions is accounted for in the general SPE
model. On the carrier side, the model provides a solution to the problem concerning how
to excise the price discrimination according to the commodity type in order to maximize

profit.

In summary, the dissertation contributes to the body of transportation planning in
that it provides a methodology to formulate the carrier-carrier and carrier-shipper
interactions resulted from the carriers' oligopolistic behavior. In detail, a bi-level freight
planning model formulating the oligopolistic pricing and routing problem of two or more
carriers subject to the shippers’ SPE problem is developed. A sensitivity analysis-based
heuristic algorithm is proposed to solve this model. This model and algorithm are applied
to solve the Stackelberg equilibrium between two terminal operators and shippers as well

as to facilitate the investment decision of a Port Authority in a numerical example.



CHAPTER 3

DESCRIPTION OF THE NETWORK

This chapter presents a conceptual network structure of the multimodal freight
transportation system and describes it from the perspective of different players, the
shippers and the carriers. The organization of the chapter is as follows. Section 3.1
describes the roles of the shippers and the carriers in the freight network system, based on
which the network will be decomposed to the shipper network and the carriers’ network.
Section 3.2 describes the structure of the shipper network, the carriers’ network, and a
sample carrier’s sub-network graphically as three layers. Finally, Section 3.3 describes

the attributes of the elements of each network layer and defines them mathematically.

3.1 Distinctive Roles of the Shippers and the Carriers

The shippers and the carriers have distinctive roles in the multimodal freight
transportation system. These roles were discussed in detail in Section 1.2.3 and are

briefly summarized here.

Each shipper is concerned with the choice of origin and destination markets for
commodities, the choice of a carrier or a sequence of carriers (i.e. the choice of a
transportation mode or a combination of modes) that move the goods between markets. It
usually has no control over the detailed routing pattern within the system of an individual
carrier. Corresponding to its role, the shipper perceives the freight system as an
aggregated network. The basic components of this network include the centroid nodes
that represent the origin and destination markets, the intermediate nodes that represent

transshipment locations, and the links connecting these nodes.

42



43

In contrast to the shipper, the carrier’s role entails the routing of freight on a
detailed modal network. Each carrier conducts various transportation related service
processes moving the freight over the physical transportation facilities between the point
where it takes control of the goods and the point where goods leave this system.
Corresponding to the carrier’s role, the links on a carrier’s sub-network represent the rail
lines, the highway segments, the ocean lines, or various operations such as loading and
unloading. The intermediate nodes on a carrier’s sub-network represent the change of
directions, the switching points, the stops, the change of facility class or the change of the
service process. The origin and destination nodes on a carrier’s sub-network represent the

locations where the carriers take or release control of the goods.

The shippers and the carriers interact with each other. This is reflected in the
network presentation, where a link on the shipper network corresponds to an origin-

destination (O-D) pair on a carrier’s sub-network. The incidence index between a

carrier’s O-D pair and a shipper’s link is denoted as ;. If link / on the shipper
perceived network corresponds to O-D pair v on a carrier’s sub-network, &;,=1.

Otherwise, &; ,,=0.

3.2 Network Structure of the Multimodal Freight System

Figure 3.1 presents the multimodal freight system in a network structure with three
layers: Layer a is a detailed multimodal freight carriers’ network; Layer b is a sample
carrier’s sub-network: the terminal sub-network; Layer ¢ is the shipper-perceived
network. Through out this presentation, the relationship between the network layers is

1llustrated.
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3.2.1 The Detailed Multimodal Freight Carriers’ Network

The detailed multimodal freight carriers’ network (or the carriers’ network) shown in
Layer a of Figure 3.1 is a union of five individual carriers’ sub-networks, including two
highway sub-networks, one railway sub-network, one waterway sub-network, and one
port terminal sub-network. From this layer, it can be observed that the carriers’ network
satisfies two properties:

1. Different carriers’ sub-networks are separable; and

2. Each carrier operates a specific transportation mode or a port terminal.

Nodes x0 and x/6 in Layer a represent the commodity origin and destination
markets respectively. Nodes x3, x5, x7, x8, and x9 in Layer a represent the transshipment
points. These nodes constitute the origin and destination nodes on each carrier’s sub-

network. Table 3.1 below shows all the possible O-D pairs on the carriers’ network.

Table 3.1 Origin-Destination Pairs on the Carriers’ Network

the individual carrier’s sub-network Carrier’s O-D pair v=(xi, xj) VveV, xi, xjeX
Highway sub-network 1 v0=(x0, x3)
Railway sub-network vI=(x3, x5)
Waterway sub-network v2=(x5, x7) and v3=(x5, x8)
Port terminal sub-network v4=(x7, x9) and v5=(x8, x9)
Highway sub-network 2 v6=(x9, x16)

3.2.2 Port Terminal Sub-network

Layer b in Figure 3.1 shows a sample carrier’s sub-network decomposed from the
carriers’ network in Layer a, the port terminal sub-network. The port terminal operator is
the carrier that will be analyzed in detail in the case study of this dissertation. Hence,

more details concerning the port terminal sub-network will be discussed in the case study.
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From a modeling perspective, however, the description of the carrier model is general,

and any type of carrier may be considered in the analysis.

On a port terminal sub-network, a link presents a service process at some terminal
facility. This section discusses the service process at a port terminal and provides an
interpretation of the terminal sub-network shown in Layer b. The various complicated
service processes at a port terminal can be grouped into four major systems: the marine
side interface, the transfer system, the storage system, and the landside interface
(Holguin-Veras, 1998). The different combinations of the processes belonging to the four
systems may be used to move the cargo between an O-D pair on a terminal sub-network.
These combinations can be represented as different paths between this O-D pair. For
example, some cargo may be loaded into the railroad cars or trucks directly at the dock,
hence skipping the storage system. Some other cargo may require service at each of the
four systems (e.g., the cargo that is stored and processed at the terminal’s warehouse
before further distribution). Each system is represented by several parallel or sequential
links. The links parallel to each other represent the alternatives to conduct the service
process. For example, the process of lifting cargo can be conducted with mobile cranes,
top loaders or straddle carriers. The links sequential to each other represent the sequential

service processes.

The port terminal sub-network in Layer b can be interpreted based on the above
discussion. For example, links a2, a3, a4, a7, connecting terminal O-D pair (x7, x9) may
represent the service processes belonging to each of the four systems mentioned above.
On the other hand, link a6 can be interpreted as an operation process, which transfers

container or cargo directly to the truck on the dock. Links a0 and a2 may be interpreted
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as service processes in the system of marine side interface, which may represent
unloading goods on two alternative modes or processes. The sequential links a3 and a4
may represent the two service processes involved in moving goods from the apron to the

storage system.

3.2.3 The Shipper Perceived Network

The shipper perceived network (or the shipper network) shown in Layer ¢ of Figure 3.1 is
aggregated from the carriers’ network shown in Layer a. The aggregation procedure is
demonstrated in this section. For example, assume that a shipper intends to ship a
commodity from origin market x0 to destination market x/6 shown in Layer a. The
shipper may choose the following five steps to accomplish this goal. Each step is

presented as a link on the shipper network in Layer c.

Step 1 A truck company ships goods from the origin market x0 to a truck-rail
transfer point x3 on the highway sub-network 1 shown in Layer a. This step is presented
as highway link /0 connecting centroid node n0 and intermediate node #/ on the shipper

network in Layer c.

Step 2 A rail company ships goods from x3 to rail-water transfer point x5 on the
railway sub-network shown in Layer a. This step is presented as railway link /7

connecting intermediate nodes n/ and n2 on the shipper network in Layer c.

Step 3 An ocean carrier ships goods from x5 to an entry point x8 to a port
terminal on the waterway sub-network shown in Layer a. This step is presented as
waterway link /3 connecting intermediate nodes n2 and n4 on the shipper network in

Layer c.
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Step 4 A port terminal operator moves goods from entry node x8 to exit node x9
on the port terminal sub-network shown in Layer a. The goods are transferred to a truck
company at node x9. This step is presented as a port link /5 connecting intermediate

nodes n4 and n5 on the shipper network in Layer c.

Step 5 A truck company ships goods from node x9 to the destination market x/6
on the highway sub-network shown in Layer a. This step is presented as a highway link
16 connecting intermediate node n5 and centroid node n6 on the shipper network in Layer

C.

By connecting the above steps, a shipping path connecting markets (x0, x/6) can
be constructed on the shipper network shown in Layer ¢, which is 10, 11, I3, 15, [6 or
n0>nl>n2>n4->n5->n6. Similarly, the other path can be constructed in Layer c,

which is Path 2: n02>ni=2>n2->n3>n5>n6orl0, 11, 12, 14, 16.

The above aggregation procedure indicates that: the centroid nodes (n0, n6) and
the intermediate nodes (n/, n2, n3, n4, nS) in Layer c¢ correspond to the origin and
destination markets (x0, x/6) and the transshipment points (x3, x3, x7, x8, x9) in Layer a.
From this correspondence, the incidence matrix between the shipper links in Layer ¢ and

the carrier O-D pairs in Layer a can also be derived as shown in Table 3.2:

Table 3.2 The Incidence Matrix between the Carrier O-D pairs and the Shipper Links

Gl v=(uix)) 10 LI 2 3 4 5 16
v0=(x0, x3) 1 0 0 0 0 0 0
vi=(x3, x35) 0 1 0 0 0 0 0
v2=(x3, x7) 0 0 1 0 0 0 0
v3=(x5, x8) 0 0 0 1 0 0 0
v4=(x7, x9) 0 0 0 0 1 0 0
v5=(x8, x9) 0 0 0 0 0 1 0

v6=(x9, x16) 0 0 0 0 0 0 1
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3.3 Attributes of the Network Elements

The attributes of the nodes and links on the network influence how the carriers and the
shippers carry out their roles in the freight transportation system. This section will briefly

describe these attributes and present their mathematical formulation.

3.3.1 Attributes on the Carriers’ Network

As mentioned in Section 1.2.2, attributes on the carriers’ network include operating cost,
which is a function of the service demand and capacity. Eqgs. (3.1) and (3.2) below give
the mathematical form of the average operating cost function and the marginal operating

cost function on the carriers’ network.

e e
AC,lea)=r, +7l *== 47 *(=2) Vae A,ceC (3.1
’ " E. 7 Ea
e e
MC, (e,.)=r, +2r * E"’C +3r, ¥ % 2 Vae A,ceC (3.2)

In the above equations, 1_'7: , Va e A denotes the link capacity on the carriers’
network, which is defined as the maximum flow of freight that the service process or
facility presented by link a can efficiently handle in a unit of time. If the flow of freight
exceeds the capacity, the level of service such as service time on this carrier link will

deteriorate with the formation of a queue and congestion.

Attributes regarding each O-D pair on the carriers’ network include the service
demand (g,.), which is assumed to be a function of the vector of service fares on all

carrier O-D pairs: g, (R, ). The exact form of service demand function will be discussed

in a later chapter of this dissertation.
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3.3.2 Attributes on the Shipper Network

As mentioned before in Section 1.2.1 and 1.2.2, the attributes associated with the shipper
network include the commodity supply and demand functions at a centroid, the service
fare and the travel time function on a link, and value-of-time. The mathematical form of

these attributes will be defined here.

For each commodity at any market, the general form of the commodity supply
and demand function is used, which assumes that the supply and demand of this
commodity depend on the vector of the market prices of all commodities at this market.
Equations (3.3-a), (3.3-b) present the supply and demand functions of commodity ¢ at

centroid & used in this dissertation.

Syo(m,) =00, +> ol,,. *n,, VbeCN,ceC (3.3-2)
c'eC

Db,c (ﬂ-b) = gob,c - Zglb,c',c *ﬂ-b,c' Vb e CN,C eC (33'b)
c'eC

The supply and demand functions are assumed to be invertible with the inverse
supply and demand functions of commodity ¢ at centroid b defined in Egs. (3.4-a) and

(3.4-b) below:

Ty (Sy) = Voo + D Apere *Spe VbeCN,ceC (3.4-a)

c'eC

PoeD)=a,. = By *Dye VbeCN,ceC (3.4-b)

c'eC

The transit time on link / for flow of commodity ¢ (¢;.) is assumed to be a function
of the vector of flows on link / as shown in Eq. (3.5). The service fare on a shipper link is

derived from the service fare on the corresponding carrier’s O-D pair (R,,.) according to
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Eq. (3.6). The generalized cost (GC;.) shown in Eq. (3.7) is the linear combination of

these two attributes.

t,, =tt,*(1+10,, f, +7l, *| << VlieL,ceC (3.5)
’ T Cap,
R.=D&,*R,, VieLceC (3.6)
velV
GC,, =R, +vot_*1,, VieL,ceC (3.7)

T
Z(rol,c',c * .fl,c‘)

Since a link on the shipper network is actually a path, or a sequence of links

between an O-D pair on the carriers’ network, the link capacity as perceived by a shipper

needs to be derived based on the capacity of links in the carrier’s network, as shown in

P3.1. The reader is referred to Morlok et al. (1999) for related work in estimating system

capacity. Alternatively, the capacity of the shipper link / is generated by the capacity of

links on the carriers’ network. It represents the maximum volume of the freight that can

be handled in a unit of time, without exceeding the capacity of any link on the carriers’

network. It is obtained by solving the following mathematical program:

Table 3.3 Derivation of the Link Capacity on the Shipper Network

P3.1

MaxCap, = &,,*(.g,.) VieLceC (3.8)
Bue veV ceC

s.t.
zea,c * Za,x = gv,c * Tv,x VxelX (3.9)

aeA,ceC

e, <E, Vae 4 (3.10)
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Equation (3.8) calculates the capacity of link / from the service demand on the
carriers’ network. This service demand is based on the incidence matrix between the
shipper links and the carrier O-D pairs. Eq. (3.9) is the flow conservation constraint,
which specifies that at an origin (or destination) node on a carrier’s sub-network, the
difference between the total inflow and the total outflow equals the total demand entering
(or leaving) this node. At a intermediate node on a carrier’s sub-network, the total inflow
equals to the total outflow. Equation (3.10) is the capacity constraint on each carrier’s

link.

Problem P3.1 assumes that the shipper can estimate the perceived capacity on a
shipper link accurately and it is equivalent to the capacity on the corresponding O-D pair
on a carrier’s sub-network. The capacity for a carrier O-D pair is defined as the maximum
flow of freight that the carrier’s sub-network can handle without exceeding the capacity

on each link in this sub-network.



CHAPTER 4

PRICING AND ROUTING PROBLEM OF OLIGOPOLISTIC CARRIERS
WITH EXPLICITLY DEFINED DEMAND FUNCTION

This chapter presents the pricing and routing decisions of two or more oligopolistic
profit-maximizing carriers that face a set of commodity-specific demand functions
explicitly defined for the service provided between each carrier O-D pair. The chapter is
organized as follows. Section 4.1 states the assumptions of the analysis. The equilibrium
conditions under both the competitive game and the cooperative (collusive) game are
presented in Section 4.2. The objective function and the constraints of the carriers are
introduced in Section 4.3. Section 4.4 presents the mathematical formulation. Section 4.5
establishes the existence and uniqueness of the equilibrium solution. Section 4.6 proposes

a solution algorithm.

4.1 Assumptions

Each carrier makes its pricing and routing decisions based on its knowledge of the
operating cost function and its forecast of the service demand function between the

carrier O-D pairs under its control. The assumptions are:

Al: The average operating cost AC,(e,.) for any a € Aand ¢ e C shown in
Section 3.3.1 is a separable function of the flow for each commodity type. Both the AC,

and MC, . are continuous and strictly monotone increasing in the link flow e, .

0AC e
< = Fae *—_1 +2r, . % LN 4.1)
b 2 2
Oeg ¢ Eq (Ea)
oMC 1 e
=2 K= Oy * =" >0 (4.2)
aea,c Eq (Ea)
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A2: The service demand function g, =g, (R,) for any veV and ceC is

linear and continuous. The vector of service demand functions is strictly monotone

decreasing in R, =(-+,R, .,**Vypc- [V, & (R,)]. The Jacobian matrix of the vector of

J. (4.3)

A3: The carrier is a profit maximizer. Its profit is calculated as the total revenue

demand functions g, (R,)=("-,g,.(R,), ) satisfies:

og,.
OR, ..

0g, o
R,

Ev,c

P

V'£V orc'#c

m[ »

V'#v orc'#c

v,c

obtained from providing service to the flow of all commodity types at all carrier O-D
pairs minus the total operating cost on all carrier links in the carrier’s sub-network under

its control.

A4: The carriers can either compete or cooperate in setting the price for service

and service parameters such as routing or link flow pattern.

4.2 Equilibrium Conditions

The Nash equilibrium condition and the Compensation Principle mentioned before in
Section 2.3 are adopted to evaluate the equilibrium solutions to the competitive game and
the collusive game among carriers respectively. Denoting the profit of carrier #’s decision

as Z,(g,(R,,R_,),R,,e,), the equilibrium conditions are defined below:

E1: Nash Equilibrium

Z.(g,(R ,R'),R ,e)>Z,(g,(R,,R ,),R,,e,). VteT (4.4)
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Condition E1 represents a price and routing pattern (R, ,e’) = ((R: ,e,),(R’, ,ei,))
at which no carrier can be better off by unilaterally changing its price and routing pattern

(e.g. from (R’ ,e;) to any other feasible price and routing pattern (R, ,¢,)).
E2: Compensation Principle

AlRaéx Zzt(gr(Rz’R—t)’Rz’et)Z ZARIaex Zt(gt(Rt’R—t)’Rt’et) (4'5)

teT teT T

Condition E2 states that at equilibrium, the combined value of all carriers’ profits
under the collusive pricing must be greater than the sum of all individual carriers’ profits

under the competitive pricing.

4.3 The Carrier’s Objective Functions and Feasible Region

This section defines the objective functions and the feasible region. Then, their respective

properties are stated.

4.3.1 Objective Functions

In the competitive game, the objective of each carrier is to maximize its individual profit.

The carrier does this by assuming that the other carriers will keep their current level of

service charges ( R__t) constant. The profit Z, of carrier ¢ is calculated as follows:

Zt(gt(Rr’E_t)’Rt’et)
=3 g, (R, R)*R, ~ > > AC, (e, )*e,, VteT

veV'eceC aeA' ceC

(4.6)

The first part of Eq. (4.6) is the revenue for carrier ¢. This revenue depends on the

carrier’s own service charges R, as well as the service charges of other carriers R-;.
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In the cooperative (or collusive) game, the objective of the carriers is to maximize
the total profit for all colluded carriers. The objective function Z for this game, given by

Eq. (4.7), is the sum of all individual carriers’ profits from Eq. (4.6).

Z :Zzt(gt(Rt’R—t)’Rt’et

teT (4 7)
=2 (Y8 RoR)¥R, =33 AC, (e, ) e, |
teT veV'ceC acA' ceC

In this game, as reflected by the notation in Eq. (4.7), the service charges at all

carrier O-D pairs are decision variables.

4.3.2 Properties of the Objective Functions

According to assumptions Al and A2, both the demand function g, . (R,) and the
average operating cost function AC, (e, .) are continuous. Since the sum or the product
of various continuous functions is also a continuous function, the objective functions

shown in Eq. (4.6) and (4.7) are also continuous.

The first derivatives of the objective function with respect to R, . and e, ., shown

in Egs. (4.8) and (4.9) respectively, are also continuous.

g, .(R,,R_,
_gvc(Rt,R_,)+ ZZ g”( ’ ) o VteT,veV,ceC (4.8)

vieV'ic'eC V,c

oz,

=MC, (e,.) VteT,ac 4, ceC (4.9)

a.c
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According to assumption A2, the demand function gv.,c,(R,,E__t) is linear, hence

agv',c' (Rt ’ R—t ) :
T
OR

v,e

the multiplier before R, . in the second element of Eq. (4.8) --

oz, . . . . .
constant. Therefore, R L in Eq. (4.8) is also a linear and continuous function.

v,e

Assumption Al states that the marginal operating cost function MC,(es.) is

. oz, . : . .
continuous. Therefore, 3 ~ in Eq. (4.9) is also a continuous function.
e

a,c

oz oZ ) .
! and ‘. are continuous functions, the vector of first

v,C aea,c

Since both

derivatives of the objective function VZ,(g, (Rt,ﬁ_z ),R,,e,) defined in Eq. (4.10) below

is also continuous.

VZ,(g(R,R-1),R,.e,) =

= (V, Z,(2(R,, R-),R, ).V, Z,(2(R,, R-), R,ve,)) (4.10)
A z
_ (...,__t_,...),(...,L_,...) VieT
aRveV' ,ceC aeaEA’ ,ceC

The objective functions Eqs. (4.6) and (4.7) are strictly concave in (R, , e). This is

shown in Appendix A.

4.3.3 Feasible Region

The profit maximization behavior of the carriers in either the competitive game or the

collusive game is subject to the flow conservation constraints and the nonnegativity
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constraints in the carriers’ network. The feasible region of this problem defined by these

constraints is shown below:

KT={R,.0> €,.* 20 = &,.(R)*7,, VxeX,ceC 4.11)
acA veV

Rv,c >0 WVWvelV,ceC (4.12)

.20 VaedceC}. (4.13)

4.3.4 Properties of the Feasible Region

According to assumption A2, g, (Ry) is linear. This implies that Eq. (4.11) is also linear.

Therefore, the feasible region is polyhedral. The polyhedral set is defined as:

“A set S in E, is called a polyhedral set if it is the intersection of a finite number

of closed half-spaces; that is, S={x, pf X <o for i=1,2...m}, where p; is a nonzero

. -
vector and a; is a scalar for each i.”

Since a polyhedral set is closed and convex (Bazaraa, 1993), the feasible region of

this problem K7 is also closed and convex.

4.4 Mathematical Formulation

Based on the established properties of the objective function and the feasible region, the
competitive game can be formulated as a Variational Inequality (VI) problem and the
collusive pricing game can be formulated as a nonlinear optimization problem. The

problem formulations are shown in Tables 4.1 and 4.2:

" Bazaraa, M. S. et al, (1993). Convex Sets. In Nonlinear Programming Theory and Algorithms (pp- 595).
New York: John Wiley & Sons, Inc.
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Table 4.1 Variational Inequality Formulation for the Competitive Game

P4.1

Determine ( R, ,e")eKT, such that

Z(“VR, Zt(g,(R;,R:t),R:,e:)(R, _R:) —VE'Z,(gt(R:,Rj,),R:,e:)(e, _e;)) 20

teT

V(R,,e) € KT (4.14)

Table 4.2 Nonlinear Programming Formulation for the Collusive Game

P4.2

Max:Z = Zzt (gt (RI’R—t)’Rt’et)

Ryctac teT
- Z( zzgv,c (R’ > R—t ) * Rv,c - ZZACa,c (ea,c) * ea,c) (4 15)
reT vep’eeC aeA' ceC

s.t. (Ry, ¢) eKT

4.5 Existence and Uniqueness of the Solution

The examination of the existence and uniqueness of the solution to problem P4.1 in Table

4.1 is based on two theorems (Nagurney, 1999) that deal with the existence and

uniqueness of the solution to a generic VI problem F(x")(x-x )20, VxeK, where X is the

feasible region for x. They are as follows:

“Let Bg(0) denote a closed ball with radius R centered at 0 and let Ky=KBg(0).
Ky is then bounded. Let VI denote the variational inequality problem:

Determine X, € K, such that

<F(x2)T,y—x;>20, VyeKp.

We now state.
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Theorem 1.5

VI(F,K) admits a solution if and only if there exists an R>0 and a solution of Vip,
x; , such that ”x;” <R.”

“Theorem 1.6 (Uniqueness under strict monotone)

Suppose that F(x) is strictly monotone on K, then the solution is unique if one
exists.”

First, it will be shown that there is a solution to P4.1. This will be presented based

on theorem 1.5.
Let M be a large positive constant and K7,, = KT r\”(R,,,e)“S M . Here, KTy is
compact and convex. P4.3 shown in Table 4.3 is the restricted problem of P4.1.

Table 4.3 Restricted Problem of Problem P4.1

P4.3

Determines (R; ,e )eKTyy, such that

Z(_VR, Zt (g,(R:,RL),R:,e:)(R, _Rt*) _Ve, Zt(gt (R:’R—*t)sR:’e:)(et —e:)) 20

4

V(R,,e) € KT, (4.16)

Based on theorem 1.5, Problem P4.1 admits a solution if and only if there exists a

large constant M>0 and a solution ( R, ,e") to problem P4.3 such that ||( R, ,e")[|<M.

The existence of a solution to problem P4.3 is guaranteed by the continuity of the
function VZ,(g(R,,R_,),R,,e,) and the compact convex property of the feasible region

KTy based on another theorem of Nagurney (1999).

? Nagurney, A. (1999). Variational Inequality Theory. In Network Economics: A Variational Inequality
Approach (pp. 15, pp. 18). Bostor/Dordrecht/London: Kluwer Academic Publishers.
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“Theorem 1.4 (Existence Under Compactness and Continuity

If K is a compact convex set and F(x) is continuous on K, then the variational
inequality problem admits at least one solution x* "

The solution to P4.3 is established above. Next, a large constant M will be

constructed, which will make the solution (R, ,e") to P4.3 satisfy ||( R, ,e")||<M.

First, the highest service charge R,, = max R, . is shown to be bounded for any

veV,c'eC
nonnegative g, . below.
08,
gv,c (RV ) = gv,c (O) + ZaR_’ * Rv',c'
5 5 YveV,ceC (4.17)
gV C gV C
< 0)+——*R, _+ ——
gv,c( ) aRv,c e v';tvgc'#c aRv',c' e
0g og
R, =maxR,, =g .(R,)<g, 0)+ ===+ —|*R,, 4.18
v, Ve v',c g 3 ( V) g 3 ( ) (aRv’c v'gvgc'#c aRv,,C, ] R ( )
og og
RH)=20=> 0)+| =2+ Ovellxp >0 4.19
gv,c ( V) gv,c( ) (aRv,c v,$V§c.¢c aRv,’c‘ j v,C ( )

og,.

0
From assumption A2, [glg?v—c—+ z J<O. This combined with Eq.

v,c v'#y or ¢'#¢ v.e'

(4.19) yields that:

0
SR, <- £.:(0) (4.20)
og,. og,.
6Rv,¢ V'#v orc'#c aRV',c'

? Nagurney, A. (1999). Variational Inequality Theory. In Network Economics: A Variational Inequality
Approach (pp. 14). Boston/Dordrecht/London: Kluwer Academic publishers.
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Equation (4.20) indicates that there exists a constant Rmex  such that
R, < Romax Vg, 20,veV,ceC. Since R, is defined as the highest service charge, the
bounded R,. indicates that Ry is bounded. This, together with the continuity of the

demand functions g, .(R,) VveV,ceC, indicates that the demand g, VveV,ceC

must also be bounded. With a bounded g, , the link flow e, must also be bounded as

specified by the flow conservation constraint in Eq. (4.11) (i.e., there exists a value Crma

such that e, <ems Vae AceC). Thus, the large value M is constructed as
M=||(-~,Rmaxr--)lV{*lCl’(n-,emaxa«--)lA|*|C|“-
With M thus constructed, the solution (R,,e’) to problem P4.3 satisfies

(R, ,e")||<M. Based on theorem 1.5 (Nagurney, 1999), this implies that there exists a

solution to problem P4.1. Based on theorem 1.6 (Nagurney, 1999), this solution to
problem P4.1 is unique, since Eq. (4.14) in P4.1 was shown in Section 4.3.2 to be

continuous and strictly monotone in (Ry, e).

For the collusive game, the nonlinear optimization problem P4.2 has continuously
differentiable and convex objective function and a closed and convex feasible region KT.
With these properties, problem P4.2 is equivalent to VI problem P4.4 shown in Table 4.4

according to Nagurney (1999).
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Table 4.4 Equivalent VI Problem of Problem P4.2

P4.4

Determines (R, e’ )eKT, such that

*

(RV - RV

, )jzo V (Ry, e)eKT (4.21)
(e-¢)

—VZ(gV(R;),R;,e')(

The existence and uniqueness of solution to this problem P4.4 and consequently

problem P4.2 can be similarly established as those shown above for problem P4.1 since
both the function —-VZ (g,, (R, ),R;,e*) and feasible set KT for problem P4.4 has the

same properties as those shown in P4.1. The procedures of the examination are not

repeated here.

4.6 Solution Algorithm

With the existence and uniqueness of the solution established, various algorithms found
in the literature pertaining to variational inequalities and nonlinear programming can be

used to solve the VI problem P4.1 and the nonlinear optimization problem P4.2.

The relaxation algorithm reviewed in Section 2.1.3 is used to solve problem P4.1.
Its advantage over the decomposition algorithm is that it is able to solve the problem with
a non-separable feasible set. For problem P4.1, the feasible set K7 is not separable due to
the inclusion of a non-separable demand function g,.(Ry) in the flow conservation
constraint in Eq. (4.11). Therefore, the relaxation algorithm is chosen to solve the
problem. The relaxation algorithm resolves problem P4.1 as a sequence of VI

subproblems, each of which will then be transformed into a nonlinear optimization
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problem of each individual carrier. More details regarding the application of the

relaxation algorithm are described below.

First, the feasible region for the subproblem of each carrier te T is defined by

three constraint functions:

KT, ={R.e)|Y e, * 20n = 2.8, (R,R)*7,, Vxe X,ceC (4.22)
aed’ vel!

R, 20 WvelV',ceC (4.23)

e,.>0 Vaed,ceCy| (4.24)

Equation (4.22) is the flow conservation constraint. In it, the vector of the service
charges at the other carriers’ sub-networks, denoted as E_t, is considered as constant.

Similar to K7, K7, is also a closed and convex set.

Second, the function for subproblem of carrier te T is defined as follows:

—VZt(g,(RtsE")’Rf’e')

= (—VR, A (g, (R,,R- ),R,,e,) - Ve,Z,(g, (R.,R-),R..e, )) (4.25)

Based on the above definition of the feasible set in Eqs. (4.22)-(4.24) and the
function in Eq. (4.25) for the subproblem, VI subproblem of carrier te T P4.5 is defined

below in Table 4.5.
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Table 4.5 Variational Inequality Subproblem of Carrier te T

P4.5

Determine (R, , e, )eKT;, such that

— R -R
-VZ, (g, (R,,R-1),R, e, )* [(( ! ,f))) >0 V(R,, e)eKT, (4.26)
€ —€

In problem P4.5 above, the Jacobian matrix of —VZt(g,(Rt,E-t),R,,et) is

positive definite and symmetric as can be derived from the Section 4.3.2. Hence,
problem P4.5 is equivalent to a strictly convex nonlinear programming problem P4.6

shown in Table 4.6.

Table 4.6 Nonlinear Programming Problem of Carrier te T

P4.6

Max Z,(g,(R,R-),R,.e,) (4.27)

s.t. (Rt, e,) GKT‘;

Problem P4.6 maximizes the individual carrier’s profit in the belief that the vector

of the service charges at the other carriers’ sub-networks remains constant at R-:. The
existence and uniqueness of a solution to problem P4.6 can be similarly demonstrated

using the logic from Section 4.5.

Based on the above discussion of the feasible region, the mathematical

formulation for both the VI formulation in P4.5 and the nonlinear programming
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formulation in P4.6 for the subproblem of carrier ¢, the steps of the relaxation algorithm

are as follows:
Step 0 [Initialize the service charge and the link flow at each carrier’s sub-
network (R, , ¢’). Let i denote the order of the carrier. Let k denote the order of the

iteration. Seti:=1, and k:=1. Let 9 denote the convergence parameter that evaluates the
relative improvement in results from two consecutive iterations. Set 9 to a small value

close to zero such as 10,

Step 1 Denote # as the carrier with its order in the set 7 being i. Solve problem

*

P4.6 for the i carrier with R_s = R'. Denote the solution as (R,e;). Let Rf =R,
and e! = e . If i<|T|, solve the problem for the next carrier by setting i:=i+1. Otherwise,

go to step 2.
Step 2 Calculate the relative improvements from R}’ to R} as:

k k-1
k 1 Rv,c - Rv,c

=0. If

]. For v and c¢ with R(f,c+R‘]f,zl=0, set

k-1 —
veV ¢ R R\I;c’c +R1];(’c1

kll

Rk R ] < &, stop. Otherwise, set k:=k+1, i:=1 and then go to step 1.
veV ¢ +

For the collusive game, the nonlinear programming problem P4.2 as well as the
subproblem P4.6 shown in the relaxation algorithm above will be solved by the reduced
gradient method (Bazaraa, 1993). This method linearizes the nonlinear programming
problem using frequently updated derivative information and solves a sequence of linear

programming problems.



CHAPTER 5

THE OLIGOPOLISTIC BEHAVIOR OF THE CARRIERS SUBJECT TO
SHIPPERS’ SPATIAL PRICE EQUILIBRIUM

Chapter 4 sets up the framework for solving the equilibrium pricing and routing problem
of a single type of players: the oligopolistic carriers. This chapter extends this framework
by taking into account the carrier-shipper interaction and solving jointly the oligopolistic
equilibrium in the carriers’ market and the spatial price equilibrium (SPE) in the
shippers’ market. As mentioned in Section 2.3, the carrier-shipper interaction is
formulated as a Stackelberg game and modeled as a bi-level programming problem. In
this bi-level game, the shippers’ SPE model is the lower level problem, and the carriers’
pricing and routing model from Section 4.4 is the higher-level problem. The linkage
between the two levels is provided by the sensitivity analysis method (Tobin, 1987) of

the SPE model.

This chapter is organized as follows. Section 5.1 introduces the SPE model.
Section 5.2 presents the sensitivity analysis method used to generate the derivative of the
equilibrium link flows with respect to the service charge in the neighborhood of the
current service charge. This information is utilized to locally approximate the service
demand function between each carrier O-D pair. Section 5.3 presents a bi-level program
formulation for the Stackelberg game. A heuristic algorithm based on the sensitivity

analysis method is developed in Section 5.4.

67
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5.1 Spatial Price Equilibrium Model

In this section, the assumptions and the equilibrium conditions for the SPE problem are
presented. Following these, a Variational Inequality (VI) formulation of the spatial price

equilibrium is given. Finally, a decomposition algorithm is adopted to solve the problem.

5.1.1 Assumptions

The travel time functions, the inverse commodity supply functions, and the inverse
commodity demand functions are the main inputs to the SPE problem. The following

assumptions are made:

Al: The average travel time function #;.(f;) shown in Section 3.3.2 is continuous.
The vector of travel time functions is strictly monotone increasing in the vector of flows
(H (.e., the Jacobian matrix of the vector of the travel time functions, [V 2 )] , 18

positive definite).

A2: The inverse commodity supply function 7, .(S,) and the inverse commodity

demand function p, (D, ), shown in Section 3.3.2, are continuous and linear. The vector
of the inverse supply functions is strictly monotone increasing in the vector of supplies
(S) (i.e., the Jacobian matrix of the vector of the inverse supply functions, [V (S )], is
positive definite). The vector of the inverse demand functions is strictly monotone
decreasing in the vector of demands (D) (i.e., the Jacobian matrix of the vector of the

inverse demand functions, [V D p(D)], is negative definite).

A3: The inverse commodity supply and inverse commodity demand functions

satisfy the following:
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D, =S,, =0,then p,.(D,)>7,.(S,) VbeCNceC (5.1)

Ne

Equation (5.1) states that for each commodity, when both its supply and its
demand are zero, then the market price that the consumer is willing to pay is greater than

the supply price.
A4: The commodity demand function D, (p,) is linear and continuous. Its

Jacobian matrix, [V ,D( p)] , 1s negative definite and diagonal dominant, 1.e.,

J (5.2)

AS: Each commodity flows through every node in the shipper network

% <0 and

apb,c

oD,
0Py

oD, .
af)b,c

oD,
apb,c

2

c'#c

m[z

c'#c

Y S1n*|f1e|>0 VneNcec. (5.3)
[

5.1.2 Spatial Price Equilibrium Conditions

Spatial price equilibrium conditions are defined in Section 2.1.3. Here, their

mathematical presentation is given as follows:

E1: Wardrop’s User Equilibrium Condition
h, (GC, — 4y )=0 Vpe P(blb2), bl,b2 € CN; ceC. (5.4)

Condition E1 sta{es that for each commodity: 1. All used paths from origin b/ to
destination 2 have the same minimum generalized shipping cost; and 2. If the cost on a

path is greater than this minimum cost, the flow on this path is equal to zero.

E2: Market Equilibrium Condition between Two Spatially Separated Markets
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le,bz,c (”b1,c t Hpipoe ~ pb2,c) =0 VblLb2eCN;ceC. (5.5)

Condition E2 states that for each commodity, if there is a flow between b1 and
b2, then the price at origin b1 plus the generalized cost of shipping from b1 to 52 must
equal the destination price. At equilibrium, neither producer nor consumer has any

motivation to change the production or consumption pattern.
Combining E1 and E2 yields the following:
h, *(y.+GC, . —py,.)=0 Vpe P(blb2);b1,b2 e CN;ce C (5.6)

Equation (5.6) is the modified Wardrop User Equilibrium condition stated in

Section 2.1.3.

5.1.3 Feasible Region

Feasible region KS is defined by the flow conservation constraints (Egs. (5.7) and (5.8))

and the non-negativity constraints (Eq. (5.9)) as follows:

KS: {(S, £, D)| -SpctDyct D .8, * f,. =0 VbeCN, ceC (5.7)
lel
6, % fr.=0 VnelN, ceC (5.8)
lel
(S, f, D) >0}. (5.9)

Equations (5.7) and (5.8) state that for each commodity: 1. The supply at a market
equals the sum of the local demand and the net outflow (e.g., the outflow minus the

inflow); and 2. The inflow equals the outflow at an intermediate node.
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.Figure 5.1 Flow Conservation at Node neN

The concept of flow conservation is illustrated in Figure 5.1. Here, f,, f;s. are

the outbound flows and f, , f, ., /4. are the inbound flows of commodity ¢ at node .

If n is a centroid node, then the supply and the demand of commodity ¢ are denoted as

§,. and D, . By definition ¢,,,5,,,5,,=-1 and 6,,,6,,=1. By substituting

O11n20120>0134014050;s, nto Egs. (5.7) and (5.8), the flow conservation constraints (Eqgs.

(5.10) and (5.11)) are obtained.
-fll,c +ﬁ2,c + ﬂ4,c +Sn,c = Dn,c + f}3,c + ﬁS,c v}’l ECN (510)
f;S,c +f}5,c _.fll,c —./}Z,C _ﬁ4,c = O vn EIN : (511)

The feasible region K§ defined by Egs. (5.7)-(5.9) is a polyhedral set. As shown

in Section 4.3.4, it is closed and convex.

5.1.4 Mathematical Formulation of the Spatial Price Equilibrium Problem

Table 5.1 shows the VI formulation of the multicommodity SPE problem by Nagurney
(1999).
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Table 5.1 Variational Inequality Formulation of the Multicommodity SPE Problem

P5.1
Determine (S°, f~,D") € KS such that

(S-S
(2(8").GC(f)=p(DN))s| (f - 17 |20 (S, f,D) e KS (5.12)
(D-D")

5.1.5 Existence and Uniqueness of the Solution

The examination of the existence and uniqueness of the solution to problem P5.1 in Table

5.1 is conducted similarly to that for problem P4.1 in Table 4.1 of Chapter 4.

First, it will be shown that there is a solution to P5.1. This will be presented next

based on theorem 1.5 from Section 4.5.
Let M' be a large constant and KS,, =KSN|(S,f,D)|<M'. Here, KS,,. is
compact and convex. P5.2 shown in Table 5.2 is the restricted problem of PS.1.

Table 5.2 Restricted Problem of P5.1

Ps5.2

Determine (S°, f ,D") € KS,,. such that

(5-5")
(7(8").GC(f)=pD))s| (f = 1) |20 ¥(S.f,D) € KS,, (5.13)
(D-D")
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Based on theorem 1.5, problem P5.1 admits a solution if and only if there exists a

large constant M'>0 and a solution (S", /", D") to P5.2 such that: IS™, 7, D<M’
Based on theorem 1.4 from Section 4.4, the existence of a solution to problem
P5.2 is guaranteed by the continuity of the vector of functions (n(S "), GC(f *),—p(D*))

and the compact convex property of the feasible region XS§,, .

The existence of a solution to P5.2 is established. Next, a large enough constant
M' will be constructed, which will make the solution (S”, £, D) to P5.2 satisfy 1S, />

DY)|<M'.

First, the highest market price p, . = ,max py. is shown to be bounded for any
’ 'eCN,c'e '

nonnegative Dp . in the following:

o

oD, .
<D, (py)=D, . (0)+ Z 5;)17_’* P
c' b,c'

oD oD
D, (0)+ —kc* + ——be
b’C( ) 0 be Poe Z;c apb,c'

J*pb,c

oD,

8/)b,c'

* p (5.14)

b,c

IA

oD, .

oD
D, (0)+ {a—+ }_: ——be

apb,c'

IA

b,c c'#c

oD
From assumption A2, {6 2L

b,c 4

J< 0. This combined with Eq. (5.14)

yields that:

‘Db,c (O)

pb,c =
oD, oD,
apb,c c'#c alob,c'

(5.15)

|
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Equation (5.15) indicates that the market price p,. is bounded. Since pp. is
defined as the highest market price among all commodity types at all centroid nodes, the
market price of any other commodity type at any other centroid node is also
bounded.From assumption A2, the inverse commodity demand function is linear,
continuous and strictly monotone. This implies that the demand function is also
continuous in the market price. With market price bounded, the commodity demand is
also bounded (i.e., there exists a positive value Dmax, such that condition

D, (p)< D Vbe CN,ce C is satisfied for any p>0). This condition, in turn, leads

to the conclusion that the supplies and the link flows are also bounded.

D =Sy A Dy 4.6, * [,)+ 208, % f,)=0

beCN ! ielN 1

= D (=S + D, )+ D [ ¥ (D5, + Zé,)j =0

beCN ! beCN ieIN

= Z (_Sb,c +Db,c)+z fl,c *(251)")J:O

beCN ! neN

! neN beCN

Z(flc *(251,,)) =0= Z(_Sb,c +Db,c) =0

=8, < .8, YDy < Do (5.16)

beCN beCN beCN

fre <Spo f1ED,,. Yhe HbLb2), bl,b2 e CN .

= f1e S fre <D Dmx VlelL (5.17)
h h
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Equations (5.16) and (5.17) prove that there exist S max S max » Such that

Sb,c<§max Vbe CN,ceC and ﬁc<7max Vle L,ce C.Hence, M' can be constructed
as M’ =| |( . Emax 5o -)|CN1*|C|,(- . 7max 5o -)|L|*|C|,(- . Bmax e -)|CN|*|C|||o

With M’ thus constructed, the solution (S, f , D) to P5.2 satisfies ]|(S*, f ,
DY)||<M' . Based on theorem 1.5 from Section 4.5, this implies that there exists a solution

to problem PS.1. Based on theorem 1.6 from Section 4.5, this solution is unique since

functions (7z(S "), GC(f *),—p(D')) in Eq. (5.12) are strictly monotone in (S, £, D).

5.1.6 Solution Algorithm for the Spatial Price Equilibrium (SPE) Model

With the existence and uniqueness of the solution established, the serial nonlinear
decomposition algorithm (Nagumey, 1999) reviewed in Section 2.1.3 is used to solve
problem PS5.1. This algorithm decomposes problem PS5.1 into a sequence of single
commodity VI subproblems, which are then transformed into nonlinear optimization
problems. The rationale for choosing this algorithm is that the feasible set KS for problem
P5.1 is a Cartesian product of the feasible sets for the variables associated with each

commodity:

C]
KS =11KS ;. VcieC,

i=1

where ci denotes the iy, commodity in set C, and KS,; is a feasible set for variables

associated with commodity ci. KS,; is defined as:

KSci: {( Sci,f;’ia Dci) I'Sb,ci+Db,ci+ Z 51,5 * fl,ci =0 Vbe CN (5 1 8)

leL
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> 6, * fr=0 VneNI (5.19)

leL
(Secis fei Dei) 20}- (5.20)

P5.3 shown in Table 5.3 is the subproblem of P5.1 for commodity ci defined over KiS;.

Table 5.3 Variational Inequality Subproblem of P5.1 for Commodity ci
P5.3

Determine (S, f.;,D.;) € KS,; such that

(Sci - S:z)
(o (828, GCfn T -hmpa@in D)) o| (fu= £) |20 521)
(D =Dj) |

V(Sci’fci’Dci) € KSci

In Eq. (5.21), the vector of commodity supplies, link flows and commodity

demands of commodities other than ¢, denoted as (E_c, f D ), are considered

—-c 2
constant. The functions (ﬂci (8,8-0),GC.(forf )P (D;,B-a)) are separable since
it is assumed that the interaction only exists between different commodities at the same

centroid or on the same link. Therefore, problem P5.3 is equivalent to a nonlinear

optimization problem P5.4 shown in Table 5.4.
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Table 5.4 Equivalent Nonlinear Programming Problem to P5.3

P5.4

Sc! ’fci ’Dri

Sb,a' . f{,ci —
Min =Y 1, (8,0, 86-0)dS o + . [GC i (frar f1 ) 1
voe boo (5.22)

D b,ci

. Z J.pb,ci (Db,ci ’ Bb,—-ci )dDb,ci
b 0

s.t. (Sci’.fci’Dci) € KSci

Based on the above discussion of VI subproblem P5.3 and its equivalent
nonlinear optimization problem P5.4, the steps of the serial nonlinear decomposition

algorithm are as follows:
Step 0 Initialization

Initialize the vectors of the commodity supplies, link flows and commodity
demands in the shipper network as ($°, 1°, D). Let k denote the order of the iteration, and
i denote the order of the commodity in set C. Set k:=1; i:=1. Let 9 denote the
convergence parameter that evaluates the relative improvement in the results between

two consecutive iterations. Set 9 to a value close to zero, e.g. 10,
Step 1 Relaxation and computation

Solve problem P5.4 using the reduced gradient algorithm (Bazaraa, 1993) for ci

with  S_q =(Sk,...8 85! ...8¥1),  D.a= (D%,...D*

ci-12~ ci+l

DiL,...DE'Y  and

ci-12 i+l

foa= (fh . fr L f . f51) . Denote the optimal solution to P5.4 as (S, f.,D.).



78

Set (S%, f¥,D5y=(S., f.,D.,) . If i<m, solve the problem for the next commodity type
by setting i:=i+1. Otherwise, go to Step 2.

Step 2 Convergence verification

p;, - D}
ZZ—k—ﬁ_S stop; otherwise,
Dbc +Dbc

L= 1Y
fh+fE

g Zz}s:c SR e

set k:=k+1, i:=1 and go to Step 1.

The serial nonlinear decomposition algorithm shown above is illustrated by the

flowchart in Figure 5.2:

Initialize

(s, f*,D"),

Set k:==k+1; Let (S, f*,D*) v
=(8*", £, DF"). Set i:=1.

Solve single commodity SPE problem
P5.4 of commodity ci for

(Scz9fcz’Dc1) glven (S—Ct’f—ct’ —Ct
Update(Sct’fcz’ (Scz’fct’

Set Yes @
i=i+1

No

Convergence
criteria in Step 22

Figure 5.2 Flow Chart of the Serial Nonlinear Decomposition Algorithm
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If the serial decomposition algorithm converges, the solution obtained must be an
equilibrium solution. This is stated in the following proposition:

Proposition 5.1: The solution (S*, f*',D*") is a spatial price equilibrium
solution satisfying E1 and E2 if the nonlinear serial decomposition algorithm converges
to (S°,f ,D") after k-1 iterations, which means (S*, f*"',D*") = (S, f*,D*) =
($./.D").

To demonstrate this, the proof from Sheffi (1985) for the Jacobian diagonalization

method is adopted.
Proof: Let 7, , denote the dual variable for the flow conservation constraints in

Eqgs. (5.18) and (5.19). If (S*', f*',D*") = (S*, f*,D*) = (8",f",D"), then the

Karush-Kuhn-Tuker (KKT) conditions (Bazaraa, 1993) of problem P5.4 are:

S, (my (S;)=1,.)=0 VYbeCN, ceC (5.23)

D, (—py (D) +1,.)=0 VbeCN, ceC (5.24)

hy (e + | LZ(“)GC,,C (f})=Mp)=0 VpeP(bl,b2),ceC (5.25)
SL(p

M,.20 VneN,ceC (5.26)

or

b, (. +GC, . = Py )=0 Vp e P(b1,b2),ce C (5.27)

The KKT conditions (Egs. (5.23)-(5.26) or Eq. (5.27)) correspond to the
equilibrium conditions E1 and E2 (Eqgs. (5.4) and (5.5)) or the adjusted Wardrop User

Equilibrium condition (Eq. (5.6)). Thus, Proposition 5.1 is proven.
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5.2 Local Approximation of the Demand Functions on the Carriers’ Network

Section 5.1 describes the SPE problem and the solution method. Given the current level
of service charges, the equilibrium link flow is solved from the spatial price equilibrium
model. The service charge is the decision of the carrier. If a carrier changes the service
charge, the shippers will react by adjusting their commodity supply, commodity demand
and link flow pattern correspondingly. In a general Stackelberg game, the decisions of the
lower level decision maker and the upper level decision maker are related using a
reaction function. However, due to the large scale of the shipper network and the
multidimensional nature of the spatial price equilibrium model, it is difficult to derive the
explicit forms of the reaction functions of the shippers that would relate the shippers’
flows to the carriers’ service charges. An alternative approach is to locally approximate

those reaction functions using the sensitivity analysis method.

5.2.1 Sensitivity Analysis Method of the Spatial Price Equilibrium Problem

In this section, the sensitivity analysis method for a general VI problem (Tobin, 1987) is
applied to problem PS.1 to generate the derivative of the equilibrium link flows with
respect to the service charges in the neighborhood of the current service charges. This
method is described in Appendix B. The conditions required for applying this method to

problem PS.1 are shown to be satisfied in Appendix C.

Given the vector of the current level of service charges on all shipper links

R) =(-,R} **) ;> the equilibrium solution of the primal variables and dual variables

lco

(S*, D", 77*) to problem P5.1 satisfies the KKT conditions defined in Table 5.5.
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Table 5.5 Karush-Kuhn-Tuker Conditions of Problem P5.1

P5.5

7, (Sy)m,, =0 ifS, >0 VbeCN,ceC (5.28)
—py(Dy)+1n,, =0 ifD,, >0 VbeCN,ceC (5.29)
GCrmmrye (FI SR + M =Tape =0 if £, >0 VleL,ceC (5.30)

The first derivative of the flow conservation constraints (Egs. (5.7), (5.8)) and
Eqgs. (5.28)-(5.30) in P5.5 is taken with respect to the service charge of commodity ci on
a shipper link /j (Rj;;), which is the perturbation parameter for problem P5.1. Egs. (5.31),

(5.32) and Egs. (5.33)-(5.35) in Table 5.6 are obtained.

Table 5.6 Sensitivity Analysis Method of Spatial Price Equilibrium Problem
P5.6

> D *5, =0 v
= nelN,ceC (5.31)
leL 6le,ci '
z a.fl,c *5 aSb,c an,c _
15— +—2¢ =0 VbeCN,ceC (5.32)
leL aIzlj,ci a}alj,ci ale,ci
or, (S) 8S,. o .
Z b ”)* be' _ To.c =0 ibe,c >0 VbeCN,ceC (5.33)
c'eC a‘S'b,c‘ 6le,ci ale,ci
op, (D,) oD,. 0O .
Z-— Poc(Dy) * b Toe _ 0 ifD, >0 VbeCN,ceC (5.34)

&t 0oD,, OR oR;
0N e 4 z oGC,, (.fl*’Rl(?c) % o o + oGC,, _ aﬂnz,c
OR; . = of, o OR,.; OR oR;
if f/,>0 VI=(nln2),leLceC (5.35)
oGC,, |1 forl=lj and c=ci
R, {

I ci

=0

lj,ci

Where

i 0 forl#ljorc#ci
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P5.6 consists of a set of linear equations. By solving problem P5.6, the

derivatives of the equilibrium solution (S o f *,D*,n*) to problem P5.1 with respect to

Rjj i in the neighborhood of Rf are derived.

5.2.2 Locally Approximated Service Demand Function

of, (R}
Wlth -fl,c( L)

i

Vi,ljeL,c,cie C solved from problem P5.6, the reaction function of

the link flow f;. with respect to the vector of service charges on all shipper links

(R, =(C>R, ;" )ype) In the neighborhood of R}, denoted as f, (R,), can be

Les'
approximated locally as follows:

a lc RI(,)
-fl,c(RL)z.fI,c(RE)-'_z Z&

ljel cieC a lj,ci

(R, —Rl,) VieLceC (5.36)

The property of the function in Eq. (5.36) is shown in the following proposition.

Proposition 5.2: The vector of the locally approximated flow functions on the
shipper links as shown in Eq. (5.36) is monotone decreasing in the vector of the service
charges if the vectors of the inverse commodity supply, inverse commodity demand and
generalized cost functions are strictly monotone. For the sub-vector of the flow variables
that have positive equilibrium solution at the current level of service charge, the sub-
vector of the locally approximated functions is strictly monotone decreasing in the sub-
vector of the service charges corresponding to these flow variables. The proof is shown in

Appendix D.

Along with the reaction function f;(R;) estimated by Eq. (5.36), the service

demand function at each carrier O-D pair is estimated based on the incidence matrix
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between the links on the shipper network and the O-D pairs on the carriers’ network

[5” ]' e The formula used for the estimation of the demand function is shown in Eq.

(5.37).

U (R
8. R)=D8, 1 (R)=D &, * (1. RD+D Zu

leL lel ljel cieC le,ci

(R, — R ) (537)

Here, R, = (-, R, .= Jype» Ry = [gl,v]Jler'V‘ *R,,and R} =[ I,v] *Ry.

LI

The continuous and monotone property of f, (R,), together with the
nonnegativity of &;,, guarantees that g, (R,)in Eq. (5.37) is also a continuous and

monotone function. In Eq. (5.37), g, (R, ) representd the approximated service demand

function in the neighborhood of R,

5.3 Bi-level Programing Problem

By combining the shippers’ SPE model from Section 5.1 and the carriers’ pricing and
routing model from Section 4.4, the bi-level program formulating the Stackelberg game
between the carriers and the shippers is constructed. The bi-level programs for the

competitive game and the collusive game are shown in Table 5.7.



Table 5.7 Bi-level Programs
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a) Competitive Game

P5.7

S -V Z, (g, (R, R &R, ~ R )=V, Z,(2,(R) R, e, Ne—e'))2 0

t 2t

teT
V(R,,e) € KT (5.38)

where g, . (R,) =D&, *f/,.(R,) as defined in Eq. (5.37).
!

s.t.

7(S)e(S-8)+GC(f",R))e(f~f )= p(D")e(D-D")20

Y(S, f,D)e KS (5.39)
where R® = [¢,, ]|L|*vV| *R,.
b) Collusive game
P5.8
(5.40)

Max : Zt(gt(RV)’Rt’et)

vi,er€a,c

s.t. (Ry, e)eKT,

where g, . (R,) = Z‘fl,v *f,.(R,) as defined in Eq. (5.37).
i

s.t.

7(S)e(S-8)+GC(f",R))e(f -~ f)-p(D")e(D-D")20

Y(S, f,D) e KS (5.41)

*

0
where R, = [ 1y ]|L¢*|V\ Ry
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5.4 Solution Algorithm for the Bi-level Programming Problem

This section presents the development of a sensitivity analysis method-based heuristic
algorithm to solve the bi-level programming problems P5.7 and P5.8. The detailed steps

of this algorithm are as follows:
Step 0 Initialization

Initialize ($°, /, D’)=(0). Initialize the service charges on all carrier O-D pairs as
R). Set k:=1. Set the convergence parameter 9 defined in Section 5.1.6 to a value

close to zero, such as 10°®,

Step 1 Solve the shipper level problem at the current service charges on the

shipper links (R} ™ = [ ,J] *Ry7.

L7}

Use the serial nonlinear decomposition algorithm from Section 5.1.6 to solve

problem P5.1. Obtain the solution (S°, /', D"). Set (S, f", DH=(S", 1, D). Go to Step 2.
Step 2 Sensitivity analysis
Solve P5.5 for the dual variable (nk) based on the current SPE solution (Sk, jk, Dk).
Solve P5.6 for the derivative of (8%, /%, D*, r*) with respect to R , in the neighborhood of

the current service charges (R}™), based on which locally approximate the flow function

f1..(R,) according to Eq. (5.36). Then, derive the local approximated demand function

g,.(R,) according to Eq. (5.37). Go to Step 3.

Step 3 Solve the carrier level problem P4.1 or P4.2 from Section 4.4 based on

the local approximated demand function g, (R, ) derived in Step 2.
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Substitute g, (R, ) into problem P4.1 or P4.2. Solve problem P4.1 using the
relaxation algorithm from Section 4.6 or solve P4.2 using the reduced gradient algorithm

Rk -1
“pk |, pk-1 l :
veV ceC R +R

(Bazaraa, 1993). Obtain the solution R, . Set R} =R, . Calculate (

If this value is less than 4, stop. Otherwise, set k:=k+1 and go to step 1.

The sensitivity analysis method-based heuristic algorithm introduced above will

be further illustrated in Figure 5.3 below.

Set k:=1, Initialize service charges
on all carrier O-D pairs (R, ).

'

Solve SPE problem at
P! current service charges (—3p»

Rf_I = [él,v ]IL4‘|V| *Rﬁvl.

Sensitivity analysis
of SPE problem
Locally approximate the service
demand function g, (R, ).

Solve carriers’ pricing/assignment
problem for R, . Set R} =R, .

Set
k=k+1.

_Rkl

22 g

Figure 5.3 Flow Chart of the Sensitivity Analysis Method-Based Heuristic Algorithm



CHAPTER 6

PORT AUTHORITY’S INVESTMENT PROBLEM

Chapter 5 provided a bi-level programming approach to solve the Stackelberg
equilibrium between carriers and shippers. This approach can be used to facilitate the
Port Authority’s investment decisions, as demonstrated in this chapter. The chapter is
organized as follows. Section 6.1 introduces the criteria for comparing alternative
investment strategies. Section 6.2 defines the net social benefit. Section 6.3 defines the
investment cost. Section 6.4 presents the mathematical formulation of the Port

Authority’s investment problem.

6.1 Criteria Used in Comparing Alternative Investment Strategies
To facilitate investment decisions of the government and to help the Port Authority in
evaluating alternative strategies, three criteria suggested in the literature (National

Research Council, 1988) can be adopted. These criteria include:

Is the current infrastructure sufficient? Investing in the infrastructure of a port
whose facilities are underutilized would be wasteful. However, when the facility operates
at or over capacity, investment is warranted. The bi-level programming model in Section
5.3 can be used to identify critical links, meaning links that are highly utilized and may

require future investment in capacity expansion.

Is there an external economy or market inefficiency? In the port operation, in
addition to the economic gain occurring directly at the port, there is a substantial spillover

of economic benefit to other sectors or industries in the region. This economic impact of

87
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the port on the local economy justifies the government’s involvement in the port

infrastructure investment.

Is the incremental net social benefit brought by the investment greater than the
incremental investment cost? The net social benefit is defined as the sum of the net
benefits of all players in the port vicinity affected by the Port Authority’s investment in
the port infrastructure. The incremental net social benefit accumulated through the
investment strategy u is defined as the difference between the net social benefit under the
investment strategy u and that under the do-nothing strategy. The investment cost is the
capital expense associated with an investment strategy. Both the net social benefit and the
investment cost in this dissertation are expressed in dollars per hour. For an investment
strategy to be feasible, the incremental net social benefit should exceed the incremental
investment cost. The investment strategy that yields the highest ratio of incremental net

social benefit to the incremental investment cost is the most desirable alternative strategy.

6.2 Net Social Benefit

As indicated in Section 6.1, the net social benefit (VSB) is an important measure of the
worthiness of an investment strategy. To make an accurate estimation of the net social
benefit, the various players impacted by the Port Authority’s investment in the port
infrastructure need to be identified. The benefits to these players are estimated, and the

sum of the benefits is the NSB.

The carriers and the shippers are two major types of players impacted by the Port
Authority’s investment decision. The investment improves the terminal operators’

operating cost and the shippers’ generalized cost. In response to the improvement in these
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costs, the terminal operators as well as the other carriers and the shippers will adjust their
behavior until a new Stackelberg equilibrium is attained. The Bi-level program PS.7 and
P5.8 from Section 5.3 can predict this new equilibrium, and is used to estimate the
terminal operators’ net benefit (7NB) and the shippers’ net benefit (SNB) associated with
the Port Authority investment decision. These benefits are defined in Section 6.2.1 and

Section 6.2.2 below.

6.2.1 Terminal Operators’ Net Benefit

Terminal operators are the producers of the port service. For the terminal operators, the
monetary value of their net benefits is indicated by the total profits earned from their
services. Let (R”, €“) denote the terminal operators’ decision at the Stackelberg
equilibrium under investment strategy ». Then, the terminal operators’ net benefit under

investment strategy u (TNB") is given as Eq. (6.1).

TNB" = > Z,(g,(R!,R"),R! ,e!)

e YuelU 6.1
(TS e BB R - YT AC, ey S O
teTM vyeV'ceC acA' ceC

u

The service demand g, (R, ,R’,) and the link flow e,  are in units of flow per hour;

TNB" is in dollars per hour. Assuming that all terminals’ profits occur in the port vicinity,
100 percent of TNB* are included in the calculation of the net social benefit. As to the
carriers other than the terminal operators, their profits may or may not occur in the port
vicinity. Here, for the sake of simplification, the profits of the carriers other than the port

terminal operators are not included in the analysis.
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6.2.2 Shippers’ Net Benefit

Shippers are the users of the terminal service. According to the economic theory (Wohl,
1984), their net benefit is the monetary value of their total willingness to pay (i.e. the
integral of the inverse demand function or the area under the inverse demand curve)
minus the amount that they actually do pay. The shippers can be either the consumers or

the producers of the transported commodities. The shippers’ net benefit is segregated into
two sources: 1. consumer surplus (CS) (i.e. the area of triangle AEC at p, , in Figure 6.1)

from the consumption of the transported commodities; and 2. producer surplus (PS) (the

area of the triangle BCD at r, . in Figure 6.1) from the production of the transported

commodities. Consumer surplus is the consumer’s total willingness to pay (i.e. the area of
trapezoid AEHO in Figure 6.1) minus what the consumer actually pays for the
transported commodities (i.e. the area of rectangle CEHO in Figure 6.1). Producer
surplus is the total sales revenue (i.e. the area of rectangle OCDG in Figure 6.1) minus

the total production cost (i.e. the area of trapezoid BDGO in Figure 6.1).

Thes Pre
A Inverse Supply
Curve: 7, .(S,.)
E
I C
nverse Demand
Zhe ’/Ib,c B G H Curve: p; (D,.)
0 Sll;,c DII;C Sb,c s Db,c

Figure 6.1 Shippers’ Net Benefit
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Figure 6.1 illustrates how to estimate various sources of the shippers’ net benefit
based on the spatial price equilibrium (SPE) solution under investment strategy u (S“, /%,
D", #, p', GC*). To illustrate this application, the inverse supply and inverse demand
functions from Section 3.3.2 are restated in Egs. (6.2) and (6.3) by fixing the cross effects

of the other commodities.

ﬂ.;;,c (Sb,c) = (yb,c + Z ﬂ’b,c’,c * S;;,C') + /’{‘b,c,c * Sb,c

c'eC,c'2c
=Vhe T Apee ¥ She VbeCN,ceC,ueclU (6.2)
Where ;/Z,c = (;/b,c + Z’lb,c’,c * Sll;,c')
c'eC,c'#c

pll;,c (Db,c) = (ab,c - Zﬁb,c',c * Dll:,c‘) - ﬁb,c,c * Db,c

c'eC,c'#c
=all;,c-ﬁb,c,c*Db,c VbECN’CEC,uGU (63)
where a,, =(a,, - Zﬂb,c',c *D,,.)
c'eC,c'#c

In Egs. (6.2) and (6.3), 7, (S,,) is the inverse supply function of commodity ¢ at
centroid b, given that the supply vector for the other commodities is S, _,. The term
Py (D, ) is the inverse demand function of commodity ¢ at centroid b, given that the
demand vector for the other commodities is D, _.. The curves of =, (S, ) and

Py (D,.) are plotted in Figure 6.1. Using these functions in Egs. (6.2) and (6.3), the

consumer surplus and the producer surplus at centroid b for commodity ¢ can be

calculated.

The consumer surplus at centroid b from the consumption of commodity ¢ (CS; )

is calculated using the formula in Eq. (6.4).
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Dy,
sy, = [pi.(Dy)aD;, - pi Dy )*D;, VbeCN,ceCuelU  (64)
0

The producer surplus at centroid b from the production of commodity ¢ (PS, ) is

calculated using the formula in Eq. (6.5).
She
PSy, =m} (St)* Sk, — [7i.(Sy.)dS;. VbeCN,ceCuel (6.5)
0

Combining Egs. (6.4) and (6.5), the shippers’ net benefit at centroid b from the

consumption and the production of commodity ¢ (SNB, ) is obtained as follows:

SNB,. =CS, +PS;,
Dy She

= [pr.(D})dD}, - py (D} )* Dy + 7 (SE)*Sh. — [74.(Sh.)dS;,
0 0

VbeCN,ceCuelU (6.6)

The shippers’ net benefit (SNB¥) is calculated as the sum of SNB; for each

centroid and each commodity type as follows:

SNB*= Y SNBj, =Y (CS;, +PS;.)
beCN ,ceC b,c

u

U
Db,c

Sb,c
=31 [Pt (DL)AD, - pi (D )* Dy + 7y (S )* Sk~ [mi (Sy)dS;,
b,c 0 0

Dy, St
=3 [prDp)dD;, - [mi(Si0aSy. |- (ph (Di)* Dy, — 7h (St * St )
b,c 0 0 b,c
Dy, She
=3 [pr.(DrdD;, ~ (71 (St)dSt, |- (GCh e * i)
b,c 0 0 b1,b2eCN,c

Dy She
jpz,C(D:,»dD:,cJ—Z[ er;;(sz,c)dsz,c]— S(ecr*rfr) . YueU 67
0 bel o

lel,c

N
a
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In Eq. (6.7), the first element is the sum of consumers’ willingness to pay for each
commodity at each market. The second element is the sum of production cost for each

commodity at each market. The third element is the total generalized transportation cost.

The supply S, the demand D, , and the link flow f; are all in units of flow per hour;

b,c?

whereas SNB" is in dollars per hour.

6.2.3 Adjustments to the Shippers’ Net Benefit

It is important to note that two adjustments are required before including the shippers’ net
benefit in the calculation of the net social benefit. First, only part of the commodity
transported via the port terminals is produced or consumed in the local region. The rest is
bound for designations outside the region and as such, does not contribute to the region’s
net social benefit. The portion of the shippers’ net benefit that directly contributes to the
net social benefit of the local region is called the local shippers’ net benefit. A ratio (v,)
is used to denote the through-traffic as a percentage of the total freight of commodity c.
Then, the local shippers’ net benefit is expressed as a percentage of the total shippers’ net
benefit of commodity ¢ by 1-v.. Second, in addition to the shippers’ net benefit directly
related to the local production and consumption of these traded commodities, other
economic sections in the port vicinity are involved and benefit in a meaningful way. All
associated manufacturing and services benefit from the traded commodities. To account
for this external net benefit, a multiplier () is used to denote the ratio of external benefit

to the localized shippers’ net benefit.
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Taking into account the passing through traffic and the external economy, the
adjusted shippers’ net benefit under investment strategy u (ASNB") is calculated in Eq.

(6.8).

ASNB* =

(l+4’)*2((l—uc)* ZSNB,',"C) YuelU (6.8)

ceC beCN

= (1+C)*Z((1-UC)* 2.(CS;. +PSZ,C))

ceC beCN

Given the Stackelberg equilibrium (8%, f*, D", R, €), the net social benefit under

investment strategy u (NSB") is calculated as:

NSB*(S*, f*,D*,R" ") =
TNB*(R*,e")+ ASNB*(S*, f*,D")

VuelU (6.9)

The above discusston of the various sources of net social benefit is illustrated in

Figure 6.2.
Net Social Benefit
Shippers’ Net Benefit Terminal Operators’ Net Social
/ \ Benefit (Total Terminal Profit)
Consumer Surplus of Producer Surplus of 100% local
transported commodities transported commodities

N/

Two adjustment:

1. (1- v, ) percent being local for each commodity.
2. External benefit calculated as the product of a
multiplier ({) and the local shippers’ net benefit.

Figure 6.2 Net Social Benefit
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6.3 Investment Cost

There are a finite number of alternative investment strategies. Associated with each

investment strategy (ueU) is a specific vector of capacity improvement pattern
AE = (~--,AEZ,~-)| 4+ Under the do-nothing-strategy, AE" =0. The investment cost
associated with an investment strategy is defined below.

To compare among different investment strategies, the capital expenses for the
investment projects must be converted to common units. However, the facilities that are
improved under different strategies may vary in their service lives. Even under the same
strategy, different facilities may also vary in their service lives. In order to convert the
capital expenses of different service lives into a commensurate unit, a common analysis
period or planning horizon is designated. Then, the cost outlays for each year are
estimated for the initial investment as well as replacements, if necessary, occurring over
the planning horizon. Finally, the annual investment cost is converted into the same unit
as the net social benefit, which is dollars per hour. More details on how to calculate the

hourly investment cost are presented below.
The hourly investment cost on link ¢ under investment strategy « is a function of

the capacity improvement AE., the analysis period designated, the service life of the
facility improved, and the discount rate. The total investment cost of the Port Authority is

the sum of the investment costs on all improved links.

For the investment cost, a linear function similar to that shown in Yang and Meng

(2000) is implemented. The flow dependent investment cost such as the maintenance cost
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is not considered. The investment cost on link a under investment strategy u (IC, ) is

defined as follows:
ICY = p2" *(pl"“ *AE,) Vaec AueU (6.10)

In Eq. (6.10), pl! is a parameter that represents the cost of one additional unit of

capacity. The value of pl% is determined by the type of facility represented by link a and

the resources such as technology used for investment strategy u. In Eq. (6.10),
plL. *AE, represents the capital expense for the capacity improvement of AE. on
link a. The term p2! is a factor that converts the capital expense into an hourly
investment cost. The value of p2% depends on the analysis period, the service life of this

capital expense, and the discount rate. The method to calculate p2! is illustrated in

Appendix E.

Let p! = pli* p2%. Then, Eq. (6.10) can be restated as: IC, = p, *AE,. The
total hourly investment cost under investment strategy u (/C*) can be calculated as the

sum of IC} over all links. Thereby:

IC*(AE")=Y IC!(AE.) =Y p'*AE, VaeAueU (6.11)

6.4 Mathematical Formulation of the Port Authority’s Investment Problem

The objective of the Port Authority is to maximize the ratio between the incremental net

social benefit brought about to the region through an investment, and the incremental
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investment cost. The incremental net social benefit through investment strategy u

(ANSB") is calculated as follows:

ANSB*(S", f*,D",R*.e")

VueU (6.12)
= NSB“(S*, f“,D",R",e")~ NSB°(S°, f°,D°,R" &")

where NSB*(S“, f*,D",R" e") is the net social benefit under investment strategy u.

NSB°(S°, f°,D°,R°,e") is the net social benefit under the do-nothing strategy. The

incremental investment cost is calculated as follows:

AIC*(AE") = IC*(AE") - IC°(AE ') = IC*(AE") YueU  (6.13)
where IC* (Afu) is the hourly investment cost under investment strategy u. The term
ic 0(AEO) is the hourly investment cost under the do-nothing strategy, which equals to

. —0
zero, since AE =0.

Combining Eq. (6.12) and Eq. (6.13), the investment problem for the Port

Authority is defined and stated in Table 6.1.

Table 6.1 Port Authority’s Investment Problem

Pé6.1

ANSB* (S*, f*, D, R" ¢") _ | ANSB*(S*, f*,D*,R* e*)
" (AE") el IC*(AE")

(6.14)

s.t. PS.7 or P5.8

In problem P6.1, u” denotes the most desirable investment strategy.



CHAPTER 7

CASE STUDY

This chapter focuses on solving the Stackelberg equilibrium between two oligopolistic,
private port terminal operators that set service charges and routing patterns in the
terminal sub-networks. At the same time shippers make commodity production,
consumption and routing decisions on the shipper network by assuming the service
charges of the carriers other than the terminal operators to be constant. Various strategies
the Port Authority can use to invest in terminals are evaluated. A numerical example is
developed to demonstrate: 1. the capability of the bi-level programming method and the
sensitivity analysis method-based heuristic algorithm in solving the Stackelberg
equilibrium; and 2. the applicability of the model in facilitating the Port Authority’s
investment decision. Through this numerical example, the power of the GAMS software
package is demonstrated by implementing the bi-level program and the sensitivity based

heuristic algorithm.

Section 7.1 presents the transportation networks used in the example. The
attributes of the network elements, such as the link operating cost function on the
terminal sub-networks, the inverse supply and demand functions, and the link generalized
cost function on the shipper network, are defined. Section 7.2 presents the computational
efficiency of the sensitivity analysis based-heuristic algorithm in solving the Stackelberg
equilibrium of the terminal operators and the shippers. This is followed by the results
from the GAMS model and the verification of the equilibrium conditions for both the

shippers’ SPE problem, and the terminal operators’ oligopolistic pricing and routing

98
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problem. Finally, section 7.3 compares four proposed investment strategies by evaluating

criteria from the perspective of various players.

7.1 Structure and Attributes of Network Elements

7.1.1 Terminal Operators’ Sub-networks

The two terminal operators’ sub-networks that are used in this numerical example are
shown in Figure 7.1, Layers a and b. Terminal sub-network 1, shown in Layer a of Figure
7.1, consists of nine nodes (x0-x8), twelve links (a0-al0, a22) and four O-D pairs
[VO=(x0, x7), vi=(x0, x8), v2=(x1, x7), v3=(x1, x8)]. Terminal sub-network 2, shown in
Layer b of Figure 7.1, also consists of nine nodes (x9-x17), twelve links (a//-a2l, a23)

and four O-D pairs [v4=(x9, x16), v5=(x9, x17), v6=(x10, x16), v7=(x10, x17)].

7.1.2 The Shipper Network

The shipper network used in this numerical example is shown in Layer c of Figure 7.1.
The network consists of 22 nodes (n0-nl7, n4l, n42, n71, n72) and 34 links (10-133).
Among the 22 nodes, n12-n17 are centroid nodes, which represent nine O-D pairs ((r/2,
nl5), (ni12, nl6), (ni2, n17), (n13, nl5), (n13, n16), (ni3, n17), (ni4, nl5), (n14, nl16),
(ni4,nl7)).

The shipper network and the terminal sub-networks are related through the

incidence matrix between the port links /7-//4 in the shipper network and the O-D pairs

v0-v7 in the terminal sub-networks.
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Figure 7.1 Transportation Networks for the Example
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The incidence relationship between the port links and the terminal O-D pairs is:

v0 .- V7
TN 0 his relationship s al ifested in Figure 7.1. F
[gl’V]|L|*|V| = SR This relationship 1s also manifested in Figure /.1. For
n4 (o - 1

example, (x0, x7) are the origin and destination nodes of O-D pair v0, corresponding to

(n3, n6), which are the starting and ending nodes of link /7.

In Figure 7.1, the shipper links (except /7 to /14) correspond to certain O-D pairs
on the sub-networks of the carriers other than the terminal operators. As mentioned
before, the pricing and routing behavior of these other carriers is not the focus of this
chapter. Their service charges are assumed to be constant, which indicates that the
shippers will not change their perception of the generalized cost between the O-D pairs
on the sub-networks of these carriers. Hence, the presentation of the sub-networks of
these carriers as a set of links on the shipper network is sufficient for the demonstration

purpose of this chapter.

7.1.3 Attributes of Network Elements

Tables F.1 through F.4 in Appendix F provide information on the values of various
indexes associated with the case study network. The link operating cost function in the
terminal sub-network, the inverse commodity supply, inverse commodity demand, link
travel time and generalized cost functions are defined in Tables F.5-F.8 respectively.

Parameters A B,.. in Table F.6 and ro, in Table F.7, which represent the

cc?
interaction between commodity ¢ and commodity ¢’, are set in such a way that the strict

monotone property of the inverse commodity supply, inverse commodity demand, and

generalized cost functions is guaranteed. The capacity and the service charges on the
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shipper links are set at the values shown in Table F.8. The capacity (Cap;) on a port link
may be obtained as explained in Section 3.3.2, and the service charge on the port link is

initialized at R ,, =0.2* Max (a,,, —4,.). The rationale is to initialize a service
phe b1,62CN “ .

charge on the port link at a low level, so that, at equilibrium, the service charge is low

enough to result in some service demand on this link. In order to have positive flow of

commodity ¢ on port link pl (i.e.f, ;. >0), at least one path among the paths

containing port link p/ has positive path flow of commodity c. Let p connecting O-D pair

bl and b2 be such a path, that is 4, >0. The equilibrium condition
h, ¥y, +GC, . = Py )=0 from Section 5.1.2 indicates that:

R

plel(p),c

< GCp,c = (Ppae —Tpre)- Substituting 7, . (Sy) =¥y + Zﬂ'bl,c',c *84,. and

Poae(Dyy) =y, — z Biree* Dy, into this inequality, it becomes:

Rcrimye S ((abZ,c — Vi)~ (Z Brree*Dyr + Z’lbl,d,c *She )J . Since S, , and D,,,
c c

are also variables to be determined, it is natural to initialize the service charge (R, )
based on (a,,, —7,,). In this numerical example, the service charge is initialized at

0.2* Max («,, . = 4,.). According to the results of the GAMS program, this initial

b1,62eCN

point results in convergence of the heuristic algorithm.

The value-of-time (vot.) in the generalized cost function is set at $2.50/day,
$10/day and $5/day for commodity c/, ¢2 and c¢3 respectively. These values are
arbitrarily selected; the accuracy of the value-of-time is not essential for the

demonstration purpose of the numerical example in this chapter.
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7.2. Computational Efficiency of the Heuristic Algorithm and Verification of
Equilibrium Conditions of the Stackelberg Game

Based on the network structure and attributes information presented in Section 7.1, the
specific form of the bilevel programming problems P5.7 and P5.8 from Section 5.3 is
developed to formulate the Stackelberg game between the terminal operators and the
shippers of this example, under either the competitive or collusive game. The sensitivity
analysis method based heuristic algorithm is applied to solve these bilevel problems. The
bilevel programming problem and the heuristic algorithm are implemented in a GAMS
input file. The structure of the GAMS input file is not presented here. Interested readers
can refer to Boilé et al. (1997, 1998) for a detailed discussion on the basic structure of a
GAMS input file and the power of using the GAMS language to describe the network
problem. However, the computational efficiency of this heuristic algorithm to solve the

bilevel programming problems of this example is provided below.

7.2.1 Computational Efficiency

The heuristic algorithm from Section 5.3 iteratively solves the upper level terminal
operators’ pricing and routing problem and the lower level shippers’ SPE problem via the
linkage provided by the sensitivity analysis of the SPE problem. The upper level problem
under the competitive game and the lower level problem are solved using the relaxation
algorithms from Section 4.6 and the nonlinear serial decomposition algorithm from
Section 5.1.6 respectively. In this example, all three algorithms are implemented in a
GAMS input file by developing a set of GAMS models and using the iteration feature
provided in GAMS language to solve them iteratively. These GAMS models correspond

to the subproblems created in those three algorithms. Models are developed for the three
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single-commodity SPE problems created in the nonlinear serial decomposition algorithm.

Each of these models has 85 equations and 139 variables.

Models are also developed for the two individual terminal operators’ pricing and
routing problems under the competitive game, which are created in the relaxation
algorithm. Each of these models has 40 equations and 61 variables. In addition to the five
models described above, another two GAMS models are developed for this example.
One is the nonlinear optimization problem formulating the collusive game between two
terminal operators, which has 79 equations and 131 variables. The other solves the set of
equations in the linear program problem P5.6 from Section 5.2.1 for the sensitivity
analysis of the lower level SPE problem; it has 55 equations and 73 variables. Since the
problems corresponding to the seven models are either linear or nonlinear programming
problems, all seven models are solved using a powerful solver implemented within
GAMS, called CONOPT2 (Drud, 1996). CONOPT2 solves these models using the
generalized reduced gradient algorithm (Bazaraa, 1993). These models were solved in

0.03 to 0.3 seconds on a PC with a 400-MHz Celeron processor.

The heuristic algorithm converges after 11 and 12 iterations for the collusive and
competitive problems, respectively, when the stopping tolerance of 1E-8 is employed.

The convergence pattern of the GAMS programs is shown in Figure 7.2. In this figure,

Rk _ Rk-l

v,c v,c

the convergence ratio is calculated as zz with & denoting the number of

k k-1 7?
veV ceC Rv,c + Rv,c

iterations. For this sample problem, it is observed that the sensitivity analysis algorithm

converges consistently for both the collusive game and the competitive game.
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Figure 7.2 Convergence Pattern of the Heuristic Algorithm

With the convergence of the heuristic algorithm demonstrated above, the
following two sections show that the solution that is obtained is, in fact, a Stackelberg
equilibrium solution. First, the spatial price equilibrium will be demonstrated. Then, the

optimality of the terminal operators’ pricing and routing problem will be verified.

7.2.2 Verification of Spatial Price Equilibrium

Tables G.1 and G.2 in Appendix G show the solution of the shipper level problem
including the commodity supply and demand, supply price at the origin, demand price at
the destination, link flows and generalized costs. To show that the solution is a SPE
solution, the conditions E1-E2 specified in Section 5.1.2 must be verified. The
verification of E1 and E2 involves the path enumeration and the path flow derivation. It
would be an arduous task to enumerate all possible paths between each O-D pair; hence,
only several paths between an O-D pair (n/3-n16) are enumerated and E1 and E2 are

verified for this O-D pair.

Figure 7.3 shows the generalized costs for commodity ¢/ on the links between

origin n/3 and destination n/6.
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=]2.70

Figure 7.3 Solution for the Competitive Game

Between this O-D pair, there are 16 paths, among which four are enumerated

below.
Path 1:123-11-15-130-110-132-116-120-127
GCpicr = 4.29+1.20+0.94+0.12+34.24+0.12+0.90+1.34+5.91=549.06/unit
Path 2: 123-11-15-131-111-133-116-121-128
GCpzer = 4.29+1.20+0.94+0.13+34.17+0.18+0.90+1.40+5.85=549.06/unit
Path 3: 124-12-15-131-111-133-116-121-128
GCps.c1 = 3.93+1.56+0.94+0.13+34.17+0.18+0.90+1.40+5.85=$49.06/unit
Path 4: 124-12-15-130-110-132-116-120-127
GCpycr = 3.93+1.56+0.94+0.12+34.24+0.12+0.90+1.34+5.91=$49.06/unit

Similarly, the generalized costs on the other 12 paths can be calculated and it can

be shown that they are all equal to $49.06/unit. Based on the generalized costs calculated
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above, the supply price and the market price shown in Figure 3.1, the following can be

observed:
GCp1.c1= GCpae1= GCp3c1= GCps c1=Mitpin13.n16GCpicl-
Ton13,e1+ Mitipigni3n16)GCpiciPrisec1=12.70+49.06-61.76=0.
Hence, E1 and E2 from Section 5.1.2 are satisfied for O-D pair (n/3-n16).

For the other O-D pairs, similar verifications can be conducted that will not be
repeated here. Instead, an alternative condition, which is in accord with the link and node

incidence presentation, is provided in Proposition 7.1 and verified in place of E1 and E2.

Proposition 7.1: A feasible solution (S, f,D) € KS is an equilibrium solution for
the spatial price equilibrium problem, if and only if there exists a nonnegative vector

n=(,n.)VieNceC satisfying Egs. (7.1)-(7.3).
S,e(7,e(8.)-1,,)=0  YaeCN,ceC (7.1)
D, (-p,.(D,)+n,.)=0 VbeCN,ceC (7.2)
SreMue +*GCrpinn, e () =M,0.)=0 Vnln2e N, I=(nlLn2)eLceC (7.3)

The proof of Proposition 7.1 is shown in Appendix H. Based on Proposition 7.1,
the spatial price equilibrium can be verified by showing that there exists a nonnegative
vector of the dual variables (7) that satisfies Egs. (7.1)-(7.3). To demonstrate, verification

for a few solutions of the collusive game is presented.

S112.01=26.95 units/day>0 , and Mniz.cl=-Tmi2.01=12.32-12.32=0.

2 Sni2,e1™( Mniz.c1-7ni2,61)=0.
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D,,16,C3=8.52 units/day>0, and Prlé.c3- 77n16,c3:95-54'95-54:0-

> Dui6,c3*( Pni6,e3-Mni6,e3)=0.

ﬁ33,01=25.026 units/day>0, /33 connects n72 and n7. 7],,72_62+GC133,02-7],,7,62 =

54.9162+0.1625-55.0787=0.=> f133.c2*( Mn72,c17GCi33,c2- Mn7,c2)=0.

Similar verifications can be conducted for all solutions. The conditions in Egs.
(7.1) and (7.2) are satisfied for each demand and supply market. This can be shown by
following the above example and using the results from Table G.1, parts a and b. The
condition in Eq. (7.3) is satisfied for all links as shown in Table G.2 parts a and b for the
competitive and collusive games, respectively. Tables G.3 —G.5 present the Jacobian
matrix of the locally approximated demand function for the competitive (G.3) and
collusive (G.4) games and the verification of the diagonal dominance of the Jacobian
matrix (G.5). Tables G.3 and G.4 also show that the data along the diagonal of the
Jacobian matrix are negative. Therefore, diagonal dominance property indicates that the
Jacobian matrix is negative definite (according to the proof in Appendix I). Hence,
Proposition 5.2 proved in Appendix D is verified. More important is that the negative
definite property guarantees that the upper level problem (i.e. the terminal operators’
pricing and routing problem) is strictly convex. The strict convexity implies that the
solution to the upper level problem is unique in the neighborhood of the locally
approximated demand function. This demand function is a close guess of the relationship
between the shippers’ equilibrium link flow and the carriers’ service charge. The
verification of the optimality of this solution to the upper level problem is conducted
below using a basic microeconomic principle; that is, at the profit maximization point

where the marginal revenue equals the marginal cost (Tirole, 1988).
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7.2.3 Verification of Optimality of the Terminal Operators’ Pricing and Routing
Problem

The solution of the terminal operators’ pricing and routing problem that resulted from the
GAMS model is shown in Tables G.6 and G.7 of Appendix G. Table G.6 presents the
equilibrium travel demand, service charges and travel times, while Table G.7 presents the
equilibrium link flows and operating costs. Link flows for all commodities are shown in

Table G.8. To verify that the solution is optimal, the conditions shown in Egs. (7.4) and

(7.5) need to be verified.
g, *MR, —-MC, )=0 VYveV,ceC (7.4)
o, *(MC, (e)-MC,,)=0 VYpe PH(v),ceC (7.5)

where MC,, = Min MC, (e) and MC, =>6,,*MC, (e,,).

pePH(v)

Marginal revenue on a terminal O-D pair v for commodity ¢ (MR, ) is defined as
the increase in revenue that results from providing one additional unit of service to the
flow of commodity ¢ on terminal O-D pair v. The marginal operating cost on a path
pePH(v) for commodity ¢ (MCpepppy,c) is defined as the increase in the total operating
cost of the terminal operator that results from providing one additional unit of service to
the flow of commodity ¢ on path p. The marginal cost on a path p is the summation of the
marginal cost on all the links constituting this path. MC,, . is the minimum marginal cost

on all paths connecting terminal O-D pair v for commodity c.

Marginal revenue (MR, ) is calculated based on information obtained from the

sensitivity analysis. With V, f(R;™) derived at each iteration, both the locally
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approximated service demand function g(Ry) and the inverse service demand function

R(g) can be estimated, and the marginal revenue can be calculated as shown below.

g(Ry) = g(sz_l)'*' VR,,g(RII/C_I)*(RV _RJI/H)

og o,
with ¥ = L B
aRv.,c. Z ; §I,v 51 v aRl.’C,

Ry () =[V4 g RSN (V, gRyD* RS —g(Ry ) +[V, 8RNI *g
let V R, () =[V,g® ™I

MR :a(_fev_((«g’)rﬁ =R, J{M] *g=R, +[V R, (] *g
4

The resulting marginal revenue and the minimum marginal cost for each terminal
O-D pair for each commodity type are shown in Table G.9 of Appendix G. As shown in

Table G.9, Eq. (7.4) is satisfied.

The results of path flow and the marginal path operating cost are shown in Table
G.10 of Appendix G. From these data, two observations can be made for each O-D pair:
1. The marginal cost of any used path equals the lowest marginal cost among all the paths
between this O-D pair; and 2. The marginal cost on any unused path is no less than the
marginal cost on any used path between this O-D pair. For example, consider paths (p0,
pl, p2, p4) connecting terminal O-D pair v0. Under the competitive game, all paths are
used for commodity cI. Table G.10 shows that MCpgc; = MCpior = MCpier = MCpyer =
$9.678/unit. For commodity c2, paths p0, pl and p4 are used, butpath p2 is not used.
Table G.10 shows that MCuye; = MCprep = MCpyep = $4.821/unit < MCppep =
$4.880/unit. This indicates that Eq. (7.5) is satisfied. The routing pattern in the terminal
sub-network minimizes the operating cost, while it satisfies the service demand generated

by the current service charge.



111

The data of the terminal profits for both the collusive and the competitive game

are shown in Table 7.1 below.

Table 7.1 The Terminal Profit under Collusive and Competitive Game

Pricing schemes |Profit at all terminals | Profit at terminal 1| Profit at terminal 2
($/hr) ($/hr) ($/hr)
Collusive game 7460.07 3278.97 4181.10
Competitive game 6810.59 3012.19 3798.40

As shown in Table 7.1, the total terminal profit obtained is $7460.07 per hour
under the collusive game with $3278.97 from terminal 1’s operation and $4181.10 from
terminal 2’s operation. This total profit is greater than the sum of the profits obtained by
all individual terminal operators in the competitive game, that is $6810.59 per hour with
$3012.19 from terminal 1’s operation and $3798.40 from terminal 2’s operation. Hence,
the compensation principle is satisfied. A comparison of the profits of individual terminal
operators shows that both terminal operators achieve better profits by cooperating.

Therefore, collusion is likely to continue if the government does not interfere.

In summary, the pricing and routing pattern solved from the GAMS model is
optimal for the terminal operators, and cooperation is beneficial to both terminal

operators.

7.3 Using the Model to Evaluate Port Authority’s Investment Decisions

The bi-level programming approach can be used by the Port Authority to identify the
terminal links that are candidates for improvement, and evaluate the economic impact of
various investment strategies. In this example, it is assumed that both terminal operators

are under the same Port Authority. This application is demonstrated in this section.
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7.3.1 Identifying the Candidate Terminal Links for Improvement

Denote the do-nothing strategy as S0. Using the results of the model, the candidate

terminal links for improvement can be identified by comparing the current flow on a link

(e3) with its capacity (Efo). The comparison is shown in Table G.8 of Appendix G. The

. — 50 : :
links where flow exceeds capacity (e’ > E, ) are candidates for improvement. These

are a0,al,ad4,al2,al3, al4,al7,al9,a20,a2l,a22, and al3.
The Port Authority can choose to invest in expanding the capacity of those

candidate links to their current flow level, that is AE, = (e’ - Ejo) . Depending on the

availability of funds, some or all candidate links may be improved. In this example, in
addition to the do-nothing strategy SO, three investment strategies are envisioned. Their
impact on the shippers and terminal operators are predicted using the bilevel model
developed in this dissertation. The first investment strategy S/ adds capacity on those
links belonging to the first terminal: a0 al, a4, and a22. The second investment strategy
S1 adds the capacity on those links belonging to the second terminal: al2, al3, al4, al7,
al9, a20, a2l, and a23. The third investment strategy S3 adds the capacity on all of the
candidate links. Table 7.2 presents the intended capacity improvement associated with

investment strategies S/, S2 and S3.

Table 7.2 shows that the competitive game has higher investment requirements
than the collusive game. Under the competitive game, the terminal operator tends to
charge a lower service fee, which results in more service demand. The induced demand

results in capacity deficiencies.



Table 7.2 Capacity Improvement under Three Investment Strategies
Collusive game | Competitive game

AEY | AEY | AES | AE. | AE. | AEa
Link (units/hr) | (units/hr) | (units/hr) | (units/hr) | (units’/hr) | (units/hr)
al 10.8813 0 10.8813 15.7695 0 15.7695
al 5.04124 0 5.04124 | 9.08145 0 9.08145
a4 0.27189 0 0.27189 | 4.61153 0 4.61153
al2 0 8.93173 8.93173 0 12.6596 12.6596
al3 0 7.02437 | 7.02437 0 11.0276 11.0276
al4 0 5.67637 5.67637 0 8.87876 | 8.87876
al7 0 10.1764 10.1764 0 13.3788 13.3788
al9 0 7.63156 | 7.63156 0 10.3923 10.3923
a0 0 9.929 9.929 0 14.3758 14.3758
a2l 0 13.2731 13.2731 0 17.7631 17.7631
a2 15.1843 0 15.1843 23.4173 0 23,4173
al3 0 24.587 24.587 0 31.1064 | 31.1064

7.3.2 Comparison of Alternative Investment Strategies

113

For investment strategies S/, S2 and S3 proposed above, the equilibrium supply, demand
and routing decision of the shippers as well as the equilibrium service charge and routing
pattern in each terminal sub-network are forecast by solving the GAMS model with
updated capacity information. Based on the equilibrium solution, various indexes
regarding the port operation are calculated and compared for different investment

strategies, as shown in Tables 7.3-7.4.

Table 7.3 shows that the investment of the Port Authority will generate additional
service demand at the port terminal with capacity improvement, and may decrease the
service demand at the port terminal without capacity improvement. For example, under
the collusive game with the investment strategy S/, the service demand at port terminal 1
will increase from 102 units per hour to 108 units per hour. However, demand will

decrease at port terminal 2 from 123 to 120 units per hour. Given the cost advantage
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resulting from the capacity improvement, terminal 1 is able to lower the service charge
and attract some of terminal 2’s business. The increase in average travel time that results
from the increased demand at terminal 1 is greater than the travel time savings resulting
from the increase in capacity. Consequently, an overall increase in the average travel time
results. For example, for the competitive game, the investment strategy S/ causes the
average travel time at port terminal 1 to increase from 4.41 hours per unit to 4.69 hours

per unit.

Table 7.3 Total Demand, Average Travel Time, Total Revenue and
Total Profit under Four Investment Strategies

Terminal 1 Terminal 2
Average Average
Total Travel Total Total Total Travel Total Total
demand | Time |Revenue | Profit | Demand | Time | Revenue| Profit
Strategy| (units/hr) | (hrs/unit) | ($/hr) ($/br) | (units/hr) | (hrs/unit) |  ($/hr) ($/hr)
S0 102 3.87 3634 3279 123 2.81 4908 4181
Si 108 4.05 3714 3429 120 2.77 4806 4104
Collusive | S2 96 3.68 3390 3075 139 3.14 5190 4623
Game 53 102 3.85 3473 3219 137 3.09 5091 4542
S0 123 441 3520 3012 141 3.14 4762 3798
S1 132 4.69 3534 3171 139 3.10 4612 3682
Competitive] 52 118 4.23 3236 2771 163 3.59 4883 4199
Game S3 127 4.51 3250 2918 160 3.53 4739 4078

Table 7.3 also shows that investment in one terminal can have the opposite effect
on the other terminal. For example, the investment strategy S2 increases the revenue and
profit at port terminal 2 while it decreases the revenue and profit at port terminal 1 under
both the collusive and competitive games. This result is attributed to the decrease of the
service charge at terminal 1 in order to maintain business and the resulting decrease in
demand for terminal 1 service. Table 7.3 also shows that the investment strategy S3 may
have different effects on the revenue and profit at the two terminals even though both

terminals receive investment. For example, the investment strategy S3 under the
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competitive game decreases the profit at port terminal 1 while it increases the profit at
port terminal 2. The investment intensifies the price competition between the two

terminals, thus reducing the equilibrium service charges at both terminals as shown in

Table 7.4.
Table 7.4 Equilibrium Service Charge of Commodity ¢3
R ($/unit) for Collusive Game R (8$/unit) for Competitive Game
O-D Pair S0 S1 52 S3 S0 S S2 S3
v0 47 45 46 45 37 34 35 33
vl 46 44 45 44 35 32 33 31
Terminal| V2 45 44 45 44 34 32 32 31
1 v3 46 45 46 45 34 32 33 31
v4 49 49 46 46 39 38 34 34
v3 48 48 46 46 39 38 35 34
Terminal| V6 50 49 47 47 40 40 36 35
2 v7 51 51 49 49 43 42 39 38

Depending on the elasticity of the service demand with respect to the service
charge, revenue may increase or decrease with the reduction of the service charge. If the
elasticity of the service demand is less than 1, the negative effect on the revenue from the
decrease in service charge dominates the positive effect from the increase in demand.
Hence, revenue will decrease. If the elasticity is greater than 1, revenue will increase. In
this example, investment strategy S3 decreases the revenue at port terminal 1 in spite of
the increase in the service demand from 123 to 127 units per hour. This result indicates
that, at the current equilibrium point, the demand elasticity at port terminal 1 is less

than 1.

The Port Authority is also interested in the net social benefit (NSB) and the
investment cost (/C) under different investment strategies. In calculating NSB, the

economic multiplier G is set to 4 to account for the external economy. To demonstrate
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the effect on NSB from the percentage of the through traffic, a set of different percentages
of through traffic (v.=v VceC) is used. In calculating IC, py is set to $5 per unit for any

terminal link @ and any investment strategy ». Similar to the value-of-time, the values for
these three parameters are also selected arbitrarily. Again, the accuracy of these arbitrary

selected values does not affect the demonstration purpose of the numerical example.
Based on these values of the parameters G, pj; and v, and the Stackelberg equilibrium

result of the GAMS model, NSB and IC for each investment strategy are calculated
according to the formulas in Egs. (6.9) and (6.11) from Sections 6.2.3 and 6.3 and are

shown in Table 7.5.

Table 7.5 Net Social Benefit (VSB) and Investment Cost (C)

Collusive Game Competitive Game
NSB ($/hr) IC NSB ($/hr) IC
Strategy | v=1 | V=07 | v=04 | v=0 | ($/hr)| v=I v=0.7 | V=04 v=0| ($/hr)
S0 7460 9855 12249 15442 0] 6811 9926] 13042| 17196 0
S1 7534 9992\ 12451 15729] 157{ 6853 10116} 13379 17729 264
S2 7698 10281] 12863| 16307| 436] 6970 10447] 13923] 18559 598
S3 7761] 10401 13041] 16560 593] 6995 10607] 14219 19034 862

Two observations can be made based on Table 7.5. First, if no freight is produced
or consumed locally (v =1), the NSB is higher for the collusive game under all investment
strategies. Collusion brings more profit to the terminal operation as a whole, thus
increasing both operators’ contribution in the NSB formula. Second, with the decrease in
the percentage of through traffic, the NSB becomes higher for the competitive game. The
competitive game generates more commodity production, consumption and shipment.

With the percentage of through traffic low enough, the positive effect on NSB from the
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gain in local shippers’ net benefit will more than offset the negative effect from the loss

of total profit at port operation.

Based on the net social benefit (NSB) and the investment cost (IC) shown in Table
7.5, the incremental benefit-cost ratios under the various investment strategies are
calculated according to the formulas in Eq. (6.14) from Section 6.5. These ratios are

shown in Table 7.6

Table 7.6 The Ratio between Incremental Net Social Benefit (ANSB) and Incremental

Investment Cost (AIC)
Collusive Game Competitive Game
ANSB/AIC ANSB/AIC
Strategy v=] v=0.7 v=04 v=0 v=] v=0.7 v =04 v =0
S0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
S 0.47 0.88 1.29 1.83 0.16 0.72 1.27 2.02
82 0.55 0.98 1.41 1.98 0.27 0.87 1.47 2.28
53 0.51 0.92 1.33 1.89 0.21 0.79 1.36 2.13

Table 7.6 shows that when through traffic is high, the do-nothing strategy may
become the best choice, since the gain in NSB may not be enough to cover the increase in
IC. For example, for both the competitive and collusive games, when the proportion of
through traffic is 70 or 100 percent, the ratio between the incremental NSB and IC is less
than one under all investment strategies. Table 7.6 also shows that with the decrease of
through traffic, the investment strategy for the competitive game results in higher
incremental benefit-cost ratios. When through traffic is high, there are lower incremental

benefit-cost ratios.

Observations from Tables 7.5 and 7.6 together with the result in Table 7.3
indicate that, if a very high percentage of the freight is not produced or consumed locally,

both the terminal operators and the Port Authority favor collusion of the terminal
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operators under the control of one Port Authority. In this case, the social benefit to the
local region brought by the terminal operations is mainly contributed by the terminal
profits, which are higher under the collusive game. With the decrease of this percentage
and the investment, the weight of the shippers’ contribution to the net social benefit
becomes higher. The Port Authority prefers the competitive game, since it will bring
about more shippers’ net benefit and accordingly more net social benefit to the local

region.



CHAPTER 8

FUTURE RESEARCH DIRECTIONS

The dissertation has proposed and developed a framework to analyze the pricing and
routing behavior of freight carriers. It explored this application in facilitating the
investment decisions of the Port Authority in the background of the general freight
network that recognizes market-clearing forces. In particular, a bi-level programming
approach has been introduced to solve the Stackelberg equilibrium between carriers and
shippers, and the related investment issue is shown to be computationally tractable. The
sensitivity analysis based heuristic algorithm that was used to solve the bi-level model

was implemented within GAMS, a mathematical programming software package.
Possible extensions to the work presented in this dissertation are discussed below.

The model application presented in this dissertation analyzed the behavior of a
special type of carrier, namely two port terminal operators. Pricing and routing of all
other carriers were assumed to be fixed. Alternative investment strategies at the port
terminals were also evaluated. The model and the algorithm is flexible, however, and can
be adopted to analyze the pricing and routing decision of any or all other private carriers.
In addition, the investment issues at other kinds of transportation terminal, such as a
logistics terminal or airport terminal could be examined as well. For example, the public
logistics terminal in Japan involves both the public and private sectors (Taniguchi et al,
1999), including various trucking companies. Issues that may be examined by using the
methodology developed in this dissertation include the optimal location of the terminal,
its optimal size, and how the investment decisions of a government interact with the

routing decisions of a private company.
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The hierarchical model can be extended to assess the impact of policies in various
states, such as tax policy, investment policy and so on, on the location of the production
and consumption pattern. The model can be used to analyze the interstate competition.
To illustrate this point, suppose that one state invests in its transportation infrastructure.
The investment is intended to increase the state’s accessibility and attract more
businesses. However, it may, at the same time, generate more traffic to the transportation
facilities in the state, inducing higher congestion and land costs, and consequently, higher
production cost. The end result could be that, despite an investment in transportation
infrastructure, the state becomes a less desirable location for business than its
neighboring states. The neighboring states may benefit more from the transportation
infrastructure investment than the state that made the initial investment. To make sound
decisions, planners need to balance these gains and losses carefully. The model
introduced in this dissertation can be used to identify gains and losses resulting from the
interactive relationship between traffic flow, production, consumption and the attributes
of the transportation network such as capacity and cost, which provide criteria for
decision making. Another application is to evaluate user, societal and environmental
impacts of a particular public policy (e.g., introducing tolls on an interstate road) on a

region.

A discrete value-of-time is assumed for each commodity. In the future, the value
of time can be modified so that it follows a distribution (e.g., the normal distribution).
The distribution pattern of the value-of-time differs according to the commodity type and
the origin/destination of the commodity being shipped. In an application to passenger

transportation, Dial (1979, 1996) develops a bicriteria traffic assignment model to
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analyze the assignment of traffic, the value of time of which has different distribution

between different O-D pairs.

Numerous shippers are assumed in this dissertation and the shippers’ market is
considered to be purely competitive. A future study may relax these assumptions and
consider, for example, that a finite number of shippers who compete for the limited
resources for production and transportation exist in the network. The interaction of these
shippers can be modeled using the spatial oligopolistic model by Nagurney (1999) as
reviewed in Section 2.2.1. Accordingly, the bi-level model in this dissertation can be
extended to analyze the interaction between the oligopolistic carriers and the oligopolistic
shippers. Summarizing, the model has the potential to be a useful tool for transportation

planning.



APPENDIX A PROOF OF THE STRICTLY CONCAVE PROPERTY OF THE
OBJECTIVE FUNCTION IN EQS. (4.6) AND (4.7)

The objective function

Zt (gt (RNR—r )’ Rt’et) = Zzgv,c (RI’R«r) *Rv,c - ZZ ACa,c (ea,c) *ea,c iS StnCtly

veV' ¢ acd' ¢

concave in (Ry, e). Its Hessian matrix is negative definite as shown below.

2 2 5) og.. .
o'z, - o'z, _ e + Eue VteT,v,v'eV,cc'eC
aIev,calev',c' aRv‘,c'alav,c aRv',c‘ aIav,c
2 oMC 2
02, =~ 4 <0, 02, =0 VteT,a,a'e A,c,c'e C
aea,caea,c aea,c aea,caea'ata,c‘a:c
0’z,  9'Z,

= = VteT,veV,ae A,c,c'e C
OR, oe,, Oe, OR, .

(Va8 (R)I+[Ve gy R 0 vieT (Al

=>H(Z,)=
0 —V _MC(e)

According to assumption A2 from Section 4.1, [V, g, (R, )] is negative definite.
Therefore, its transposed matrix [V, g, (R, )]” is also negative definite. Then, the sum
of two negative definite matrices [V, g, (R, )]+([V,, g, (R, )" is also negative definite.

This matrix is also symmetric. From assumption Al in Section 4.1, —V MC(e) is also
negative definite and symmetric. Therefore, the Hessian matrix H(Z;), which as shown in
Eq. (A.1) consists of [V, g, (R))]+[V, g, (R, )]" and —V_,MC(e) along the diagonal

and zero elsewhere, is also negative definite and symmetric.
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The negative definite property of the Hessian matrix H(Z;) indicates that: 1. The

part of the objective function Eq. (4.7) contributed by carrier ¢ (Z,(g,(R,,R_,),R,,e,)) 1s
strictly concave in (Ry, e). 2. The objective function for the collusive game (2), as a

summation of Z,(g,(R,,R_),R,,e,) is strictly concave in (Ry, e). 3. The vector of the
first derivative of the objective function (Eq. (4.6) of individual carrier

VZ,(g,(R, JR-), R, ,e,) is strictly monotone decreasing in (R, e;).



APPENDIX B SENSITIVITY ANALYSIS FOR A PERTURBED VI PROBLEM

Let & Denote the perturbation parameter. A perturbed VI problem PB.1 can be defined in

Table B.1:

Table B.1 A Perturbed VI Problem

PB.1

Determine x" = (-, x;, ")) € K

n

F(x",&)*(x-x")=0
vxz(...’xi’...): ek

K;{XG(") =0 (m) }

x>0 (@)
The sensitivity analysis method for problem PB.1 estimates the derivative of the

equilibrium solution of the primal and dual variables to problem PB.1 (x,77°) with

respect to ¢ in the neighborhood of & =0.

Four conditions are required for the sensitivity analysis of problem PB.1.

1. F(x, ¢) is once continuously differentiable in (x, £). The equality constraints

G(x)=0 are linear affine and the nonnegativity constraints x > 0 are concave.
2. Solution to PB.1 at £ =0 is a local unique solution.

3. Solution to PB.1 at &£=0 satisfies the strictly complementary slackness

condition, that is if x,=0 then @ >0.

4. The gradients of the binding nonnegativity constraints and the gradients of the

equality constraints are independent.
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With these four conditions satisfied, there exists a locally unique solution of the

primal and dual variables (x* (&),n (g)) in the neighborhood of & =0.

x"(e =0) and 1" (¢ = 0) satisfies the KKT conditions below:

F(x",00+V G(x)'n =0 Vx' >0 (B.1)
G(x")=0 Vx>0 (B.2)

The Jacobian matrix of Egs. (B.1) and (B.2) with respect to (x, 77) is:

(xn) —

. [VFGET0) V.GET)T (B.3)
V.G(x") o ] |

The Jacobian matrix of Egs. (B.1) and (B.2) with respect to the perturbation

variable ¢ is:

J = [—VSF(x*,g)]'
0

Then, the first-order derivative of x (&) and 7" (&) with respect to & can be
calculated as follows:

*

Ox
2 | _[V.FG0) VXG(x‘)T}‘I.(—VEF(x‘,S)) (B.4)
on V. G(x) 0 0

E3



APPENDIX C CONDITIONS FOR THE SENSITIVITY
ANALYSIS METHOD OF SPE MODEL P5.1

The four conditions from Appendix B specific for the sensitivity analysis of problem
P5.1 are shown to be satisfied below.

1. Functions (ﬂ(S ),GC(f,R,),— p(D)) are once continuously differentiable in (S, f,
D, R;). The flow conservation constraints (Eqs. (5.7) and (5.8)) are linear affine and the

nonnegativity constraint (Eq. (5.9)) is concave.

(ﬂ'(S), GC(f ,RL),—p(D)) are guaranteed to be continuously differentiable by

assumptions A1 and A2 from Section 5.1.1. The linear affine property of Egs. (5.7) and
(5.8) and the concave property of Eq. (5.9) are obvious since all these equations are

linear.
2. The equilibrium solution ", f , D) to problem P5.1 is locally unique.
This is proven in Section 5.1.5.

3. The strictly complementary slackness condition holds for the solution to problem
P5.1 (i.e., if a nonnegativity constraint is binding, the dual variable for this constraint is

positive).

These conditions are shown in Egs. (C.1)-(C.3) below.

7, (S)>n,, if S,, =0 VbeCN,ceC (C.1)
Poe (D) < My if D;,c =0 YbeCN,ceC (C.2)
GCI=(n1,n2),c (f*) + nnl,c > nnZ,c lf f‘l,‘c = O VI € L,C € C (C’3)
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If Egs. (C.1)-(C.3) are not satisfied, problem P5.1 can be slightly perturbed until

the satisfactory result is obtained.

4. The gradients of flow conservation constraints (Egs. (5.7) and (5.8)) and the

binding nonnegativity constraint (Eq. (5.9)) are independent.

To demonstrate this, the proof similar to that of Tobin (1987) is used here. In
Tobin’s paper, the commodity production or consumption is assumed to take place at any
node on the shipper network. Unlike Tobin’s approach, in this dissertation the nodes on
the shipper network are categorized into intermediate nodes and centroid nodes
depending on whether there is a production or consumption activity. Correspondingly,
the flow conservation constraints are different for the centroid node and the intermediate

node. This difference is taken into account in the proof below.

Proof:

Using the notation of Tobin (1987), I,/ ,1 , are the matrices remaining after the

columns corresponding the nonbinding nonnegative constraints are deleted from the
identity matrix of the order of the number of £, D and S. The conditions of the

independence of gradients are equivalent to the full rank of the following matrix:

ATCN I -1 } Gradients of the flow conservation constraints

A, 00 Egs. (5.7) and (5.8).

071, 0

]' 0 0 Gradients of the binding nonnegativity constraints
4 Eq. (5.9).

0 0 7, |
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Based on assumption A5 from Section 5.1.1, which states that each commodity

flows through each node, the rows in [A’, 0 0] and [/ ;0 0] are independent.
According to assumption A3 from Section 5.1.1 and the strictly complementary slackness
conditions in Eqgs. (5.30) and (5.31), the supply and the demand for each commodity type

can not both be zero at any centroid node. This indicates that the rows in [A],, [ -]

are independent from the rows in [0 I; O] and [0 O I,]. The independence

between [/, 0 0],[0 ;g 0],and [0 O I,] isobvious. Hence, it is shown that

the above matrix is of full rank.



APPENDIX D PROOF OF PROPOSITION 5.2
Proposition 5.2: The vector of the locally approximated flow functions (i.e.,

, . (R;)
(' s »f}eL,ceC (RL )’ o ')|L|*\C1 Wlth -fl,c (RL) = .fl,c (R;,)) + Z Z gR - (le',ﬂ' - le?,ci) and Rg
ljeL cieC

lf,ci

being the vector of the current service charges) is monotone decreasing in the vector of
the service charges (R,) if the vectors of the inverse commodity supply, inverse
commodity demand and generalized cost functions are strictly monotone. (For the sub-
vector of the flow variables that have positive equilibrium solutions at the current level of
service charges, the sub-vector of the locally approximated functions is strictly monotone
decreasing in the sub-vector of the service charges corresponding to these flow

variables.)
Proof:

The proof is conducted by verifying the Jacobian matrix of the local approximated

a.fIEL,ceC (Rz) )

is negative semidefinite. This is accomplished by
aleeL,cieC

functions: J =[ }
(LMCDHLIMCD

using the sensitivity analysis result from Tobin (1987) applied to the price formulation of
spatial price equilibrium (SPE) model. The advantage of the price formulation over the
quantity formulation is that the derivative of the link flow is separable from the derivative

of the commodity supply and demand.

From assumption A2 in Section 5.1.1, both the vector of the inverse supply
functions and the vector of the inverse demand functions are linear and strictly monotone.

This indicates that the vector of the supply functions and the vector of the demand
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functions are also linear and strictly monotone. Using the supply function and the demand
function, the complementary formulation of the SPE problem similar to the one in Tobin
(1987) is presented in Table D.1. In this formulation, the difference in the intermediate

node and the centroid node is accounted for.

Table D.1 Complementary Formulation of SPE problem
with Supply Function and Demand Function

PD.1

[GC(f) + Axlf +[S(x) ~ D)~ ALy ] 7 + |- Al f] 70 = 0 (0.1)
GC(f)+Ax > 0 (D.2)
S(r)~D(x)~ Al £ 20 (D3)
A, f20 (D.4)
720 (D.5)
720 (D.6)

Applying the sensitivity analysis method for the complementary problem

introduced in Tobin (1987) to problem PD.1, the following can be derived.

~1

V. .GC'(f,R) A A
ver] | PO A . ~VoGC'(f,R)
=l =A% 0 0 (D.7)
Vr r 0
-A'T, 0 V_S'(n)-V,_.D'(r)

Where, f', R', GC'(f,R) and A'=[A',N A'CN] denote for each commodity the

vectors of flow variables, service charges, the generalized cost functions and the link

node incidence matrix on the links with positive current flows. 7', S'(7) and D'(x)
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denote for each commodity the vectors of the price variables, the supply functions and

the demand functions for the nodes with positive current prices.

vV ,GC'(f,R) A
AT 0

¥ M| [B, B,
_MT I - le Bzz .

Then, Eq. (D.7) can be restated as follows:

Vefl [By By, [[-VeGC'(f.R) (D.8)
\ a B, B, 0 .

Ay
Let ‘Pz[ ] r=[v_8'(z)-V_.D'(x)), M=[ C] and

0

B B
Let B, :{ m “2} with B,,, having dimension equals to | /' |*| | R'|. Here, both

113 Bll4

| f'| and | R'| equals to the summation of the number of links with positive current flows

for each commodity (i.e., | f'|=| R’ |=ZNO. of links where f;, > 0). From Eq. (D.8), it is

ceC

derived that:
Ve ['==Bi *V,GC'(f,R) (D.9)
In matrix V, ,GC'(f,R), the elements along the diagonal equal to 1 and all the
elements off the diagonal are equal to 0. Hence, it follows:
V.GC'(f,R)=L (D.10)
Here, / is an identity matrix with dimension equals to | f'|*| R'|.
Equations (D.9) and (D.10) yield that:

Vef'=-By (D.11)
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From Eq. (D.11), it is easy to see that V,.f" is negative definite if and only if B,
is positive definite. The sufficient condition for B,,, to be positive definite is that B,; is

positive definite. The latter is proved below.
As shown in Tobin (1987), B,, = [‘P +MU'M7T ]—1 . Hence, B,, is positive definite
if [‘P +MT'MT ] is positive definite.

¥ is shown to be positive definite below. According to the assumption A4 from
Section 5.1.1, V .GC'(f, R) is positive definite. It follows that:

N |:)c1 ]T[Vf,GC'(f,R) A',N}*lix[ }

W7
X, -A'y 0 X,

=x/ *V .GC'(f,R)*x, >0

(D.12)

Hence, W is positive definite.

As mentioned before, the vector of the supply functions and the vector of the

demand functions are strictly monotone, which indicates that I is positive definite.

Hence, I'"' is also positive definite. It follows that:

For any vector x, lety =M Tx, then

MM x = (M%) T7 (M7 x)= y" Ty >0
Hence, MI"'M" is also positive definite.

With both ¥ and MT'"'M " proved to be positive definite, B,,= [‘P +MT'MT ]_1 is
also a positive definite matrix. Consequently, B,,, as a submatrix along the diagonal of

B,, is positive definite, and V. f"' is negative definite. This, based on the definition of
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f', R', indicates that for each commodity the Jacobian matrix of the sub-vector of the

locally approximated functions of the flow variables on the links with positives current
flow is strictly monotone decreasing in the sub-vector of the service charges on those

links.

V. f' is a submatrix along the diagonal of V,f since V,f' only includes the
derivative of flow variables with respect to the service charges on the links with positive
current flows. In order to analyze the property of V, f, the derivative on the links with
no current flows need to be considered as well, which is demonstrated below.

Under the conditions specified in Appendix C, the links with no flow will remain

unused with small perturbation of the service charge (Tobin, 1987). Mathematically,

%
oR

=0, Vf,. =0.0On the other hand, a small change of service charge on an unused

I'c
link will not alter the assignment pattern in the network since this link will remain unused
for a small change. This small change of the service charge on the link doesn’t influence

the cost structure of those used links. Hence, the derivative of link flow with respect to

of,
service charge on the current unused link is zero. Mathematically, —&i =0, Vf,?c =0.
lc

With V,f' negative definite and all other elements zero, V,f is negative
semidefinite. This indicates that the vector of the locally approximated flow functions on

the shipper link, that is ( s frereecc (R, ),-~-)W| o is monotone decreasing in the vector of

the service charges on the shipper links (R, ). Hence, Proposition 5.2 is proved.



APPENDIX E DERIVATION OF A FACTOR IN THE
INVESTMENT COST FUNCTION

Consider that the investment project on link ¢ has a 20 year analysis period and a 5%

discount rate. The investment strategy u improves the capacity on link a by AE, units.

The cost of additional unit of capacity is pl%. The original capital expense (/) is

calculated as I = pl: *AE,. Let the service life of the capital expense be 6 years. On
every 6 years, a replacement investment is needed with the same capital expense as the

original one (7). This investment project is illustrated in Figure E.1 below.

1, I, I I
| | | L
Year Q 6 12 18 ZM 24

Residual

<4——  Analysis period (planning horizon) —— value

Figure E.1 A Sample Investment Project

Given the information of the analysis period, the service life, and the discount rate

for this sample investment project, the following steps are used to derive p2!.

1. Convert the initial capital expense and the replacement investment expense to

present value:

Present value of the initial investment: 7
Present value of the first replacement (6 years later): /) *PWF sy,

Present value of the second replacement (12 years later): I *PWF 2 s,

134



135
Present value of the third replacement (18 years later): 7 *PWF 3 50,

Present value of the residual value: 7 *CRF sy,*SPWa 59,* PWF20,50

Present value of all capital expenses on link a under investment strategy « in the

analysis period ( PIC} ):

PIC = I *(1+ PWF s, t1PWF 12,50, +PWF1g 590~ CRF,50,*SPW4 50,™ PWF30,50)

=1’ *(1+0.7462+0.5568+0.4155-0.197*3.546*0.3769)

=1"*2.4552 (E.1)

Where, PWF is the single payment Present Worth Factor, CRF is the Capital

Recovery Factor, SPW is the uniform series Present Worth Factor.

Using y to denote the number of years and i% to denote the discount rate, then
1 i(1+0)

PWFy,i%z —_—, CRI:"y,i%z

and SPW, ;= W
(1+1%)” o

(1+i%)”" -1’ i(1+i%)°
(Refer to the class notes of Transportation Economics by Pignataro).

. Convert the present value of the capital expenses in Eq. (E.1) into the annual

cost within the analysis period.

Annual investment cost of all capital expenses on link a under investment

strategy u in the analysis period ( AIC}):
AIC: = PIC:; *CRFzO,s%

=1 *2.4552*%0.080=1" *(0.196416) (E.2)
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3. Convert the annual investment cost in Eq. (E.2) into the hourly investment cost.

Hourly investment cost of all capital expenses on link a under investment

strategy u in the analysis period (IC} ):

1t grcrn L L
365 24

1

=7 #(0.196416)* ——* L= [v%2 24%10% (E3)
365 24

From Eq. (E.3), p2. =2.24*10" is derived, which are used to convert the capital
expenses during the analysis period into the hourly investment cost. In the same way,
p2% can be derived for the links and investment strategies with different service life or

discount rate.



APPENDIX F INPUT DATA FOR THE NUMERICAL EXAMPLE

Table F.1 The Incidence Index Between Terminal O-D Pair and the Terminal Node 7,

Tyx x0 x1 x7 X8 x9 x10 x16 x17
v0 1 0 -1 0 0 0 0 0
v 1 0 0 -1 0 0 0 0
v2 0 1 -1 0 0 0 0 0
v3 0 1 0 -1 0 0 0 0
v4 0 0 0 0 1 0 -1 0
v 0 0 0 0 1 0 0 -1
v6 0 0 0 0 0 1 -1 0
v7 0 0 0 0 0 1 0 -1

Table F.2 The Incidence Index &, , between Terminal Path p ePH and Link a €4.
0, .=1 Indicates that Link a is in Path p

p.a, YoePH, aed

(]

p0.a0

pl.(al,a3,a5,a7)

p2.(al,a3,a6,a8)

p3.(al,a3,a6,a9,a10)

p4.(al,a4,a8)

p3.(al,a4,a9,a10)

pb.(a2,a3,a5,a7)

p7.(a2,a3,a6,a8)

p8.(a2,a3,a6,a9,a10)

pI.(a2,a4,a8)

pl0.(a2,a4,a9,a10)

pll.(allal3al’,al8)

pl2.(all,al3,all,al9)

pl3.(all,al3,al6,a20)

pld.(al2,al3,als,al8)

pli.(al2,al3,al5,al9)

pl6.(al2,al3,al16,a20)

pl7.(al4,al7,a20)

pl8.(all,a2l,al8)

pl9.(all,a2l,al9)

p20.(al2,a2l,al8)

p2l.(al2,a2l,al9)

p22.a22

NNNNNNNNNNNNNN\NNNNNNNNNE%

p23.a23
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Table F.3 The Incidence Index &,, between Terminal Path p ePH and Terminal O-D

Pair veV. 8,,=1 Indicates that Path p Connects Terminal O-D Pair v

p-v, /pePH, veV

S,

(pO.pl,p2,p4).v0

(3.p5).v1

(p6.p7,p9).v2

(p8,p10,p22).v3

(p11,p18,p23).v4

(p12,p13,p19).v5

(p14,p20).v6

(pl5, plépl7p2l).v7

DV
1
1
1
1
1
1
1
1

Table F.4 The Incidence Index &, Between Port link /€PL and the Terminal O-D Pair
veV. If Port Link / Corresponding to Terminal O-D Pair v, £, , =1. Otherwise, &, , =0

<
S
<
~
<
LY

fl, y

<
wW

<
N

<
“n

<
(=

<
~N

7

8

19

110

111

12

113
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Table F.5 Parameters in the Terminal Link Operating Cost Function

139

AC, (e, ) =1, .+ Voo *féc— +0.5%r, * (e_“—’c 2
a a
Ea,'c Tac r/ac
Link (units /hr) cl c2 c3 cl c2 c3
a0 18 0.4 0.7 0.6 4 4 4.5
al 17.25 0.2 03 0.1 2 3 2.5
a? 20 0.3 0.34 0.2 2.5 2.5 2
a3 20 0.3 0.27 04 1.5 2.5 4
a4 17.25 0.7 0.6 0.8 2 1.5 2
as 31 0.4 0.16 047 2 2 3.5
a6 25 0.3 0.17 0.45 2 3.5 3
a’ 30 0.24 0.17 0.47 2 1.5 2
a8 15.5 0.27 0.18 0.47 2.5 4 2.5
a9 22.5 0.1 0.12 0.2 1 2 1
al0 28 0.12 0.1 0.2 4 3 3
all 32 0.5 0.25 0.3 2.5 2 3
al? 24.7 0.4 0.27 0.29 3.5 4 35
al3 18 0.2 0.15 0.1 3.5 3 4
al4 19 0.7 0.4 0.45 2.5 2.5 4
als 20.5 0.18 0.17 0.16 2.5 3 1.5
al6 25.5 0.2 0.27 0.17 2 2.5 1.5
al7 14.5 0.17 0.18 0.15 4 3 4
al8 28.5 0.6 0.4 0.4 2.5 1.5 2
al9 18 0.65 0.4 0.5 2 2 1.5
a20 25 0.6 0.38 04 2.5 2 2.5
a2l 16 0.3 0.42 0.3 3 3 35
a2 24 0.6 0.7 0.5 2.5 2.5 4
a3 19 04 0.8 04 3.5 3 4

* units of flow
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Table F.6 Parameters in Inverse Supply Function 7, .(S,)=7,. + Z/Ib’c,,c *S,. and

Inverse Demand Function p, .(D,)=«a,, — Z Boo.*D,, VbeCN;c,c'eC

b.C, lb,c',c ﬁb,c',c
vbeCN,ceC| YVbe e c¢’=cl c’=c3 c¢’=c3 c’=cl c’'=c3 c’=c3
nl2.cl 7 11 0.2 0.003 -0.004 20 0 0
nl2.c2 8 7 0.002 0.15 -0.004 0 20 0
ni2.c3 8 7 -0.003 -0.006 0.2 0 0 20
nl3.cl 6 11 0.15 0.006 -0.0012 20 0 0
nl3.c2 10 7 0.001 0.25 -0.0015 0 20 0
ni3.c3 14 7 -0.001 -0.009 0.15 0 0 20
nl4.cl 8 11 0.15 0.002 -0.005 20 0 0
ni4.c2 8 7 0.001 0.2 -0.006 0 20 0
nl4.c3 7.5 7 -0.006 -0.006 0.25 0 0 20
nils.cl 145 70 10 0 0 0.24 0.002 -0.001
nls.c2 150 95 0 10 0 0.003 0.23 -0.008
nls.c3 95 118 0 0 10 -0.002 -0.009 0.26
nlé.cl 145 72 10 0 0 0.15 0.001 -0.0015
ni6.c2 150 108 0 10 0 0.0028 0.3 -0.008
nl6.c3 95 97 0 0 10 -0.001 -0.008 0.2
nl7.cl 145 60 10 0 0 0.3 0.0015 -0.002
ni7.c2 150 110 0 10 0 0.001 0.2 -0.004
ni7.c3 95 120 0 0 10 -0.0012 | -0.007 0.4
Table F.7 Interaction Ratio ro, . in Travel Time Function
2
Z (rope. * f1.0)
6, (f)=tt,*|1+03* f, +0.15% <
' ’ Cap,
rol,c',c = roc',c c'eC
Viel cl c2 c3

cl 1 0.004 0.005

c2 0.003 1 0.004
ceC c3 0.004 0.003 1
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Table F.8 Service Charge, Free Flow Travel Time and Capacity in Travel Time
Function ¢, .(f;) and in Generalized Cost Function GC,, = R, , +vot, *1,

Ry Ric: Rics ) Cap,
Link ($/unit”) ($/unit) ($/unit) (hrs/unit) (units/hr)
123,126, 127 0.15 0.15 0.1 0.3 60
122,124,125,128,129 0.25 0.15 0.2 0.15 52
10,118 0.12 0.05 0.075 0.09 106
11,16, 117,120 0.07 0.11 0.05 0.05 60
12,14,115,121 0.07 0.08 0.06 0.045 45
15116 0.04 0.03 0.03 0.03 52
13,119 0.15 0.125 0.1 0.1 60
130*132 0.005 0.005 0.005 0.005 52
133 0.0025 0.0025 0.0025 0.0075 60
17, 13.2 20.4 22.5 0.85 35.25
18 13.2 20.4 22.5 1.25 35.25
19 13.2 20.4 22.5 1.25 44
110 13.2 20.4 22.5 0.85 44
11 13.2 20.4 22.5 0.5 47.50
112 13.2 204 22.5 1 43
113 13.2 20.4 22.5 1 39.2
114 13.2 20.4 22.5 0.5 39.2

" unit of flow
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a) Competitive Game

APPENDIX G SOLUTION OF THE NUMERICAL EXAMPLE

Table G.1 Quantities of Commodities Supplied and Demanded
and the Production and Market Prices

cl c2 c3
S, 7 D P n S V4 D P n S T D p n
Market| (units /hr) |($/unit’)| (units/hr) |($/unit)|($/unit)} (units/hr) |($/unit)| (units/hr) |($/unit)|($/unit)| (units/hr) |($/unit)| (units/hr) |($/unit)|($/unit)
ni2 30.18 12.95 0.00 11.00 | 12.95 20.70 11.02 0.00 7.00 | 11.02 36.85 15.16 0.00 7.00 | 15.16
ni3 44.23 12.70 0.00 11.00 | 12.70 17.55 14.39 0.00 7.00 | 14.39 30.96 18.44 0.00 7.00 | 18.44
nil4 30.92 12.51 0.00 11.00 | 12.51 18.77 11.58 0.00 7.00 | 11.58 33.63 15.61 0.00 7.00 | 15.61
nl5 0.00 145.00] 28.52 63.19 | 63.19 0.00 150.00 3.61 94.39 | 94.39 1.30 108.00] 38.79 |108.00[108.00
nl6 0.00 145.00| 68.28 61.76 | 61.76 0.00 150.00f 26.40 1100.03{100.03 0.00 95.00 17.84 93.71 | 93.71
nl7 0.00 145.00 8.54 57.49 | 57.49 0.00 150.00f 27.00 |104.78]104.78 0.65 101.49| 46.77 [101.49/101.49
b) Collusive Game
cl c2 c3
S T D P n S T D p n S T D p n
Market| (‘units/hr) |($/unit)| (units/hr) [($/unit)|($/unit)| (units/hr) |($/unit)| (units/hr) |($/unit)|($/unit)| (units/hr) |($/unit)| (units/hr) |($/unit)|($/unit)
ni2 26.95 12.32 0.00y 11.00 12.32 17.78] 10.60; 0.00{ 7.00] 10.60 30.92| 14.00 0.000 7.00 14.00
nl3 39.98 12.06 0.000 11.00] 12.06 14.45( 13.62 0.000 7.00, 13.62 22.69| 17.23 0.000 7.00[ 17.23
nl4 27.23] 11.98 0.000 11.00, 11.98 16.16 11.09 0.000 7.00] 11.09 28.47 14.36 0.000 7.00{ 14.36
nl5 0.001 145.00, 25.800 63.84] 63.84 0.00{ 150.00 1.63] 94.82] 94.82 1.42 109.19 34.14 109.19| 109.19
nl6 0.001 145.00, 62.78 62.57 62.57 0.00{ 150.00 22.85{ 101.04] 101.04 0.05] 95.54 8.52| 95.54] 95.54
nl7 0.001 145.00, 5.58 58.37 58.37 0.00{ 150.00 23.91] 105.38] 105.38 0.85| 103.48 41.73] 103.48) 103.48

* units of flow



a) Competitive Game

Table G.2 Spatial Price Equilibrium Flows and Generalized Costs

77m',c] + 77ni,c2 + nni,c3 +

GC[,CI GCI,c2 GCl,c3

= Jier Mhiet | GCrer | Mwjer |~ Mwjcr Jie2 Micz | GClez | Mz | = Mwje2|  Jies Mhies | OCres | Mwjcs | = Mhjes

(ninj)| ni | nj | (units/hr) | ($/unit) | ($/unit) | ($/unit) | ($/unit) | (units/hr) | ($/unit) | ($/unit) | ($/unit) | ($/unit) | (units/hr) | ($/unit) | ($/unit) | ($/unit) | ($/unit)
10 |n0|n3| 18.56 | 16.99 | 1.60 | 18.59 | 0.00 10.23 | 22.02 | 3.71 | 25.73 | 0.00 18.44 | 2446 | 3.02 | 2747 | 0.00

Il |n0|n2| 26.64 1699 | 1.20 | 18.19 | 0.00 1545 2202 | 293 | 2495 | 0.00 2821 | 2446 | 242 | 26.88 | 0.00

12 |nl|n2| 4027 16.63 | 1.56 | 18.19 | 0.00 20.00 | 21.71 | 3.24 | 2495 | 0.00 3556 | 24.17 | 2.71 | 26.88 | 0.00

13 |nl|n5| 19.86 16.63 | 1.89 | 18.53 | 0.00 1134 | 21.71 | 4.53 | 26.24 | 0.00 19.23 | 24.17 | 349 | 27.67 | 0.00

4 |n2{n3| 647 18.19 | 0.40 | 18.59 | 0.00 1.86 2495 | 0.78 | 25.73 | 0.00 4.55 26.88 | 0.59 | 2747 | 0.00

I5 |n2{n4| 56.62 18.19 | 094 | 19.13 | 0.00 29.08 | 2495 | 1.97 | 26.93 | 0.00 5275 12688 | 1.72 | 28.60 | 0.00

6 (n2|n5| 3.82 18.19 | 0.34 | 18.53 | 0.00 4.51 2495 | 129 | 26.24 | 0.00 6.47 2688 | 0.79 | 27.67 | 0.00

[7 {n3|n6| 1535 18.59 | 35.54 | 54.13 | 0.00 7.55 25.73 | 5943 | 85.16 | 0.00 14.14 | 27.47 | 59.06 | 86.53 | 0.00

8 |n3|n71f 9.68 18.59 | 34.90 | 53.49 | 0.00 4.54 25.73 | 58.49 | 84.22 | 0.00 8.85 27.47 | 57.86 | 85.33 | 0.00

19 |n4lln6| 10.79 19.25 | 34.88 | 54.13 | 0.00 4.67 27.16 | 58.00 | 85.16 | 0.00 9.45 28.81 | 57.72 | 86.53 | 0.00

110 |n41|n71| 16.22 19.25 | 34.24 | 53.49 | 0.00 7.54 27.16 | 57.06 | 84.22 | 0.00 14.26 | 28.81 | 56.53 | 85.33 | 0.00
111 |n42in72] 20.62 19.26 | 34.17 | 53.42 | 0.00 11.78 | 27.24 | 56.77 | 84.01 | 0.00 20.02 | 28.85 | 56.33 | 85.18 | 0.00
112 |n42|n8| 9.00 19.26 | 34.83 | 54.08 | 0.00 5.10 27.24 | 58.27 | 85.50 | 0.00 9.03 28.85 | 57.59 | 86.43 | 0.00
113 |n5|n72| 7.71 18.53 | 34.90 | 53.42 | 0.00 4.72 26.24 | 57.77 | 84.01 | 0.00 8.16 27.67 | 57.52 | 85.18 | 0.00
114 |n5|n8| 1598 18.53 | 35.56 | 54.08 | 0.00 11.13 | 26.24 | 59.26 | 85.50 | 0.00 17.54 | 27.67 | 58.77 | 86.43 | 0.00
/15 {n6|n9| 581 54.13 | 0.38 | 54.51 | 0.00 5.25 85.16 | 1.24 | 86.40 | 0.00 5.88 86.53 | 0.68 | 87.21 | 0.00
16 |n7{n9| 5422 | 53.60 | 090 | 54.51 | 0.00 28.58 | 8446 | 194 | 86.40 | 0.00 51.29 | 8554 | 1.67 | 87.21 | 0.00
117 [n8|n9| 6.07 54.08 | 042 | 54.51 | 0.00 1.95 85.50 | 090 | 86.40 | 0.00 6.36 86.43 | 0.78 | 87.21 | 0.00
[18 {n6|ni0| 2033 | 54.13 | 1.72 | 55.85 | 0.00 6.96 85.16 | 2.83 | 87.99 | 0.00 1770 | 86.53 | 2.92 | 89.45 | 0.00
119 |n8|nil| 1890 | 54.08 | 1.82 | 5591 | 0.00 14.27 | 85.50 [ 541 | 9091 | 0.00 20.21 86.43 | 3.64 | 90.08 | 0.00
120 | n9 |n10] 3039 | 54.51 | 1.34 | 55.85 | 0.00 6.52 86.40 | 1.59 | 87.99 | 0.00 2570 | 87.21 | 2.23 | 89.45 | 0.00
121 |n9|nil| 35.71 54.51 | 1.40 | 5591 | 0.00 29.27 | 8640 | 4.51 | 9091 | 0.00 3783 | 87.21 | 2.86 | 90.08 { 0.00
122 |ni2{n0| 30.18 1295 | 4.04 | 1699 | 0.00 20.70 11.02 | 11.00 | 22.02 | 0.00 36.85 15.16 | 9.30 | 2446 | 0.00
123 |n13|n0| 15.02 1270 | 4.29 | 16.99 | 0.00 4.98 1439 | 7.63 | 22.02 | 0.00 9.79 1844 | 6.01 | 2446 | 0.00
124 nl3|nl| 29.21 12.70 | 3.93 | 16.63 | 0.00 12.57 1439 | 732 | 2171 | 0.00 21.17 1844 | 5.73 | 24.17 | 0.00
125 |nl4|nl| 3092 12.51 | 4.12 | 16.63 | 0.00 18.77 | 11.58 | 10.12 | 21.71 | 0.00 33.63 15.61 | 8.56 | 24.17 | 0.00

134!
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126 |nl0\ni5| 28.52 | 55.85 | 7.34 | 63.19 | 0.00 3.61 87.99 | 6.40 | 94.39 | 0.00 37.49 | 89.45 | 18.56 | 108.00| 0.00
127 |nl0\ni6| 2221 | 55.85 | 591 | 61.76 | 0.00 9.86 87.99 | 12.04 |100.03| 0.00 5.92 89.45 | 4.27 | 93.71 | 0.00
128 |nlllnl6| 46.08 | 5591 | 5.85 | 61.76 | 0.00 16.54 | 90.91 | 9.12 {100.03| 0.00 11.92 | 90.08 | 3.64 | 93.71 | 0.00
129 |nlln17| 8.54 5591 | 1.59 | 57.49 | 0.00 27.00 | 90.91 | 13.86 |104.78 | 0.00 46.12 | 90.08 | 11.42 {101.49| 0.00
130 | ndn4l| 27.01 19.13 | 0.12 | 19.25 | 0.00 1220 |26.93 | 024 | 27.16 | 0.00 2371 | 28.60 | 0.21 | 28.81 | 0.00
131 |n4|n42| 29.61 19.13 | 0.13 | 19.26 | 0.00 16.88 | 2693 | 0.31 | 27.24 | 0.00 29.04 | 28.60 | 0.25 | 28.85 | 0.00
132 \n71\n7| 2590 | 53.49 | 0.12 | 53.60 | 0.00 12.08 | 8422 | 0.24 | 84.46 | 0.00 23.11 | 8533 | 0.20 | 85.54 | 0.00
133 \n72|n7| 2832 | 53.42 | 0.18 | 53.60 | 0.00 16.51 | 84.01 | 045 | 84.46 | 0.00 28.18 | 85.18 | 0.36 | 85.54 | 0.00
b) Collusive Game
Mnicl + Mnic2 + Mni,c3 +
GCI, cl GC/, c2 GCI, c3
= ﬁ,cl Mhi,ci GCI.cI Mnjcl |~ Mhjcl ﬁ,cZ Wi, 2 GCI,CZ Mhjc2 | — Mhjc2 ﬁ,c3 Mni.c3 GCLC3 Mnjes | — Thjc3
(nimj) | i | rj | (units/hr) | ($/unit) |(8/unit) ($/unit)| (§/unit) (units/hr)|($/unit)| (8/unit) | ($/unit) | ($/unit) | (units/hr) | ($/unit) | ($/unit) | ($/unit) | ($/unit)
10 |n0{n3| 1667 | 1599 | 147 | 17.46 | 0.00 865 12028 3.29 | 23.56 | 0.00 1496 | 21.94 | 2.55 | 24.49 | 0.00
11 |n0|n2) 2374 | 1599 | 1.09 | 17.08 | 0.00 13.02 | 20.28 | 2.57 | 22.84 | 0.00 22.86 | 21.94 | 2.02 | 23.96 | 0.00
12 |nl|n2| 3580 | 15.68 | 1.40 | 17.08 | 0.00 16.85 |20.03| 2.81 | 22.84 | 0.00 2843 | 21.75 | 2.22 | 2396 | 0.00
3 |nlin5| 1795 | 15.68 | 1.75 | 17.43 | 0.00 9.87 20.03| 4.09 | 24.12 | 0.00 15.82 | 21.75 | 298 | 2472 | 0.00
4 |n2|n3| 5.93 17.08 | 0.38 | 17.46 | 0.00 140 12284 | 0.72 | 23.56 | 0.00 3.55 2396 | 0.53 | 2449 | 0.00
I5 |n2|n4| 49.53 | 17.08 | 0.83 | 17.91 | 0.00 | 24.03 |22.84| 1.67 | 24.51 | 0.00 41.59 | 2396 | 1.38 | 2534 | 0.00
6 |n2|n5| 4.08 17.08 | 0.35 | 17.43 | 0.00 444 12284 | 1.28 | 24.12 | 0.00 6.15 23.96 | 0.76 | 24.72 | 0.00
[7 |n3|n6| 14.07 | 17.46 | 38.06 | 55.52 | 0.00 6.44 |23.56| 64.20 | 87.76 | 0.00 11.62 | 2449 | 65.84 | 90.33 | 0.00
18 |n3|n71] 8.54 17.46 | 37.51 | 54.98 | 0.00 3.61 |23.56| 63.51 | 87.07 | 0.00 6.89 24.49 | 64.93 | 89.42 | 0.00
19 |ndlin6] 9.45 18.02 | 37.51 | 55.52 | 0.00 3.69 [24.71 | 63.05 | 87.76 | 0.00 7.29 25.51 | 64.82 | 90.33 | 0.00
110 |n41\n71{ 13.88 | 18.02 | 36.96 | 54.98 | 0.00 5.84 |24.71] 62.36 | 87.07 | 0.00 10.75 | 25.51 | 63.91 | 89.42 | 0.00
111 |n42\n72| 18.11 18.03 | 36.89 | 54.92 | 0.00 10.07 {24.79 | 62.08 | 86.87 | 0.00 16.13 | 25.55 | 63.73 | 89.28 | 0.00
112 |n42\n8| 8.09 18.03 | 37.42 | 5545 | 0.00 443 12479 | 63.21 | 88.00 | 0.00 7.42 25.55 | 64.62 | 90.16 | 0.00
113 | nS|n72| 6.92 17.43 | 3749 | 54.92 | 0.00 4.08 |24.12 | 62.75 | 86.87 | 0.00 6.69 24.72 | 64.56 | 89.28 | 0.00
14 {n5!n8| 1512 | 1743 | 38.02 | 55.45 | 0.00 10.22 | 24.12 | 63.88 | 88.00 | 0.00 1529 | 24.72 | 6544 | 90.16 | 0.00
115 |n6|n9| 5.10 55.52 | 0.35 | 55.88 | 0.00 4.58 |87.76| 1.15 | 88.91 | 0.00 4.55 90.33 | 0.59 | 96.92 | 0.00
116 {n7|n9| 47.44 | 55.08 | 0.80 | 55.88 | 0.00 | 23.61 |87.27| 1.64 | 88.91 | 0.00 4046 | 89.58 | 134 | 90.92 | 0.00

1441
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117 | n8 | n9 | 627 | 5545 | 043 |55.88] 0.00 | 2.01 | 83.00 | 0.91 | 88.91 | 0.00 6.10 | 90.16 | 0.76 | 90.92 | 0.00
[18 | n6 |ni0| 18.41 | 55.52 | 1.59 |S57.11| 0.00 | 5.55 | 87.76 | 2.45 | 90.21 | 0.00 1436 | 90.33 | 247 | 92.80 | 0.00
119 | n8 |nil| 1695 | 5545 | 1.67 [57.12| 0.00 | 12.63 | 88.00 | 4.92 | 92.92 | 0.00 16.60 | 90.16 | 3.10 | 93.26 | 0.00
120 | n9 |ni0| 27.6]1 | 55.88 | 123 |57.11| 0.00 | 460 | 8891 | 1.30 | 90.21 | 0.00 | 20.91 | 90.92 | 1.87 | 92.80 | 0.00
21 | n9 |nil]| 3120 | 55.88 | 1.24 |57.12| 0.00 | 25.61 | 88.91 | 4.01 | 9292 | 0.00 | 30.20 | 90.92 | 2.34 | 93.26 | 0.00
122 |ni2| n0 | 26,95 | 12.32 | 3.67 |1599| 0.00 | 17.78 | 10.60 | 9.68 | 20.28 | 0.00 | 30.92 | 14.00 | 7.95 | 21.94 | 0.00
123 |nI31n0 | 1347 | 12.06 | 394 |1599| 0.00 | 3.89 | 13.62 | 6.66 | 20.28 | 0.00 6.90 17.23 | 471 [ 21.94 | 0.00
124 |nl3| nl | 2651 | 12.06 | 3.62 [15.68| 0.00 | 10.56 | 13.62 | 6.41 | 20.03 | 0.00 15.79 | 17.23 | 4.51 | 21.75 | 0.00
125 |ni4|nl | 2723 | 1198 | 3.70 |15.68| 0.00 | 16.16 | 11.09 | 8.94 | 20.03 | 0.00 | 28.47 | 14.36 | 7.39 | 21.75 | 0.00
126 |nl0|ni5| 25.80 | 57.11 | 6.73 |63.84| 0.00 1.63 | 90.21 | 4.61 | 94.82 | 0.00 | 32.73 | 92.80 | 16.39 | 109.19| 0.00
127 |nl0|ni6| 2022 | 57.11 | 546 |62.57| 0.00 | 8.52 | 90.21 | 10.83 | 101.04 | 0.00 255 [ 92.80 | 2.75 | 95.54 | 0.00
128 |nll|nl6| 42.57 | 57.12 | 545 |62.57| 0.00 | 14.33 | 92.92 | 8.12 |101.04| 0.00 591 93.26 | 2.28 | 95.54 | 0.00
129 |nll|nl7| 5.58 | 57.12 | 1.25 |58.37| 0.00 | 23.91 | 92.92 | 12.46 | 10538 | 0.00 | 40.89 | 93.26 | 10.22 | 103.48 | 0.00
130 | nd |n41| 2333 | 1791 | 0.11 |18.02] 0.00 | 9.53 | 24.51 | 0.20 | 24.71 | 0.00 18.04 | 2534 | 0.17 | 25.51 | 0.00
131 | n4 {n42] 2620 | 1791 | 0.12 |18.03| 0.00 | 14.50 | 24.51 | 0.27 | 24.79 | 0.00 | 23.55 | 25.34 | 0.21 | 25.55 | 0.00
132 |n71|n7 | 22.42 | 5498 | 0.10 |55.08| 0.00 | 9.46 | 87.07 | 0.20 | 87.27 | 0.00 17.64 | 89.42 | 0.16 | 89.58 | 0.00
133 |n72{n7 | 25.03 | 5492 | 0.16 |55.08| 0.00 | 14.16 | 86.87 | 0.40 | 87.27 | 0.00 | 22.82 | 89.28 | 0.30 | 89.58 | 0.00

Svl



Table G.3 Jacobian Matrix of the Locally Approximated Demand Function for the Competitive Game

a) Terminal 1

ED
/aRI e Ri7ei Ris. Rig.s Ruger Rie2 Rigeo Rigc: Riioes Ryyes Riges Rigc3 Rijocs
Jirer -1.3608 | 0.0907 | 0.0915 | 0.0786 0 0 0 0 0 0 0 0
Siser 0.0907 | -0.9762 | 00354 | 00815 | 0 0 0 0 0 0 0 0
fioer | 0.0915 | 0.0354 | -0.9775 | 0.0821 0 0 0 0 0 0 0 0
fioer | 00786 | 0.0815 | 0.0821 | -1.3942 0 0 0 0 0 0 0 0
Ji7e2 0 0 0 0 | 03422 | 0.0228 | 0023 1 0.0198 0 0 0 0
Jise2 0 0 0 0 10.0228 | -0.2451 | 0.0089 | 0.0205 0 0 0 0
Jige2 0 0 0 0 | 0023 | 0008 | -0.2452 | 00206 | 0 0 0 0
Jiroe2 0 0 0 0 0.0198 | 0.0205 | 0.0206 | -0.3502 0 0 0 0
fizes 0.0001 0 0 0 0 0 0 0 -0.6781 | 00474 | 0.0478 | 0.042
Jis.es 0 0 0 0 0 0 0 0 - 0.0474 | 04872 | 0.019 | 0.0425
Jioe3 0 0 0 0 0 0 0 0 0.0478 | 0.019 | -0.4879 | 0.0428
Jiro.es 0 0 0 0 0 0 0 0 0.042 0.0425 | 0.0428 | -0.6955
b) Terminal 2
D
Re.c ,,Rm cl Rirzer Ritser Ritger Ritre2 Ripze: Riizer Riigeo Ritres Riizes Ritses Riges
Jitr.er -2.1778]  0.1637,  0.169: 0.1986) 0 0 0 0 0 0 0 -0.0001
firzer 01637 -1.2024]  0.0471]  0.1773 0 0 0 0 0 0 0 0
fuser | 01692 00471 -1.1994 0.1772 0 0 0 0 0 0 0 0
Siiser 0.1986  0.1773 0.1772] -2.1312] 0 0 0 0 -0.0001 0 0 0
Ji1.c2 0 0 0 0 -0.5468 0.041 ' 0.0499 0 0 0 -0.0001
fiizez 0 0 0 0  0.041 -03013 0.0445 0 0 0 0
Si13.c2 0 0 0 0 0042 0.0118] )5|  0.0444 0 0 0 0
Siraeo 0 0 0 0 0.0499  0.0445) 44/ -0.5346| -0.0001 0 0 o
Jii1.e3 0.0001 0 0 0 0 0 0 0 ' |
123 0 0 0 0 0 0 0 0
13,03 0 0 0 0 0 0 0 0
Ji14.c3 0 0 0 0.0001 0 0 0 0

4!



Table G.4 Jacobian Matrix of the Locally Approximated Demand Function for the Collusive Game
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Table G.5 Verification of the Diagonal Dominance of the Jacobian matrix V ,g(R)

Competitive Game Collusive Game
i Uy i e

Lc I'ELZC'EC Aem‘ l'e;ﬂec Ae[‘c |afl/aRl.c l‘e;c'ec Ai’lvc‘ I'e];c'ec ARM ‘afl/aRl‘c
17,cl 0.2608 0.2609 1.3608 0.6445 0.6436 1.3623
18,cl 0.2076 0.2076 0.9762 0.5219 0.5213 0.9771
9.cl 0.209 0.209 0.9775 0.5260 0.5254 0.9782
110,cl 0.2422 0.2422 1.3942 0.7839 0.7830 1.3960
111,cl 0.5316 0.5316 2.1778 1.1584 1.1573 2.1805
l12,cl 0.3881 0.3881 1.2024 0.6488 0.6479 1.2032
113,cl 0.3935 0.3935 1.1994 0.6540 0.6531 1.2003
114,cl 0.5532 0.5532 2.1312 0.9630 0.9615 2.1330
17,¢2 0.0656 0.0656 0.3422 0.1629 0.1619 0.3425
18,c2 0.0522 0.0522 0.2451 0.1316 0.1309 0.2453
19,c2 0.0525 0.0525 0.2452 0.1325 0.1317 0.2453
110,c2 0.0609 0.0609 0.3502 0.1975 0.1965 0.3505
11l 0.5316 0.5316 2.1778 0.2917 0.2903 0.5472
112,cl 0.3881 0.3881 1.2024 0.1632 0.1623 0.3014
113l 0.3935 0.3935 1.1994 0.1645 0.1636 0.3007
114,cl 0.5532 0.5532 2.1312 0.2428 0.2412 0.5349
17,c3 0.0656 0.0656 0.3422 0.3847 0.3866 0.6729
18,c3 0.0522 0.0522 0.2451 0.3034 0.3047 0.4852
19,c3 0.0525 0.0525 0.2452 0.3042 0.3056 0.4859
110,c3 0.0609 0.0609 0.3502 0.4472 0.4491 0.6920
111,c3 0.1334 0.1333 0.5468 0.6636 0.6661 1.0718
112,¢c3 0.0973 0.0973 0.3013 0.3755 0.3773 0.5958
113,c3 0.0986 0.0986 0.3005 0.3765 0.3783 0.5947
114,¢3 0.1389 0.1388 0.5346 0.5754 0.5785 1.0401

Table G.6 Equilibrium Service Demands, Service Charges, and Travel Times

a) Competitive Game

Terminal Oyer Ry.r el Oyc2 R, Lyc2 Oy R,cs yes
O-D pair | (units/hr) | ($/unit), | (hrs/unit) | (units/hr) | ($/unit), | (hrs/unit) | (units/hr) | ($/unit), | (hrs/unit)
v0 15.35 23.57 4.79 7.55 31.63 2.78 14.14 36.68 4.48
vl 9.68 22.67 4.89 4.54 28.93 2.96 8.85 34.96 4.58
v2 10.79 21.62 5.31 4.67 27.98 3.00 9.45 33.71 4.80
v3 16.22 21.74 5.00 7.54 29.31 2.78 14.26 34.03 4.50
V4 20.62 25.15 3.61 11.78 34.05 2.27 20.02 38.75 3.52
v5 9.00 25.56 3.71 5.10 32.95 2.53 9.03 39.01 3.72
v6 7.71 26.60 3.32 4.72 33.57 2.42 8.16 40.24 3.45
v7 15.98 28.28 2.91 11.13 37.51 2.18 17.54 43.04 3.15
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b) Collusive Game

Terminal
O'D palr Qv,cl Rv,cl tv,cl Qv,c.? Rv,cZ tv.c.? Qv,c3 Rv,c3 tv,cJ
(units/hr) | ($/unit), | (hrs/unit) | (units/hr) | ($/unit), | (hrs/unit) | (units/hr) | ($/unit), | (hrs/unit)

v0 14.07 26.92 4.46 6.44 39.22 2.50 11.62 46.70 3.83
vl 8.54 26.35 4.46 3.61 37.43 2.61 6.89 45.73 3.84
v2 9.45 25.50 4.80 3.69 36.71 2.63 7.29 44.87 3.99
v3 13.88 25.96 4.40 5.84 38.93 2.34 10.75 45.92 3.60
v4 18.11 28.82 3.23 10.07 41.94 2.01 16.13 49.09 2.93
v 8.09 28.84 343 4.43 39.92 2.33 7.42 48.47 3.23
v6 6.92 29.79 3.08 4.08 40.49 2.23 6.69 49.51 3.01
v7 15.12 31.07 2.78 10.22 43.49 2.04 15.29 51.42 2.80

Table G.7 Equilibrium Link Flows and Operating Costs

Competitive Game Collusive Game
€ocr | ACocr | €z | ACaez| €ues |ACucs | €ner | ACucr | €acz | ACuc2 | €ues | ACues
link|(units/hr) |($/unit)|(units/hr)|($/unit) | (units/hr) |($/unit) |(units/hr) |($/unit) | (units/hr) |($/unit) | (units/hr) | ($/unit)
al| 1340 | 4.49 7.15 2.60 13.23 | 5.12 12.14 | 4.01 5.99 2.25 10.75 | 4.09
al | 11.63 | 2.00 4.94 1.28 9.76 1.91 10.47 1.78 4.06 1.09 7.76 1.48
al| 6.23 1.20 2.26 0.64 7.02 1.03 5.14 1.02 1.59 0.55 4.99 0.76
a3| 10.10 | 1.25 3.45 074 | 6.42 1.89 8.86 1.11 2.81 0.65 | 4.81 1.48
a4 | 7.76 1.80 | 3.74 | 096 | 10.36 | 2.36 | 6.74 1.63 2.85 0.87 | 7.93 1.93
as| 7.66 0.96 345 0.40 5.42 1.13 6.80 0.89 2.81 0.35 4.19 0.98

a6 | 2.44 0.50 0.00 0.17 1.00 0.57 2.06 0.47 0.00 0.17 0.62 0.53
a7 | 17.66 0.82 345 0.35 542 0.86 6.80 0.74 2.81 0.32 4.19 0.77
a8| 5.08 1.22 1.61 0.62 4.94 1.39 4.58 1.12 1.33 0.54 3.97 1.19

a9 | 5.12 0.35 2.13 0.32 6.42 0.53 4.23 0.31 1.52 0.26 4.58 0.42

al0| 5.12 0.92 2.13 0.34 6.42 0.97 4.23 0.77 1.52 0.27 4.58 0.73

alll 1010 | 141 5.30 0.61 | 10.03 | 1.39 8.59 1.26 4.35 0.54 7.72 1.11

al2| 1359 [ 2.86 8.41 1.86 | 1536 | 3.14 | 12.75 | 2.67 7.62 1.70 | 13.26 | 2.67
al3| 10.67 | 2.89 6.33 1.39 | 12.03 | 3.67 9.58 2.56 5.53 1.21 9.92 291
al4| 10.09 | 2.38 7.44 1.57 | 1035 | 3.22 9.28 2.22 6.68 1.43 8.71 2.71

alj| 6.03 1.02 3.52 0.73 7.98 0.86 5.30 0.91 3.03 0.65 6.45 0.71

al6] 4.64 0.60 2.81 0.56 4.05 0.43 4.29 0.56 2.50 0.53 3.47 0.39

al7| 10.09 | 3.92 7.44 2.11 | 1035 [ 4.02 9.28 3.55 6.68 1.88 8.71 3.28

al8| 8.81 1.49 4.93 0.68 9.16 1.15 741 1.33 4.01 0.63 6.99 0.95

al9] 1025 | 2.11 5.97 1.17 | 12.17 | 1.86 9.64 2.01 547 1.10 | 10.52 | 1.63

a20| 1473 | 2.51 1025 | 137 | 1440 | 225 | 13.57 | 2.33 9.18 1.25 | 12.18 | 1.92

a2l| 13.03 | 3.74 7.38 212 | 1335 | 444 | 11.76 | 3.31 6.45 1.87 | 11.07 | 3.56

a22| 2078 | 3.70 9.95 1.95 | 16.69 | 425 | 18.19 | 3.21 7.94 1.66 | 13.06 | 3.27

a23| 1951 | 584 | 11.58 | 3.19 | 19.02 | 641 | 17.62 | 5.15 | 10.15 | 2.83 | 1583 | 5.12




Table G.8 Flows of All Commodity Types vs. Capacities
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> e,. (units/hr) _
ceC Ea
Terminal link No: Competitive Game Collusive Game (units/hr)
al 33.7695 28.8813 18
al 26.3315 22.2912 17.25
a2 15.5015 11.7148 20
a3 19.9714 16.4842 20
a4 21.8616 17.522 17.25
as 16.5311 13.8034 31
ab 3.4403 2.6808 25
a7 16.5311 13.8034 30
a8 11.6308 9.8753 15.5
a9 13.671 10.3274 22.5
all 13.671 10.3274 28
all 25.4311 20.6657 32
al2 37.3596 33.6317 24.7
al3 29.0275 25.0244 18
al4 27.8788 24.6763 19
al’ 17.5305 14.7718 20.5
al6 11.497 10.2527 25.5
al7 27.8788 24.6763 14.5
al8 22.9015 18.4133 28.5
al9 28.3922 25.6316 18
a20 39.3759 34.929 25
a2l 33.7632 29.2731 16
a2 47.4172 39.1843 24
a23 50.1063 43.587 19
Table G.9 Marginal Revenues and Minimum Marginal Costs
Competitive game Collusive game
MRyc; | MCyci | MR, 2 | MCy3 | MRy 5 | MC,,c5 | MR, o) | MC | MR, 2 | MC, 05 | MR, (5 | MC, 5
O-D pair|($/unit) | ($/unit) |($/unit) | ($/unit) |($/unit)|($/unit) | ($/unit)|($/unit) |($/unit) |($/unit)|($/unit) {($/unit)
v0 9.68 | 9.68 | 482 | 482 | 10.85|10.86 | 852 | 852 | 401 | 4.03 | 839 | 8.38
vl 9.78 | 9.78 | 486 | 485 | 11.12 | 11.12 | 844 | 844 [ 395 | 396 | 836 | 835
v2 7.64 | 7.64 | 339 | 338 | 8.69 | 870 | 6.62 | 6.62 | 2.82 | 2.83 | 6.68 | 6.66
v3 774 | 774 | 342 | 342 | 896 | 896 | 654 | 654 | 275 | 2.76 | 6.65 | 6.63
v4 13.12 1 13.12 | 6.13 | 6.13 | 14.41 | 1442 | 1140 | 1140 | 528 | 5.29 | 11.23 | 11.23
VS 14.52 | 14.52 | 7.19 | 7.20 | 15.97 | 1598 | 12.90 | 12.90 | 6.30 | 6.31 [12.70 | 12.68
v6 16.51 | 16.51 | 8.82 | 8.82 | 18.45 | 18.46 | 14.71 | 1470 | 7.75 | 7.75 | 14.79 | 14.77
v7 1791 | 17.91 | 989 | 9.90 |20.02 | 20.03 | 16.20 | 16.20 | 8.77 | 8.77 | 16.24 | 16.23




Table G.10 Path Flows and Marginal Path Costs

Competitive Game

Collusive Game

Pf;},cl MCp,cI Pf;),c.? MCp,cZ Pﬂ,cS MCp,cS Pﬂ,c] MCp,cI Pf;),c2 MCp,c.’ Pf;),c.? MCp,c3
veV| pe PH(v) | (units/hr) | ($/unit) | (units/hr) | ($/unit) | (units/hr) | ($/unit) | (units/hr) | ($/unit) | (units/hr) | ($/unit) | (units/hr) | ($/unit)
v0 po 13.398 9.678 7.145 4.821 13.227 | 10.858 | 12.139 8.524 5.993 4.028 10.749 8.382
v0 pl 1.436 9.678 1.199 4.821 0.000 10.858 1.665 8.524 1.216 4.028 0.000 8.382
v0 p2 2436 9.678 0.000 4.880 0.000 10.858 2.061 8.524 0.000 4.088 0.000 8.382
v0 p4 2.642 9.678 1.612 4.821 3.335 10.858 2.514 8.524 1.326 4.028 3.182 8.382
vl p3 0.000 9.783 0.000 4.911 0.000 11.120 0.000 8.444 0.000 4.024 0.000 8.354
vl ps 5.118 9.783 2.130 4.852 6.423 11.120 4.225 8.444 1.523 3.965 4.579 8.354
v2 pé 6.226 7.637 2.255 3.385 5.416 8.703 5.135 6.624 1.595 2.827 4.193 6.656
v2 p7 0.000 7.637 0.000 3.444 1.004 8.703 0.000 6.624 0.000 2.887 0.620 6.656
v2 p9 0.000 7.637 0.000 3.385 0.601 8.703 0.000 6.624 0.000 2.827 0.172 6.656
v3 p8 0.000 7.741 0.000 3.475 0.000 8.965 0.000 6.544 0.000 2.823 0.000 6.628
v3 pl0 0.000 7.741 0.000 3416 0.000 8.965 0.000 6.544 0.000 2.763 0.000 6.628
v3 p22 20.782 7.741 9.946 3.416 16.690 8.965 18.191 6.544 7.936 2.763 13.057 6.628
v4 pll 0.000 13.124 0.000 6.129 0.000 14.416 0.000 11.403 0.000 5.287 0.000 11.226
v4 pl8 4.123 13.124 1.950 6.129 3.579 14.416 3.207 11.403 1419 5.287 2.401 11.226
v4 p23 19.511 13.124 | 11.581 6.129 19.015 | 14416 | 17.616 | 11.403 10.146 5.287 15.825 | 11.226
v pl2 1.342 14.518 0.540 7.201 2.400 15.978 1.094 12.903 0.439 6.313 1.854 12.685
v pl3 4.636 14.518 2.810 7.201 4.050 15.978 4.287 12.903 2.496 6.313 3.469 12.685
v5 pl9 0.000 14.518 0.000 7.201 0.000 15.978 0.000 12.903 0.000 6.313 0.000 12.685
v6 pl4 4.689 16.514 2.978 8.825 5.582 18.464 4.203 14.704 2.591 7.748 4.592 14.774
v6 p20 0.000 16.514 0.000 8.825 0.000 18.464 0.000 14.704 0.000 7.748 0.000 14.774
v7 pls 0.000 17.908 0.000 9.897 0.000 20.026 0.000 16.204 0.000 8.774 0.000 16.234
v7 plé 0.000 17.908 0.000 9.897 0.000 20.026 0.000 16.204 0.000 8.774 0.000 16.234
v7 pl7 10.093 | 17.908 7.437 9.897 10.348 | 20.026 9.281 16.204 6.681 8.774 8.714 16.234
v7 p21 8.903 17.908 5.435 9.897 9.773 20.026 8.548 16.204 5.033 8.774 8.665 16.234

IS1



APPENDIX H PROOF OF PROPOSITION 7.1

Proposition 7.1: A feasible solution (S, f,D)e KS is an equilibrium solution for the

spatial price equilibrium problem, if and only if there exists a nonnegative vector

n=(",1,.")Vne Nce C satisfying Eqs. (H.1)-(H.3).

Syo (75 (S)=1,.)=0  WbeCN,ceC (H.1)
Db,c (—pb,c (Db) + nb,c) = O Vb € C]vr ce C (H.2)

fl,c (nnl,c + GCl=(nl,n2),c - 77r12,c) =0 (H.3)
Vnl,n2e N, I =(nl,n2)eL,ceC '
Proof:

First is to prove that El1 from Section 5.1.2: &, *( GCpe- fty 4, )0,
Vp € P(b1,b2), b1,b2 € CN,ce C.

Define L(p) as the sequence of links within path p. L(p): (1,,{,,,,,;,...01,,). [, 1s
the (i+1),, link in path p.

If s, >0=f,,>0 VieL(p). According to Eq. (H.3), it follows:
GCrimmrre T Mute = Mnze =0 Vie L(p),ceC (H.49)

Summing Eq. (H.4) for all links in path p, the following can be obtained:

(GCIO=(b1,nO),c + My — 77n0,c) + (GC11=(n0,nl),c + o — 77n1,c)
t-- (GClm=(nm-l,b2),c T Momre = 77b2,c) =0 (H.5)
= ZGCI,C + nbl,c - an,c = O

leL(p)
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In the summation over link /eL(p), the dual variables for the intermediate nodes
such as 77,0 ¢, 7,1,c are cancelled out. Only those for the centroids 7,, ,,7,,, remain in
the final equation.

According to definition, the generalized cost for commodity ¢ on path p is the

summation of the generalized cost for commodity ¢ on each link / in path p. That is

GC,, = z GC, . . Substituting it into Eq. (H.5), it can be derived that:

leL(p)

If hp, >0, then GC,, +1,,, ~1,,. =0 Vpe P(bL,b2), bl,b2e CN,ce C. (H.6)

Based on the above proof, GC,, +7,, -1, = Z(GCI,C +n, —n,). Hence,

I=(ni,nj)eL(p)

GC, . ~Mye —Mpe >0 Z(GC,,C +n,-1n,)>0. This together with Eq. (H.3)

I=(ni,nj)eL(p)

indicates that: for at least one / € L(p), GC,, +n,, —n, >0. According to Eq. (H.3) the
flow on this link ( f; ) equals zero. As long as one link on a path has no flow, the whole
path has no flow. Hence, £, = 0.

Therefore, it is proved that:

if GC,, +1y1o ~Tlpse > O,thenfr,, =0. (H.7)

Combining Eqgs. (H.6) and (H.7), it follows that:

. *(GCpct 1y, . — 14, )70, Vp € P(b1,b2), b1,b2e€ CN,ce C. (H.8)
= Hppre = pe%l;il’}ﬂ) GCp,c =Me2e ~Mpie- (H.9)

Substituting Eq. (H.9) into Eq. (H.8), it yields:
hp,c*( GCp - ttp152,6)=0, Vp € P(bl,b2), b1,b2 € CN,c € C.Thus, the proof of E1 is

complete.
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Next, it is to show that E2 from Section 5.1.2: Qp;p2,*(Mor.ct My 4. ~Pb2,0)70
Vbl,b2 € CN,c € C can also be derived from Egs. (H.1)-(H.3).

First is to prove that if Op;42>0 then 7y, o+ ty, 45 . ~Pb2,0.

Ob1b2.c >0=>8p1 >0, Dp; >0, according to Egs. (H.1) and (H.2), =

(Wbl,c-nbl,c ) = 0

( p + 1’ ) _ 0 }3 ﬂbl,c = nbl,c and pb2,c = an,c
“Mb2c b2,c/) T

= Tye —More — Poac T Moo =0 (H.10)
= e ¥ (Moae = More) = Poae =0

As demonstrated in the proof of E1, u,, ,, . =1,,. — 1, .. Hence,

Op1,62.0 = 7y + My yre = Proe =0 VbLE2e CN,ce C (H.11)

Second, prove thatif 7, . + 1, ,, . — Py, >0 VbLbE2 e CN,c € C then Qpsp2,~0.

Conversely, if Qprp2.#0, it must be positive since Qpsp2. 1S assumed to be
nonnegative. Then, 7, + 4 ,,.~ P, =0 as proved above, which constitutes a
contradiction to the assumption 7, + 4, ,, . — Py, > 0. Therefore,

Toe ¥ Hypre = Pore >0=> 0, =0 VbLL2e CN,ceC (H.12)

Combining Eqgs. (H.11) and (H.12), the proof of E2 is accomplished.

Thus, the proof of proposition 7.1 is completed.



APPENDIX I A SUFFICIENT CONDITION FOR
A MATRIX TO BE POSITIVE DEFINITE

air Ay
Matrix M, M =| : '-. : |, is positive definite if the following conditions are

apl Ay
satisfied: a,, > Zj] a;|and a; > Z,-' a;|. Vi
Proof:

For any nontrivial vector XeR", the following could be derived:

X"Mx =Z:aﬁ)c,.2 + Za,jxixj

F i Vi)
>Za x2-0.5 Z|a |*(x! +x%)
= i . i i j
i i,j ]
=Za xZ—OSZZ]a ]*xz—-OSZZM | *x?
i . i i . gl X
i i jVji j Vi)

From the conditions, it follows a;; > Z| a; | and a; > Zl a;; |. Hence,
Jj i

XTMX > Zaiixzz - 052 al-ix,-z - OSZaJJxJZ =0
i i J

The proof is completed.
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