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SUMMARY

This thesis studies two related topics in liner shipping. The first topic is
the contract pricing problem for container carriers. The second part studies the
interaction of the longer term contracts and the spot markets/exchanges for the same
goods/services.

Most containerized freight is transported under the provisions of medium term
contracts between ocean carriers and shippers. One of the biggest challenges for an
ocean carrier is to find optimal ways to structure the prices in those contracts. In
particular, an ocean carrier would like to set the prices such that the best match
between supply and demand can be obtained to maximize its profit. We propose
three optimization models as decision tools that carriers can use to plan the contract
price structures, as well as the anticipated freight flows and empty container flows
for the period covered by the contracts. Based on the models, we propose algorithms
and build decision tools that generate the following output: optimal prices to be
charged for the movement of freight, the anticipated freight flows and empty flows,
containers to be leased, rented and purchased, and the additional voyage capacities
to be procured. The first two models are deterministic and represent the problem
at different levels of detail. In addition, a three-stage stochastic model is proposed
to handle uncertainties in demand rates, costs, bookings and transit times on feeder
arcs.

Recent developments in information technology and communication make spot
transactions more economical and more convenient. Nevertheless, the incidental spot
transactions still count for only a very small portion of freight transported both by the

large carriers who are the leaders in implementing e-commerce and in the industry
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as a whole. The second part of the thesis studies models to provide insight into
the effect of spot market participation rates on various economic quantities. This
may have implications for freight transportation industries, such as the sea cargo
industry, in which longer term contracts are still prevalent. We focus our study on
the following situation. Option contracts are signed before the demand is observed.
As is common in liner shipping, sellers (carriers) also sell goods/services on the spot.
Buyers (shippers) may or may not buy in the spot market as a matter of policy. We
investigate the effects of spot market participation on the contract market and on
the surpluses of all market players. It is found that the contract market shrinks as
more and more buyers participate in the spot market. However, the effects on the
surpluses of different market players are much more complicated and depend on the
following factors: market structure, demand variation along time, demand variation

among buyers and capacity level.



CHAPTER I

INTRODUCTION

1.1 Liner shipping

As a source of cheap transport, shipping is one of the crucial contributors to economic
growth. It has provided access to the global market for almost every industry. U.S.
ports and waterways handle over 2.5 billion tons of cargo annually, responsible for
moving 99% of the country’s overseas trade by volume and 61% by value [3]. The
volume is projected to double in the next 15 years with the steady growth of U.S.
international trade.

The shipping industry contains two subdivisions, liner and bulk shipping. Though
liner companies and bulk companies belong to the same industry, they have very
little in common [49]. A bulk shipping service moves cargo in large consignments
at relatively low unit costs with flexible schedules, typically for large-scale industrial
purposes. Compared to bulk shipping, a liner service promises fixed schedules and
consolidates relatively smaller shipments from many shippers. The focus of the thesis
is on liner shipping. The commitment to fixed schedules causes huge fixed costs for
liner shipping. In contrast to bulk shipping, ships depart from predetermined ports
on a service cycle at specified times regardless whether the ships are fully loaded.
The number of ships needed to operate such a service is determined by the departure
frequency and the time that a ship takes to complete the service cycle. For example,
if it takes a ship approximately 6 weeks to complete the cycle, then 6 ships are needed
to offer the service with weekly departures at each port. Since large container ships
are very expensive, it becomes clear that for even the large carriers it would require a

huge investment to establish a service. Also, as liner services handle many relatively



small parcels, larger administrative overhead is involved.

Seasonality is very common in liner shipping. For many trades, shipping volumes
fluctuate significantly during a year. Another widely known phenomenon in liner
shipping is that the freight moved in one direction can be very different from that in
the opposite direction. As a result, empty containers have to be moved from depots
to depots to maintain balance. Since late 1997, the U.S. liner trades have experi-
enced growing imbalance between the U.S. and Asia, Europe and Latin America. For
example, in the transpacific trades, imports from Asia to the U.S. grew almost 20%
per year, whereas exports increased at merely 5% annually [1]. Both seasonality and
cargo imbalance have important consequences for shipping rates. As reported in [1],
members of the Asia to U.S. Transpacific Stabilization Agreement applied a $900 per
40-foot equivalent unit (FEU) general rate increase for the high demand direction
and a $300 per FEU peak season surcharge in 1999. On the other hand, in the U.S.
to Asia trades carriers have constantly struggled with depressed demand and thus
plunging rates.

Vast initial capital investment, fixed schedules, significant seasonality, and cargo
imbalances make the pricing problem for ocean carriers important and complex. In
liner shipping, the conference system had played an important role in dealing with
pricing since the mid-1870s until very recently. Ocean carriers operating on the same
trades formed conferences to fix prices. Early on, conferences had tight control over
membership, capacity, cargo sharing, and prices. Because of anti-trust regulations,
the conference system had evolved to a relatively loose form but still kept tight
control over prices until the mid-1990s. In the United States, the conference system
was further weakened by the implementation of the United States Ocean Shipping
Reform Act (OSRA) of 1998. The key change of OSRA from the Shipping Act of
1984 was that OSRA allowed ocean carriers to enter into confidential contracts with

shippers, aiming at promoting a more market-driven, efficient liner shipping industry.



Due to the flexibility and confidentiality of individual service contracting, the number
of service contracts and amendments filed with the FMA as well as the volume of
freight moving under those service contracts increased by 200% from May 1999 until
September 2001 [2]. Most ocean carriers move 80% or more of their containerized
freight under service contracts. An important problem for carriers is to structure the
prices in those contracts.

Instead of entering service contracts in advance, freight transportation services
can also be procured on the spot for a particular shipment at a price determined at
the time of the transaction. Recent developments in information technology make
such spot transactions more economical and more convenient. Prior to the passage of
OSRA, e-commerce started appearing in the liner shipping industry. Originally, such
e-commerce services focused on automated services tailored to the shipping industry
and internet auctions. OSRA has created a more competitive, market-oriented envi-
ronment and has arguably been a catalyst to emerging e-commence services. Right
after the passage of OSRA, an explosion of such dot-com companies was observed
in 1999. These companies underwent a rapid consolidation until early 2001. Many
dot-com intermediaries labeled as internet auction sites went out of business. The
surviving companies have shifted their focus drastically from auctions back to more
fundamental cargo-based applications. The core capability of most current internet
portals in liner shipping is the provision of track-and-trace systems. Most of the sur-
viving internet portals have been founded by big carriers, for example, Inttra.com by
Maersk Line, P&O Nedlloyd, Hapag-Lloyd, etc., CargoSmart.com by Orient Over-
seas Container Line, COSCO Container Line, Nippon Yusen Kaisha, etc., and Ship-
mentLink.com by Evergreen Line. These internet portals in the liner shipping in-
dustry are different from the well developed electronic marketplaces such as those
in the energy sector. They provide services for shippers such as shipment booking,

tracking and tracing, quotation of spot prices, and facilitation of spot transactions.



Most shippers still rely mostly on service contracts for a variety of reasons, includ-
ing risk aversion and difficulties in obtaining spot rates from different carriers. As
a consequence, spot transactions still account for only a small portion compared to

transactions covered by contracts.

1.2 Contributions of the thesis

This thesis studies two closely related problems in liner shipping. The first part
focuses on the contract pricing problem. The second part studies the interaction of
the longer term service contracts and emerging spot exchanges.

As OSRA allows ocean carriers to enter confidential contracts with shippers, how
to structure the prices in service contracts has become one of the most important
problems for ocean carriers to achieve better revenue. In particular, an ocean carrier
would like to set the prices such that the best match between supply and demand can
be obtained, while maximizing its profit. The existing literature has not addressed
this problem. Chapter 2 presents three models that can be used as decision tools by
carriers before and during the contract negotiation season to plan the price structure,
as well as the anticipated freight flows and empty container flows for the covered
period. Based on the models, we propose algorithms and build decision tools that
generate the following output: (1) prices to be charged for the movement of freight,
as a function of the alternative paths allowed by the customer, the cargo class of the
freight, and the time of the year, (2) the anticipated quantity of freight of each cargo
class to be moved on each path at different times in the period, (3) the anticipated
flows of freight on feeder legs as well as major legs on the transportation network,
and (4) the anticipated flows of equipment, such as different types of containers and
chassis, between different parts of the transportation network. The first two models
are deterministic models that capture the problem at different levels of detail. Finally,

we propose a three-stage stochastic model that incorporates uncertainties. Efficient



algorithms to solve the large scale stochastic problem are proposed and compared.
The pros and cons of the three models are discussed in terms of solution quality and
computation cost.

Various issues are considered in those models, such as demand imbalance and
seasonality, freight routing, container repositioning, procurement of extra voyage ca-
pacities, container leasing and rental, and container damage. Optimal solutions from
the three models are evaluated by SimSea, a simulation model that simulates ocean
carrier operations. The first model is called the steady state model. This model con-
siders each season in the planning horizon separately, ignoring the initial conditions
and flow changes between two seasons. It provides solutions with reasonable quality,
requiring small computing overhead. The second model is called the time stamped
model. The model integrates different seasons in the whole planning horizon into one
bigger problem. Since the initial conditions and flow changes are captured, we can
obtain significantly more revenue by using this model than the first one, at the cost
of a small increase in computing time. The third model is the stochastic model. It
captures the uncertainties in demand, travel times on feeder arcs, booking cancela-
tions and various costs. The third model can obtain the largest revenue among the
three. Although the model can obtain a little more revenue than the time stamped
model, this model needs significantly more input data and more computation time.
Based on our computational results, we conclude that the second model is likely the
most practical of the three.

The second part of the thesis investigates how the introduction of spot markets
changes the business of the liner shipping industry tightly bonded with longer term
contracts. Though the motivation of the research originates from liner shipping, the
models are quite general and can be applied to other industries with non-storable
goods. Unlike most of the existing literature, the spot price is endogenous, which

complicates the analysis significantly. As is present in practice, the spot market



considered in our study is from sell side. Carriers can sell their remaining capacities
on the spot markets after satisfying service contracts. It is common that a large
portion of shippers still only use service contracts for a variety of reasons. This
motivates us to model the buyers’ participation in the spot market, which differs
our study from other literature. In particular, we study the effects of the buyers’
participation on the contract market, on the surpluses of all market players and on
the total social welfare.

In Chapter 3, we first present a model of a single-seller single-buyer setting. Sec-
ond, a model with a single seller and many buyers is considered. In that setting, every
buyer has the same utility only depending on a random state of the market. Third, we
consider the case where buyers have different utilities in addition to the state of the
market. Numerical results are presented to illustrate the effects of the spot market
participation. Fourth, a market with two sellers and a single buyer is studied. The
last part of Chapter 3 presents a numerical study on a market with many sellers and
many buyers for comparison purpose. In all settings, spot price is endogenous and
the effect of capacity is also studied. It is found that as the spot market participation
rate increases, the contract market shrinks under all market structures. For all the
single-seller settings with large capacity, the seller’s surplus increases in spot market
participation. However, the effects of the spot market participation rate on the buy-
ers’ surplus and on the total social surplus are more complicated. Depending on the
variation of the demand, an increase in the spot market participation rate may or
may not benefit the buyers, thereby may or may not increase the total social surplus.
For the undercapacity case, the surpluses of all players are invariant to spot market
participation if all the buyers have the same utilities. If the buyers have different util-
ities, the results do not hold any more. Numerical results show that both the buyers
and the seller are better off with higher participation rate. We also prove that all the

players have higher surpluses with full participation in the spot market compared to



the contract market only case when the capacity is tight. As the market structure
moves from single seller to many sellers, it is observed that an increase in spot market
participation always improves the total social welfare though it may hurt either the

sellers or the buyers.



CHAPTER 11

CONTRACT PLANNING MODELS FOR OCEAN
CARRIERS

2.1 Introduction

Most of containerized freight transported by ocean carriers is transported under the
provisions of medium term contracts between the ocean carriers and shippers. Many
of the big ocean carriers do between 80% and 95% of their containerized freight trans-
portation under these contracts. Most contracts between ocean carriers and shippers
are negotiated once a year, typically one or two months before the peak season of
the major trades covered by the contracts. For example, the peak season for the
Trans-Pacific trade is approximately June through November, and most contracts
involving Trans-Pacific movements are negotiated during April. The peak season for
the Trans-Atlantic trade is approximately December through February, and most con-
tracts involving Trans-Atlantic movements are negotiated during November. There
seems to be a trend towards shorter term contracts, such as three month contracts,
as well as towards contracts with more flexible stipulations.

A key parameter of a contract is the set of prices specified in the contract. The
price charged for transporting a container depends on (1) the origin-destination pair
and the alternative paths between them allowed by the customer, (2) the classification
of the goods in the container (although this factor is often not taken into account with
Intra-Asia transportation), and (3) the time of the year. The United States Ocean
Shipping Reform Act (OSRA) of 1998 for the first time allows ocean carriers moving
freight into and out of the United States to enter into confidential contracts with

shippers, and to charge different shippers different prices. An important decision for



an ocean carrier is how to structure these prices. Important considerations to be taken
into account when making this decision are (1) the price structures of competitors,
(2) the behavior of customer demand, (3) the available transportation capacities
(capacities on voyages, and in some cases also the capacities of the domestic modes of
transportation, such as truck, rail, and barge transportation), and (4) the availability
and flow balance of equipment such as containers and truck chassis. An ocean carrier
would like to structure the prices in such a way that the best match between supply
and demand is obtained, with the objective to maximize profitability.

We propose three models as decision tools that carriers can use before and during
the contract negotiation season to plan the contract price structure, as well as the
anticipated freight flows and empty container flows for the period covered by the
contracts. The output of the planning tool includes (1) prices to be charged for the
movement of freight, as a function of the alternative paths allowed by the customer,
the cargo class of the freight, and the time of the year, (2) the anticipated quantity
of freight of each cargo class to be moved on each path at different times of the
year, (3) the anticipated flows of freight on feeder legs as well as major legs of the
transportation network, and (4) the anticipated flows of equipment, such as different
types of containers and chassis, between different parts of the transportation network.
The first two models are deterministic models, which capture the problem at different
levels of detail. To deal with the uncertainty, we propose a three-stage stochastic
model.

The rest of the chapter is organized as follows. Section 2.2 contains a brief review
of the related literature. Section 2.3 describes a typical ocean carrier’s transportation
network and its operations. In Section 2.4, we present three different models for
the contract planning problem. Solution algorithms are provided in Section 2.5.

Section 2.6 presents computational results and Section 2.7 summarizes conclusions.



2.2 Literature review

A major part of existing literature related to ocean cargo transportation is focused
on the empty container allocation problem. Florez [24] develops a deterministic net-
work model for this problem. It can be solved by using standard network algorithms.
Crainic and Gendreau et al. [17] develop empty container allocation models in a land
distribution and transportation system. They propose two dynamic deterministic
formulations for the single commodity and multi-commodity cases respectively. To
deal with uncertain demands and supplies, they also provide a two-stage stochastic
model for the single commodity case. In their models, empty containers received at
ports and empty containers sent from ports via ocean transportation are not modeled
as decision variables. Instead, they are modeled as external demands and supplies in
addition to those from customers. Compared with the work of Crainic and Gendreau
et al. [17], Cheung and Chen [14] propose a two-stage stochastic network model that
is focused on ocean transportation system. In their model, the randomness arises
from the demand and supply of empty containers and from the voyage capacities
for empty containers. Stochastic linearization method and stochastic hybrid approx-
imation method are used to solve the problem. They conduct implementations to
compare the effectiveness of the approaches. Moreover, they compare the stochas-
tic model with a deterministic model. Their results show that the stochastic model
performs better but not significant.

Other literature related to revenue management topics in ocean cargo industry
includes the follows. Wan and Levary [54] propose a negotiation procedure for a
shipper contracting with ocean carriers. The procedure uses the results from a linear
programming model with sensitivity analysis. The approach helps shippers to sign a
contract with the lowest obtainable prices. Cao and Ang et al. [13] develop a two-
stage mixed integer model for an ocean container carrier to select cargoes in order

to maximize its profit for a particular trip. In their setting, the freight prices are
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fixed at the decision stage. The carrier can refuse or delay cargoes and select most
profitable cargoes without violating the capacity constraints of the ship. Uncertain
available empty containers at origin ports, ship capacity and costs are considered.
Another branch of literature on freight network closely related to the pricing
problem of ocean cargo industry falls into a game theory framework. Friesz and
Gottfried et al. [25] develop a sequential shipper-carrier model. Shippers first select
commodity origins and carriers, which determines the transportation demands. Given
the fixed demands, each carrier then routes freight over its own portion of the network
to minimize the operation cost. The freight prices are not decision variables in this
model. They are calculated from a function of the cost, the commodity price and
other factors. Fisk [23] proposes a conceptual framework to formulate models for
optimal transportation systems planning. The Nash equilibrium between a single
supplier and its users and the equilibrium in an oligopolistic market are considered.
Hurley and Petersen [28] use a nonlinear tariff to obtain an equilibrium solution for
the freight network problem. They consider a system with multiple shippers and
multiple carriers, each acting as profit maximizing agents. They show that if the
carrier coalition uses vertically efficient nonlinear tariff schedule, then the problem
can be reduced to maximize the joint profit of shippers and carriers. The distribution
of the joint profit among the agents of the system is obtained by solving a linear
problem. Smallwood and Mirchandani [47] propose a non-cooperative game model
for the case where two carriers compete for a single customer. They consider a simple
setting where the two carriers both provide transport of goods from Port O to Port
D. The prices charged on the customer and terminal space to rent at the origin
port (capacity) are both decision variables for the carriers. Interactions between the
carriers and the customer are formulated by a bilevel programming. They show that
a Nash Equilibrium is unable to obtain when both price and capacity are decision

variables for the parameters they test. Brotcorne and Labbé et al. [10] propose a
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bilevel model for a freight tariff-setting problem in a single commodity case. They
formulate the model in a game theory setting where the leader is a carrier of a group
of competing carriers and the follower is a shipper. At the upper level, the leader
maximizes its revenues by setting the optimal tariffs on the subset of arcs under
its control. At the lower level, given the tariff schedule, the shipper minimizes its
transportation cost. A class of heuristic procedures to solve this problem is provided.
Numerical experiments are conducted to compare the efficiencies of these approaches
with respect to exact optimal solutions on small problem instances. Also numerical
results on large instances that could not be solved to optimal by exact method are
presented.

Though the tariff-setting problem addressed in Brotcorne and Labbé et al. [10]
in the previous paragraph are closely related, the contract planning problem we con-
sider here has its unique properties. First, in practice, there are several major factors
in determining freight prices. They include the paths required by customers, cargo
classes, container types, the seasons of the year. Thus, from practical point of view,
instead of setting prices to arcs, a better approach is to model prices according to
those factors, which can be more easily implemented in practice. Second, the con-
tract decisions must be made in a short period before the coming seasons and at a
whole network level (usually a trade). The carrier must consider demand requests of
different paths, cargoes and container types from different customers simultaneously.
Therefore, it is difficult to model the demands as the outcome from each individual
shipper to minimize its transportation costs. Third, the planning horizon is long and
usually includes multiple seasons. Demand responses to prices are very different in
the peak season than those in the off peak season. Thus, the optimal prices cannot
be constant through out the entire planning horizon. At the same time, the freight
flows change from one season to another. Fourth, empty container repositioning is

an important issue in ocean cargo transportation industry. Empty containers need
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to be moved to keep container balance at depots. Therefore, we approach this prob-
lem differently by explicitly assuming the demand functions. That is the demands
are modeled as a function of the prices charged by the carrier. Prices and demands
are classified by the paths required by customer, cargo classes and container types.
The problem is then reduced to a quadratic optimization problem. Different types
of demands covering the entire network thus are integrated in one single model. De-
mand seasonality, empty container repositioning and other practical issues are also

considered in the proposed models.

2.3 QOcean carrier operations

In this section we give a brief description of the aspects of ocean carrier operations

that are important for modeling the contract planning problem.
2.3.1 Ships, voyages, and services

Ocean container carriers usually operate their ships on schedules that are planned
months in advance. Each ship visits a set of ports in cyclical fashion. For example,
suppose that the set of ports visited by a particular ship is denoted by {A, B, C'}, and
that the ship visits the ports in the sequence A, B,C, A, B,C, A,.... Such a cycle is
shown in Figure 1 with solid lines. Figure 1 also shows a cycle in which another ship
visits ports {A4, C'} in the sequence A, C, A, C, A, ... with dotted lines.

A cyclical sequence of ports visited by one or more ships operated by a carrier
is called a service (also called a loop or a rotation or a service rotation). The trip
from a port in a cycle to the next port in the same cycle is called a voyage. Thus a
cycle that visits m ports consists of m voyages. Each voyage belongs to a particular
service. For example, if another service visits ports A,B,F,G, then the voyage AB
in the first service and the voyage AB in the second service are regarded as different
voyages.

It is common for a service to be scheduled with regular departures at each port

13
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Figure 1: Example service network.

included in the cycle, typically weekly departures. Actual departure times may differ
from scheduled departure times, but usually the deviation is not more than a day.
To offer weekly departures at each port included in the cycle, the headway between
successive ships traversing the cycle must be one week. In addition, if it takes a ship
n weeks to complete one cycle, then n ships are needed to offer the service. For many
services that visit ports in Asia and North America, and services that visit ports in
Asia and Europe, it takes a ship approximately 6 weeks to complete one cycle, and
thus 6 ships are needed to offer the service. Taking into account that large container
ships are very expensive, it becomes clear that for even the large carriers it would
require a huge investment to establish a service.

One way to introduce a service is for several carriers to enter into an alliance to
offer the service. Many services that visit ports in Asia and North America, and
services that visit ports in Asia and Europe, are offered by alliances between two
carriers. Each carrier in the alliance provides one or more ships to be used for the
service. The capacity on each ship is then allocated to all the alliance members, often
in proportion to the capacity that the alliance member contributes to the service.
For example, if carrier 1 contributes 2 ships and carrier 2 contributes 4 ships to the
service, and all the ships in the service have the same capacity, then carrier 1 can use
1/3 of each ship’s capacity, and carrier 2 can use 2/3 of each ship’s capacity. That
way, each carrier in the alliance can offer weekly departures at each port in the service

even though it did not have enough ships by itself to do so. Provision is usually made
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for alliance members to obtain some of the capacity on a voyage that was allocated to
another alliance member. For example, if carrier 1 needs space for 3 more containers
on a voyage, and carrier 2 has enough surplus capacity on the voyage, then carrier 2

can sell the space to carrier 1 at an agreed price.
2.3.2 Freight flows, containers, and capacities

Containers filled with freight as well as empty containers are transported between
many origins and destinations. The locations of origins and destinations are called
inland locations. Origins and destinations are usually not at the ports, so that other
transportation modes, such as truck, rail, and barge transportation, are used in addi-
tion to the ocean transportation, to move shipments from their origins to their desti-
nations. Most often these other modes of transportation are used to move freight from
its origin to a nearby port, and from another port to its destination. In these cases
these other modes of transportation are called feeder services. Sometimes these other
modes of transportation are used to move freight from one port to another port, as
in the case of land bridge operations. In addition, when a customer uses a container
provided by the carrier, the container is usually moved from a container depot to the
consignor’s facility where the container is loaded, and later the container is moved
from the consignee’s facility where the container is unloaded to another container
depot. These movements usually take place by truck. To simplify the language, we
will refer to all other modes of transportation as feeder services.

A freight shipment moves from its origin to its destination along a path. Some of
the legs on a path are provided by feeder services, and in the applications that we
consider here at least one leg is provided by a voyage. More than one leg in a path
can be provided by voyages. For example, a shipment can be moved from origin O
to port A, loaded onto a ship at port A, and remain on the ship during voyages AB

and BC, after which it is unloaded at port C' and then moved to destination D.
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Different legs in a path can even be provided by voyages that belong to different
services, in which case the shipment has to be transferred between ships, possibly
with feeder services in between. For example, a shipment can be moved from origin O
to port B, loaded onto a ship at port B, and remain on the ship during voyage BC,
after which it is unloaded at port C, whereafter it is transferred by rail from port C'
to port F', loaded onto a ship at port F', remains on the ship during voyage F'G, after
which it is unloaded at port G and then moved to destination D.

There can be multiple paths from the same origin to the same destination. Differ-
ent paths between the same origin-destination pair may use voyages belonging to the
same or different services. For example, a shipment from Guangzhou to Atlanta can
move by truck from Guangzhou to the Yantian port in Shenzhen, where it is loaded
on a ship that stops thereafter at several other ports before the shipment is offloaded
at the port of Long Beach on the US west coast. Thereafter the shipment is loaded
on a train and is moved to Atlanta. Alternatively, the shipment can move by barge
from Guangzhou to the port in Hong Kong, where it is loaded on a ship that operates
on the same service mentioned in the previous example, that also stops thereafter at
several other ports such as Yantian before the shipment is offloaded at the port of
Long Beach on the US west coast. Thereafter the shipment is loaded on a truck and
is moved to Atlanta. Alternatively, the shipment can move by barge from Guangzhou
to the port in Hong Kong, where it is loaded on a ship that operates on a different
service than the one mentioned in the previous two examples, that stops thereafter
at several other ports before it moves through the Panama canal and the shipment is
offloaded at the port of Savannah on the US east coast. Thereafter the shipment is
loaded on a truck and is moved to Atlanta.

In this work we focus on containerized freight transportation. The containers that
freight is transported in can be provided by one of several parties. Sometimes the

customers provide their own containers. Sometimes the carrier rents containers from
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companies that specialize in container rentals. The carrier can rent containers for a
long time so that the carrier can use a rented container for multiple shipments, or
the carrier can rent a container for a single shipment. Most freight is transported
in containers provided by ocean carriers. There are several different container types,
including general purpose, refrigerated (reefer), high cube, reefer high cube, open top,
flat top, hanger, and tank containers. There are also various container sizes, including
20-foot, 40-foot and 45-foot. The most common combinations of container type and
container size are 20-foot general purpose, 40-foot general purpose, 40-foot high cube,
45-foot high cube, 20-foot reefer, and 40-foot reefer high cube containers.

It is a widely known phenomenon that usually the flow rates of loaded containers
of each container type and size into and out of a location are not balanced. Often
this results from the long run demand rate for loaded container movements in one
direction being different from the long run demand rate in the opposite direction. For
example, these days the demand rate for movements of loaded 40-foot general purpose
containers from Asia to North America is much higher than the demand rate in the
opposite direction. In addition, even if the long run demand rates were the same in
both directions, short run fluctuations could cause significant temporary imbalances in
loaded container flows. To provide a sufficient supply of empty containers at locations
where they are needed, it is usually desired to maintain flow balance of each container
type and size at each location over the longer run, and thus it is often necessary to
move empty containers.

Both the voyage legs as well as the feeder service legs have limited capacities.
There are constraints on the numbers of containers of different types that a container
ship can carry. Container ships have special slots with power supply for refrigerated
containers, as well as slots for 20-foot and 40-foot containers. Some slots can accom-
modate multiple container types; for example, a 40-foot general purpose container

can be placed in a slot for a 40-foot refrigerated container, and in many cases two
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20-foot general purpose containers can be placed in a single slot for a 40-foot gen-
eral purpose container or a 40-foot refrigerated container. There are also constraints
on the weight that a ship can carry, as well as the distribution of the weight, that
affects the loading and unloading of the ship. When we mention the capacity of a
ship or voyage, we refer to any combination of the constraints mentioned above. It is
common practice to summarize the capacity of a ship in a single number, namely the
number of twenty-foot equivalent units (TEU) that the ship can carry — one 40-foot
container counts as 2 TEU. If a carrier operates a service by itself, then the capacity
of each voyage in the service is the same as the capacity of the ship that makes the
voyage. If a carrier operates a service as a member of an alliance, then each carrier
in the alliance can use a specified amount of the capacity of each ship in the service,
which determines the capacity of each voyage in the service from an individual car-
rier’s point of view. In the latter case, an individual carrier can sometimes obtain
additional capacity on one or more voyages from other alliance members, typically at
an agreed price.

The capacities of feeder services are less predictable than the capacities of voyages,
because feeder services are usually provided by several independent carriers that also
carry freight for many other customers. At the same time, when several independent
carriers provide feeder services, insufficient capacity on a particular day usually causes
delays of at most a few days in the desired transportation time of freight. In contrast,
if a voyage does not have sufficient capacity, it can cause a freight shipment to be

delayed by a week or more.
2.3.3 Customers, demand, and contracts

Most customers of ocean carriers send multiple shipments from one or more origins
to one or more destinations during a year. A customer can purchase transportation

services on the spot market at the current price, or a customer can enter into a longer
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term contract with one or more ocean carriers. The prevalent practice depends on
the market; for example, in markets involving freight flows to and/or from North
America and/or Europe, most ocean freight (more than 80%) is transported under
longer term contracts, whereas for intra-Asia freight flows it is more common to
purchase transportation on the spot market. The duration of the contracts vary, with
one year being a typical duration. For most of the contracts in the same market, the
time periods covered by the contracts are the same, and the contract negotiations take
place within a short time period before the time periods covered by the contracts. For
example, in the trans-Pacific market between North America and East Asia, most of
the contracts are negotiated once a year around April, and in the intra-Asia market,
most of the contracts are negotiated quarterly.

The most important parameters specified by a contract are the prices that will be
charged for various transportation services. The specified prices depend on several
factors. The most important factor is the origin-destination pair, or more specifically,
the path or set of paths to be used for the freight movement. In some cases, customers
specify not only the origin and destination of a shipment, but also require a particular
path or a set of acceptable paths. A customer may prefer one path over other paths
for the same origin-destination pair because different paths have different transit
times. A customer may also want the shipment to clear customs at a particular port,
in which case the customer may be indifferent among all paths that clear customs
at the preferred port as long as the transit times of the paths are not significantly
different. In such a case, the customer lets the carrier choose the path among the set
of acceptable paths, and the customer pays the same price specified in the contract
for any of the acceptable paths. The contract prices also depend on the container
type and container size, even for the same path; for example, prices are typically
lower for general purpose containers than for refrigerated containers, and lower for

20-foot containers than for 40-foot containers. If the container used for a shipment
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is provided by the carrier, the carrier may provide financial incentives in an attempt
to balance container flows; for example, the carrier may charge a lower price for 40-
foot refrigerated containers than for 40-foot general purpose containers for particular
origin-destination pairs, in an attempt to get the refrigerated containers back to the
locations where the demand for them is relatively high. In some markets the contract
prices also depend on the freight classes even for the same path and in the same
containers; for example, it is quite common to charge higher prices to transport more
valuable freight. In addition, contract prices also depend on the time of the year
that the shipment is made; such price variations are usually specified in the contract
as peak period surcharges. There are also many other surcharges and fees, such as
a “bunker adjustment factor” that compensates the carrier for fuel prices that are
higher than a specified amount, and terminal handling charges.

Another parameter specified in freight transportation contracts that are some-
times of interest is a “minimum freight guarantee”. This specifies that the customer
promises to ship at least a certain amount of freight with the carrier during the time
period covered by the contract. Such a parameter has several shortcomings. First,
often contracts do not specify the consequences that would result if the customer
failed to ship the promised amount of freight, and even when the contract specifies
penalties, based on anecdotal evidence such penalties are hardly ever enforced. Sec-
ond, besides the amount of freight, the timing of freight shipments are also important
to the carrier. In fact, if too much of the freight is offered in a short time period,
the carrier would be unable to handle it. Some contracts also specify the maximum
amount of freight that the carrier can accept from the customer per week, and some
contracts specify higher prices if the amount of freight offered in a week exceeds a
specified amount.

Many customers who enter into contracts with ocean carriers do so with several

ocean carriers. Thus, when a customer wants to make a reservation for a freight
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shipment, the customer often has a choice between more than one carrier. The cus-
tomer’s choice can be influenced by the prices specified in the contracts with the
different carriers, the carriers’ availability of capacity, and other measures of service
quality. All other factors being the same, a carrier can expect higher demand if the

prices specified in its contracts are lower.

2.4 Contract planning models

An individual carrier’s contract planning problem can be summarized as follows. For
a given market, such as the trans-Pacific market, a given set of services in the market
with its associated scheduled voyages and capacities, and a given time period covered
by the contracts in the market, choose the prices in the contracts to obtain a portfolio
of contracts to maximize the carrier’s expected total profit over the time period.
The problem stated above can be modeled in many different ways. Below, in
Sections 2.4.2-2.4.4 we introduce three models in increasing order of complexity. First

we introduce common notation and assumptions in Section 2.4.1.
2.4.1 Basic assumptions and model description

The models are formulated towards maximizing an individual carrier’s profit under

the following assumptions:
1. The demand arrival rate of a certain type is a function of the charged price.

2. Prices depend on cargo classes, time and alternative paths allowed by the cus-

tomers.

3. The containers can be owned by the carrier, or rented by the carrier, or provided

by the customers.

4. The carrier may join alliance. In this case, extra voyage capacities can be

purchased from other carriers.
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5. Transshipment between different service rotations is not allowed in the stochas-

tic model.

The proposed models can be used dynamically with updated inputs during nego-
tiation seasons. For the deterministic model, the last assumption is not needed. It
will be discussed in the next section.

Let 'H denote the set of ports, let O denote the set of inland locations that act
as origins for both freight flows and empty container flows, and let D denote the
set of inland locations that act as destinations for freight flows and empty container
flows. One may choose O = D; nevertheless, it is convenient to use distinct notation
for origins and destinations. A natural choice for O and D is the set of container
depots used by the carrier; all consignors served from a container depot are associated
with the corresponding point in O, and all consignees close to a container depot are
associated with the corresponding point in D. Let V denote the set of voyages. Recall
that a voyage is a single leg of a service or cycle operated by the ocean carrier (or
alliance) under consideration, and thus a voyage v € V is specified not only by the
start port and end port of the voyage, but also by the service that it belongs to.

Recall that a path [ from an origin to a destination consists of a sequence of feeder
service legs and voyage legs, and that in some cases customers not only specify the
origin and destination of a shipment, but also require a particular path or one path
of a particular set L of paths to be used. Let L denote the set of all paths [ in the
model, and let £ denote the collection of all path sets L required by customers.

Hereafter, we use the term “container class” to refer to a combination of container
type and container size. Let B denote the set of all container classes. We use the
term “cargo class” to make a distinction between different types of freight on any
basis that is relevant for pricing purposes. For example, if the carrier sets different
prices for different freight classes, such as consumer electronics, furniture, and textiles,

then different cargo classes are used to distinguish these different freight classes. If
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the carrier sets different prices for different customer classes, then different cargo
classes are used to distinguish these different customer classes. Different cargo classes
are also used to distinguish different container classes, and thus each cargo class is
transported in a unique container class. Let C denote the set of cargo classes. Set C
is partitioned into two subsets, C = C' U C”, such that C’ denotes the cargo classes
for which the carrier provides the container (the carrier may own the container, or
lease the container for multiple shipments, or rent the container for a single shipment
— these are the same from the customer’s point of view), and C” denotes the cargo
classes for which the customer provides the container. For each cargo class ¢ € C,
let b(c) € B denote the container class used to transport cargo class ¢, and for each
container class b € B, let C(b) C C’ denote the set of cargo classes that is transported
in class b containers.

In our models, there are various types of decisions. First, there are the pricing
decisions, denoted by w. The demands during the time horizon depend on the prices.
In the first two models, the demands depend deterministically on the prices, and
in the third model the demands are random variables that depend on the prices.
Second, there are decisions regarding loaded container flows. If a customer’s demand
for transportation of a shipment can be satisfied by using one of several paths, then
there is a decision regarding which path to use. For the cargo classes C' for which
the carrier provides the containers, a distinction is made between flows of loaded
containers that belong to the carrier or that are leased by the carrier for a long
term (more than one shipment), denoted by z,; and flows of loaded containers that
are rented by the carrier for a single shipment, denoted by z,. The distinction is
needed because the carrier is responsible for the flow balance of some containers (the
containers owned by the carrier or leased by the carrier for a long term), but not
for the flow balance of containers rented for a single shipment. For the cargo classes

C"” for which the customer provides the containers, the flows of the containers are
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denoted by x.. In the stochastic model, a distinction is made between planned flows
and actual flows, the difference being due to cancelations of shipment bookings and
shipments that arrive too late for a voyage that it was planned to take, due to delays
at the consignor or delays with the feeder service. There are also decisions regarding
empty container flows of containers owned by the carrier or leased for a long term,
denoted by x.. If additional containers can be purchased or obtained with a long
term lease, then there are purchase decisions or lease decisions that are denoted by x,,
and x; respectively. (Flows of containers rented for a single shipment, denoted by .,
implies a decision to rent x, containers for the path that is indicated by the notation
introduced for each particular model.) If the carrier under consideration can obtain
additional capacity on voyages from other alliance members, then there are decisions,
denoted by y,, regarding how much additional capacity to obtain.

For each voyage v € V, let u(v) denote the capacity that the carrier under con-
sideration can use on voyage v. If the carrier is a member of an alliance, then the
carrier may also be able to obtain additional capacities on the voyages, because the
alliance members have capacities on the same voyages. For each voyage v € V), let
tq(v) denote the maximum additional amount of capacity that the carrier can obtain
on voyage v, and let 1,(v) denote the cost per unit of additional capacity obtained
on voyage v. At the planning stage the values u,(v) and 9, (v) may be unknown, and

in such a case point estimates of the values are used in the deterministic models.
2.4.2 Steady state deterministic optimization model

In this section, we present the simplest of the three models. For this model, it
is assumed that all input parameters are time-invariant, and that the system has
reached a steady state. Therefore, it is sufficient to express process parameters such as
demand, and decision variables such as flows, as rates per unit time. Initial conditions,

such as locations of containers and flows at the beginning of the planning period, do
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not occur in the model. Similarly, terminal conditions, such as locations of containers
and flows at the end of the planning period, do not occur in the model. These
assumptions simplify the steady state model considerably relative to the models that
follow later. As explained in Section 2.6, for the computational results, if the planning
period contains multiple seasons with different values for input parameters, then the
steady state model is applied separately for each season to determine the prices.

Decision variable 7(c, L) denotes the contract price for cargo class ¢ € C to be
transported on any path [ chosen by the carrier such that [ € L € L, and 7 denotes the
vector of all contract prices. Let ¢(c, L, 7) denote the demand rate of transportation
requests for cargo class ¢ € C per unit time on the path set L if the vector of contract
prices is 7w, measured in the same units as the transportation capacities. To facilitate
the description, we assume that the demand rate is expressed in number of containers
(or TEU) per week. As mentioned above, in the steady state model, 7(c, L) and
q(c, L, ) are not functions of time. In the model, we assume that the demand is a
linear function of the price vector , as follows:
qlc, Lym) = alc, L)+Z Z B(e, L, d, L"n(d, L) forallce C,L € L

JeC el
(2.4.1)
where a(c, L) and ((c, L, ¢, L') are input parameters.

As mentioned before, for the cargo classes C’ for which the carrier provides the con-
tainers, the model distinguishes between freight moved in containers owned or leased
by the carrier under consideration for a long term; and freight moved in containers
rented by the carrier for a single shipment. Decision variable z,(c, [, L) denotes the
amount of flow per week (generated by demand requests with rate ¢(c, L, 7)) in con-
tainers owned or leased for a long term by the carrier, that move on path [ € L loaded
with cargo class ¢ € C’. The unit cost of such a movement is denoted by ¢,(c, 1) and

includes feeder service cost, container storage cost, and loading and unloading cost.
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Similarly, decision variable x,(c, [, L) denotes the amount of flow per week in contain-
ers rented by the carrier for the particular shipment, that move on path [ € L loaded
with cargo class ¢ € C’. The unit cost of such a movement is denoted by ¢,.(c, 1) and
includes feeder service cost, container rental cost, container storage cost, and loading
and unloading cost. For the cargo classes C”, decision variable z.(c, [, L) denotes the
amount of flow per week in containers provided by customers, that move on path
[ € L loaded with cargo class ¢ € C”. The unit cost of such a movement is denoted
by ¢.(c,l) and includes feeder service cost, container storage cost, and loading and
unloading cost. (The reason for including path sets L as arguments of the decision
variables becomes clear when the demand satisfaction constraints are considered.)
The demand satisfaction constraints are formulated as follows. In steady state,
the intensity of demand for transportation for each cargo class ¢ and path set L must

equal the freight flow per unit time for the cargo class and path set:

> lwole, L) +an(e,l,L)] = ale,L)+Y Y Ble,L,d, L)a(c, L)

leL cdeCL'el

forallceC',Le L (2.4.2)

ch(c, ILL) = afe, L)+ Z Z B(e,L, ¢, L)w(d, L")

leL cdeCL'el

forallce C",L e L (2.4.3)

Containers are damaged at a rate proportional to their use, and to replace dam-
aged containers, new containers can be purchased or leased at specified locations. Let
(e, 1) denote the fraction of containers moving on path [ € L loaded with cargo class
¢ € C’ that arrive at the destination of path [ too damaged to be used again. Similar
damage rates can be defined for empty container flows, but are omitted here to reduce
notation. Decision variables z,(b,0) and z;(b, 0) denote the number of containers of

class b € B respectively purchased or long term leased per week with the container

26



supplied at location o € O by the container supplier. Also to reduce notation, we
assume here that long term leased containers are leased for the duration of the time
period covered by the model. The unit cost of a class b container purchased or leased
at location o is denoted by ¢, (b, 0) and ¢;(b, 0) respectively.

Decision variable x.(b,[) denotes the amount of empty container flows per week
of container class b € B on path [ € L. The unit cost of such a movement is denoted
by ¢¢(b,1), and includes feeder service cost, container storage cost, and loading and
unloading cost.

For any path [ € L, let £(I) := {L € L : [ € L} denote the collection of path
sets that contain [.

The container flow balance constraints are formulated as follows. For any origin
o € O, let L,(0") denote the set of all paths starting at origin o’; and for any des-
tination d’ € D, let Ly(d') denote the set of all paths ending at destination d’. At
each location o, for each container class b owned or leased by the carrier, the rate

of container flow into the location is equal to the rate of container flow out of the

location:
> D Z (e, L)+ Y we(b)
ceC(b) leLy(0) LeL(l le Ly(o)
= > Z > (= ple,D)aole,LL) + > xo(b,1) + xy(b, 0) + (b, 0)
ceC(b) leLy(o) LeL(I) leLg4(0)

forallbe B,oe O (2.4.4)

Note that the above container flow balance constraints do not apply to the containers
rented by the carrier or the containers provided by the customers.

Decision variable y,(v) denotes the amount of additional capacity obtained on
voyage v € V from alliance members per week, and v, (v) denotes the unit cost for
such additional voyage capacity.

The voyage capacity constraints are formulated as follows. For any voyage v' € V,
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let L,(v") denote the set of all paths that contain voyage v'. For each voyage v € V,
the total rate of loaded container flows and empty container flows that use the voyage

per unit time must be less than or equal to the voyage capacity:

2, 2. 2 el Dl Dy, >, Y adel D), 3, wlbl)

ceC’ leL,(v) LeL(l) ceC” leLy(v) LeL(l) beB leLy(v)

< u(v) + ya(v) forallv e V (2.4.5)

The individual decision variables also have bounds, such as

n(c,L) < 7w, L) < 7(eL) forallceC,L e L (2.4.6)
0 < zo(c,[,L) < (el L) forallce 'L e L,le L (2.4.7)
0 < z.(¢,,L) < w(el, L) forallce C',L e L,l € L (2.4.8)
0 < wc,l,L) < wuecl, L) forallceC’,Le L£,l e L (2.4.9)
0 < zbl) < u(bl) forallbe B,l €L (2.4.10)
0 < z,(b0) < wyb,o) forallb e B,oe O (2.4.11)
0 < a(byo) < wlb,o) forallbe B,oe O (2.4.12)
0 < w(v) < wuuv) forallv e V (2.4.13)

The total revenue per unit time (per week) is given by

Z Z m(e, L)q(c, L,m)

ceC LeL

= DD [dole Daole, 1 L) + (e, Dan(e, L L) = N > " gele, Daele, 1, L)
ceC’ LeL leL ceC” LeL leL

=D Geb,Dxe(b,1) = Y ta(v)ya(v) = DY [dp(b, 0), (b, 0) + Gu(b, 0)z1(b, 0)]
beB 1T, veY beB ocO

(2.4.14)

In summary, this model is to optimize objective function (2.4.14) subject to con-
straints (2.4.1)—(2.4.13). The decision variables include prices 7(c, L), freight flow

rates z,(c,l, L), x.(c,l, L), x.(c,1,L), empty container flow rates x.(b,[), numbers
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x,(b, 0) and (b, 0) of containers added at each location per week, and purchased ex-
tra voyage capacities per week y,(v). The input parameters of the model include the
coefficients a(c, L) and (¢, L, ¢, L") defining the demand functions, the costs ¢,(c, (),
or(c, 1), ¢clc,l), ¢e(b,1) of movements on the paths, the costs ¢,(b,0) and ¢(b,0)
to obtain additional containers, the costs 1, (v) of extra voyage capacities, container
damage rates p(c, 1), voyage capacities u(v), and the bounds of all the variables.
Except the bounds for the prices and the voyage capacities, all the parameters
are not known at the planning stage. Thus point estimates are used in this model.
As mentioned before, the planning horizon may be partitioned into multiple time
intervals such that the demand rates and costs do not vary too much with respect to
time within each time interval. In this case, the steady state model can be applied to
each time interval. The initial conditions and the transitions from one time interval to
the next are not captured in the model. This simplifies the model, but also sacrifices
model accuracy. To overcome this shortcoming, we propose the time stamped model

next.
2.4.3 Time stamped deterministic optimization model

In this model, for each cargo class ¢ and path set L € L, the planning horizon [0, T
is partitioned into several time intervals, and within each time interval, the demand
rates for that cargo class ¢ and path set L are modeled as constant over time. For
each cargo class ¢ and path set L € L, let 7(c, L) denote the collection of time
intervals. The contract prices are allowed to be a function of the cargo class ¢, the
path set L, and the time interval 7 € 7 (¢, L) in which the shipment originates. This
is consistent with current practice, in which contract prices are varied with time by
specifying a peak period surcharge. The quantities of freight flows are allowed to
vary with time on an even smaller time scale. Specifically, the flows on a path in

one week can be different from the flows on the same path in another week, i.e., the
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flows are functions of time even within the same time interval 7. Thereby, the impact
of initial conditions and the flow changes from one time interval to the next can be
captured more accurately. As mentioned before, the schedules of the service rotations
are model input.

In this model we have to make a distinction between a voyage, that is, a single
leg of a service rotation in which a ship moves from a port (eg. port A) to the next
port (eg. port B) on the service rotation, and a time stamped voyage, in which a ship
moves from a port to the next port at a particular time (eg. from port A to port B
starting at port A on the second day of week 3). For example, if a service rotation
maintains weekly departures, then for each voyage in the service rotation, a new time
stamped copy of the voyage occurs each week. Similarly, we have to make a distinction
between paths and time stamped paths. For example, if all service rotations maintain
weekly departures, then for each path, a new time stamped copy of the path occurs
each week. Here, we ignore the fact that the movements of feeder services, such as by
trucks, are often not scheduled with fixed headways, and often can be more frequent
than once per week, because the frequency of a path is determined by the path leg
with the lowest frequency, which is typically the long-haul ocean transportation by
the carrier under consideration. Time stamped voyages will be called timed-voyages
and time stamped paths will be called timed-paths for short.

The start time and end time of timed-path r are denoted by t,(r) and t4(r) re-
spectively. The start time t,(r) is a cut-off time — it is the latest time at which
a transportation request should be received to enable the freight to be moved on
timed-path r, allowing sufficient time for an empty container to be moved from the
appropriate container depot to the consignor’s facility, time for the consignor to load
the container, time for the feeder service to move the loaded container from the con-
signor’s facility to the first port on timed-path r, and the processing time of the

container at the first port, such that the container will be on time for the scheduled
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start time of the first timed-voyage on timed-path 7. The end time t4(r) is deter-
mined similarly, i.e., by the arrival time of the last timed-voyage on timed-path r, the
processing time of the container at the last port, the travel time of the feeder service
from the last port to the consignee’s facility, the time allowed the consignee to unload
the container, and the travel time of the empty container from the consignee’s facility
to the appropriate container depot. Both timed-paths r with ¢,(r) € [0,T] as well as
timed-paths r with ¢,(r) < 0 and ¢4(r) > 0 are included in the model. The flows on
the timed-paths r with ¢,(r) € [0, 7] are modelled as decision variables, but the flows
on the timed-paths r with #,(r) < 0 and t4(r) > 0 are input as initial conditions.

A set of timed-paths r with t,(r) € [0,7] is denoted by R, and a set of timed-
paths 7 with ¢,(r) < 0 and t4(r) > 0 is denoted by R°. The set of all timed-paths r
with ¢,(r) € [0,7] is denoted by R, and the set of all timed-paths r with t,(r) < 0
and t4(r) > 0 is denoted by R’. For any path [ € L, let R(I) denote the set of all
timed-paths r along path | with ¢,(r) € [0, T]; and for any path set L € L, let R(L)
denote the set of all timed-paths r along a path [ € L with ¢,(r) € [0,7]. The path
associated with the timed-path r is denoted by ().

Decision variable m(c, L, T) denotes the contract price for cargo class ¢ € C to be
transported on a timed-path r chosen by the carrier such that I(r) € L € £ and
to(r) € 7 € T(c,L), and 7 denotes the vector of contract prices. Let ¢(c, L, T, )
denote the demand rate of transportation requests for cargo class ¢ € C and path set
L per unit time during time interval 7 € 7 (¢, L) if the vector of contract prices is ,
measured in the same units as the transportation capacities. As before, we assume
that the demand intensity ¢(c, L, 7,7) is a linear function of the price vector m, as

follows:

q(e, Lym,m) = ale,L,T) Z Z Z (e, Ly, L', 7"m(d, L', 7")

cdeCL'elLr'eT(,L)

forallce C,Le L,7€T (2.4.15)
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where a(c, L, 7) and ((c, L, 7,¢, L', ') are input parameters.

The flow variables are defined as follows. Decision variable x,(c, 7, L) denotes the
amount of flow (generated by demand requests with rate q(c, L, 7, ), with t,(r) € 7)
in containers owned or leased for a long term by the carrier, that move on timed-path
r € R(L) loaded with cargo class ¢ € C'. The unit cost of such a movement is denoted
by ¢,(c,r) and includes feeder service cost, container storage cost, and loading and
unloading cost. Similarly, decision variable z,(c,r, L) denotes the amount of flow in
containers rented by the carrier for the particular shipment, that move on timed-
path r € R(L) loaded with cargo class ¢ € C'. The unit cost of such a movement is
denoted by ¢,(c,r) and includes feeder service cost, container rental cost, container
storage cost, and loading and unloading cost. Decision variable x.(c,r, L) denotes
the amount of flow in containers provided by customers, that move on timed-path
r € R(L) loaded with cargo class ¢ € C". The unit cost of such a movement is denoted
by ¢.(c,r) and includes feeder service cost, container storage cost, and loading and
unloading cost.

Constraints have to be formulated that relate demand intensities to flow quantities,
to ensure that the freight flow demands are satisfied along acceptable paths and within
acceptable times. Clearly, no transportation requests received after time ¢,(r) can be
satisfied with freight flows on timed-path r. However, transportation requests for
path set L received before time t¢,(r) may be satisfied with freight flows on timed-
path r € R(L) or on a later timed-path " € R(L) with ¢,(r) < t,(r"), as long as the
delay between the transportation request and time ¢, () is acceptable. (In this model,
the start times of the timed-paths are used to determine whether a timed-path can
satisfy demand that appears at a particular time within acceptable time — recall that
all the paths in the set L are regarded as acceptable by the customer, and thus have
durations that are acceptable to the customer, and hence an acceptable start time of

a timed-path » € R(L) should imply an acceptable delivery time for timed-path 7.
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One may also use the end times of the timed-paths in a similar way to determine the
set of timed-paths with acceptable delivery times.) In this model, acceptable timed-
paths for satisfying demand are determined as follows. Consider any path set L € £
and the associated set R(L) of timed-paths, and denote the number of associated
timed-paths by |R(L)|. Index the timed-paths rq,...,7gr) € R(L) in increasing
order of their start times, i.e., t,(r1) < to(r2) < -+ < to(rrew))- Let input parameter
w(c, L) denote the maximum time that transportation demand for cargo class ¢ and
path set L can be delayed from the time the transportation request is made to a later
timed-path if it can also be moved on an earlier timed-path (if demand for cargo class
c and path set L originates at time ¢ and there are no timed paths r € R(L) with
to(r) € [t, t+w(c, L)], then the model allows the freight to move on the first timed-path
r € R(L) with t,(r) > t). That is, all the transportation demand for cargo class ¢ and
path set L that originates in time interval [0, min{¢,(r1), max{t,(r2) —w(c, L), 0}}]
has to be moved on timed-path rq, all the transportation demand for cargo class ¢ and
path set L that originates in time interval [0, min{¢,(r2), max{t,(r3) —w(c, L), 0}}]
has to be moved on timed-path r; or timed-path ry, and so on. At the same time,
the maximum amount of freight of cargo class ¢ and path set L that can be moved
on timed-path 7 is the transportation demand originating in time interval [0, ¢,(r1)],
the maximum amount of freight of cargo class ¢ and path set L that can be moved
on timed-paths 7; and 79 is the transportation demand originating in time interval
[0,%,(12)], and so on. The remaining task is to calculate the transportation demand
originating in each time interval.

The transportation demand for cargo class ¢ and path set L that originates in any
time interval [t1, t5] depends on the chosen prices. Thus, it depends on the intersection
of [ty,ts] with the pricing time intervals in 7 (¢, L). For any time interval 7 € 7 (¢, L),
the demand for cargo class ¢ and path set L that occurs in 7 N [t1,t5] is given by

|7 0 [t1,ta]| q(c, L, 7, ), where |17 N [t1,t2]| denotes the length of interval 7 N [ty, to].
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(Usually, [ty to] is small compared with the intervals in 7 (¢, L), and thus 7N [ty o] is
typically nonempty for at most two intervals 7 € 7 (¢, L).) Thus, the transportation
demand for cargo class ¢ and path set L that originates in time interval [¢1, 5] is given
by > ey [T N[t 2]l (e, L, 7, ).

The two types of demand satisfaction constraints for each cargo class ¢ and path
set L can now be written as follows. Recall that the timed-paths in R(L) are indexed
in increasing order of their start times. To satisfy demand within acceptable times,
the cumulative flow on all timed-paths in R(L) up to r, € R(L) must be greater than
or equal to the demand that has arrived until that time point and which cannot be
delayed any more:

Z [zo(c,r, L) + x,(c,r, L)]

{r€R(L) : to(r)<to(ri)}

> Z ‘Tﬂ [O, min {to(rk) max {t Tki1) O}}H

7€7 (¢,L)

X |a(c, L, T) Z Z Z (e, L7, c, L', 7w (', L', 7")
cdeCL'elLr'eT(d,L")
forallce C',L € L,r, € R(L) (2.4.16)
xC(C7 T? L)

{reR(L) : to(r)<to(ry)}

> Z ’Tﬂ [O, min {to(rk) max {t Tki1) O}}”

7€T (c,L)

x |a(e, L, T) Z Z Z (e, Ly, ¢, L', 7"m(d, L', 7")

cdeCL'elLr'eT (L")
forallceC’,L € L,ry € R(L) (2.4.17)
Also, the cumulative flow on all timed-paths in R(L) up to 7, € R(L) must be less
than or equal to the demand that has arrived until that time point:

Z [zo(c,r, L) + ar(c, 7, L)]

{reR(L) : to(r)<to(rx)}

< Z |Tﬂ [0, to(rk)”

7€T (c,L)
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x |ale, L, T) Z Z Z (e, Ly, ¢, L', 7"w(d, L', ")

ceC L'eL €T (L)

forallceC',L € L,r, € R(L) (2.4.18)

ze(e,r, L)
{reR(L) : to(r)<to(rx)}

< D> o to(r)]]

7€T (c,L)

X |a(c, L, T) Z Z Z (e, Ly, c, L', 7w (', L', 7')

cdeCL'elLr'eT (L)

forallce "L e L,r, € R(L) (2.4.19)

Initial conditions, including initial container inventories and initial container flows,
are included in the model. As mentioned before, the flows on the timed-paths that
start before time 0 but end after time 0 are input as part of the initial conditions.
The initial flows of cargo class ¢ on timed-path r with ¢,(r) < 0 and ¢4(r) > 0 moved
in the carrier’s own or long term leased containers, in containers rented by the carrier
for the particular shipment, and in containers provided by the customer, are denoted
by 2%(c, ), 2%(c,r), and 22(c,7), respectively. Let x2(b,r) denote the initial flows of
empty class b containers on timed-path r. The initial number of class b containers at
location o is denoted by s(b, 0).

For any origin o' € O, let R,(0') denote the set of all timed-paths r with origin o/
and t,(r) € [0,T7]; for any destination d’ € D, let Ry(d') denote the set of all timed-
paths r with destination d’ and with ¢,(r) € [0,7]; and for any destination d' € D,
let RY(d') denote the set of all timed-paths r with destination d’ and with ¢,(r) < 0
and t4(r) > 0.

Let pu(c,r) denote the fraction of containers moving on timed-path r € R U R
loaded with cargo class ¢ € C’ that arrive at the destination of timed-path r too
damaged to be used again. Damage rates can also be defined for empty container

flows, but are again omitted to reduce notation. Decision variables z,(b,0,r) and
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x(b,0,7) denote the cumulative number of containers of type b € B respectively
purchased or leased for a long term until time ¢,(r) with the container supplied at
location o € O by the container supplier. In this model we assume that long term
leased containers are leased for the remainder of the time period covered by the model.
The unit cost of a class b container purchased or leased at location o is denoted by
®p(b,0) and ¢;(b, 0) respectively.

Decision variable z.(b,r) denotes the number of class b € B empty containers
moved on timed-path € R. The unit cost of such a movement is denoted by ¢.(b, ),
and includes feeder service cost, container storage cost, and loading and unloading
cost.

For any timed-path r € R, let £(r) := {L € £ : I(r) € L} denote the collection
of path sets that contain I(r).

The container flow balance constraints are formulated as follows. For each con-
tainer class b, each location o, and each time ¢, the cumulative outflow from o of
class b containers up to time ¢ is less than or equal to the cumulative inflow into o
of class b containers up to time ¢. It is sufficient to consider only times ¢ = t,(r) for

timed-paths r € R,(0):

Z Z Z xo(c, 7', L) + (b, ")

{r"€Ro(0) : to(r")<to(r)} | c€C(b) LEL(r")

< Z Z Z (1 - M(C’ T/))ZL‘O(C, T/> L)

ceC(b) [ {r'eRqy(0) : ta(r')<to(r)} LEL(r")

+ >, (1 = ple,r))zg(e, 1)

{r'eRY(0) : ta(r)<to(r)}
+ Z ze(b, 1)
{r'€Rq(0) : ta(r')<to(r)}
+ Z 22(b,7") + s(b, 0) + x, (b, 0,7) + (b, 0,7)
{r'eRY(0) : ta(r')<to(r)}

for all b € B,o € O,r € R,(0) (2.4.20)
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In this model, V denotes the set of timed-voyages. Decision variable y,(v) denotes
the amount of additional capacity obtained on timed-voyage v € V from alliance
members, and v, (v) denotes the unit cost for such additional voyage capacity.

For any timed-voyage v € V, let R,(v) denote the set of all timed-paths r with
t,(r) € [0, 7] and that contain timed-voyage v, and let RY(v') denote the set of all
timed-paths r with ¢,(r) < 0 and t4(r) > 0, and that contain timed-voyage v'.

The capacity constraints on the timed-voyages are formulated as follows:

oD Z [wole,r, L) +an(c,r, L)+ Y [20(c,7) +a(c,r)]

c€C’ | reRy(v) LEL(r reR)(v)
+ Z Z Z z(c,r, L) + Z 2%(c,r)
ceC” | reRy(v) LeL(r) reR)(v)

+ Z Z ze(b,r) + Z 22(b,r) < u(v) + . (v) forallv eV

beB | reRy(v) reRy
(2.4.21)
Recall that decision variables z,(b, 0,r) and z;(b, 0, ) denote the cumulative num-
ber of containers of type b € B respectively purchased or leased for a long term until
time t,(r) with the container supplied at location o € O by the container supplier.
For each location o € O, index the timed-paths r1,...,7g,(0) € Ro(0) in increasing
order of their start times, i.e., t,(r1) < to(r2) < -+ < to(r|r,(0))- Thus, the following

constraints must hold:

Ip(ba 0, Tl) S xp(ba o, TQ) S S 'Ip<ba 0, T|R0(O)|)
forallbe B,oe O (2.4.22)
zy(b,0,r1) < ay(b,o,ry) < < 2y(b,0,7|R, (o))

forallbe B,oe O (2.4.23)
The individual decision variables also have bounds as follows.

n(e, L) < w(eL7) < 7(eL,7)
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forallce C,Le L,7 €T (c,L) (2.4.24)
0 < wzo(c,r, L) < wy(e,r L)

forallce C',r € R,L € L(r)  (2.4.25)
0 < z.(¢,r,L) < wu(e,r L)

forallce C',r € R,L € L(r)  (2.4.26)
0 < ze,r,L) < wuee,r, L)

forallceC’,r€ R,L € L(r) (2.4.27)
0 <  z(byr) < we(br)

forallb € B,r € R (2.4.28)
0 < z,(b,0,r) < wuy(b,o,r)

forall b € B,o€ O,r € R,(0)  (2.4.29)
0 < xz(bor) < w(bor)

forall b e B,o€ O,r € R,(0) (2.4.30)
0 < wa(v) < walv)

forallveV (2.4.31)

The total revenue over the time horizon [0,77] is given by

S5 e Loate, Lor )

ceC LeL 7€T (c,L)

=D elesP)aole,r, L) + dole,m)an(e,r, L] = > 0> Y el r)ze(e,r, L)

c€C’ R LEL(r) c€C” R LeL(r)
_Zz(bebrxebr Zdja ya
beB rcR veEY
=D (856,007 (b, 0,71, (o)) + G1(b, )2 (b, 0, 7Ry (o)))] (2.4.32)
beB 0O

where 7|g, (o) is defined by indexing, for each location o € O, the timed-paths
T1, .- TRy ()] € Ro(0) in increasing order of their start times.

In summary, this model is to optimize objective function (2.4.32) subject to
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constraints (2.4.15)—(2.4.31). The decision variables in this model include prices
w(e, L, T), freight flows z,(c, r, L), x.(c,r, L), z.(c,r, L), empty container flows x. (b, r),
numbers z,(b, 0, 7) and (b, 0,7) of containers added at each location, and purchased
extra voyage capacities y,(v). The input parameters of the model include the co-
efficients «(c, L, 7) and ((c, L, 7,c, L', 7') defining the demand functions, the costs
bo(c, 1), &r(c,1), Pc(c, 1), ¢e(b, 1) of movements on the timed-paths, the costs ¢, (b, 0)

and ¢;(b,0) to obtain additional containers, the costs 1,(v) of extra voyage capac-

0
o

0
r

0
c

ities, initial conditions z%(c,7), z%(c,7), 2%(c,7), 22(b,r), s(b,0), container damage
rates (e, r), voyage capacities u(v), and the bounds of all the variables.

Similar to the steady state model, except for the bounds for the prices and the
voyage capacities, all the parameters are not known at the planning stage, and point
estimates are used in this model. One way to pursue solutions that are robust against
variations in the unknown parameters values, is to formulate and solve a stochastic

optimization model. Such a model is formulated in the next section.

2.4.4 Stochastic optimization model

The following model parameters are usually uncertain in applications:

1. The demand rate ¢(c, L, 7) as a function of cargo class ¢, path set L, and price

.
2. The booking cancellations.
3. The travel times on the domestic arcs.

4. The maximum additional amount of capacity that the carrier can obtain on

each timed-voyage u,(v).
5. The maximum quantity of containers that can be rented u,(c,r, L).

6. The costs of freight flows moved in the carrier’s own containers ¢,(c,r, L), the

costs of freight flows moved in the containers rented by the carrier ¢,.(c, r, L), the
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costs of freight flows moved in the containers provided by customers ¢.(c,r, L),
the costs of empty container flows ¢, (b, r), the cost of purchasing a type b box
at each origin ¢,(b,0), the cost of leasing a type b box at each origin ¢;(b,0),

and the cost of obtaining a unit of extra voyage capacity ¥, (v).

7. The container damage ratios pu(c,r).

0

0(C7 r)’ Q?O<C, T)? :L‘O(C’ r)? xg(b7 T) and S(b7 O)'

8. The initial conditions x , .

The uncertain parameters are modeled as random variables. It is assumed that the
decision maker has a joint probability distribution for these random variables at the
planning stage.

One can formulate a multistage stochastic optimization model (Markov decision
process) that models how decisions are to be made over time using the information
that is available when each decision is to be made. In such a model, the contract
pricing decisions would be made initially, and thereafter operational decisions such as
the routing of freight, the repositioning of empty containers, the rental of containers,
the procurement of containers, and the acquisition of additional capacity on voy-
ages would be made over time as the values of the random variables become known.
Here we formulate a three-stage stochastic optimization model, in which the pricing
decisions are made in the first stage when the values of the random variables are
still unknown. At the second stage, given the demand rates, the freight flows and
empty container flows are booked. At the third stage, the actual flows take place. A
multistage stochastic optimization model with more than three stages may be more
realistic, but a three-stage model is chosen for the following reasons. First, such a
multistage stochastic optimization problem is extremely hard to solve, whereas the
three-stage problem presented in this section is reasonably tractable. Second, the
purpose of the optimization model is to provide decision support to the carrier for ne-

gotiating contracts with potential customers, and not to control operations, and thus
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it seems that a very complex multistage problem that models operational decisions
in great detail is unnecessary.

In this model, we assume that the schedules of the service rotations are fixed and
ignore the uncertainties in the travel time on voyages. Though the real travel times
on domestic arcs are random, the start time and end time of routes t,(r) and t4(r) are
assumed to be deterministic according to the service schedule. The expected values
are used. Let w; denote a realization of the second stage random input parameters
and let wo denote a realization of the third stage random input parameters conditional
on wi.

The first stage decision variables are the prices 7(c, L, 7) for each ¢ € C, L € L,
and 7 € 7T (c,L). At the end of the first stage, the demand is observed. Denote
mathematical expectation with respect to wy as E,,,.

The first stage problem is:
maximizeE,, [Q1(m,w)] (2.4.33)
Subject to the following constraints:

x(c,L,7) < w(eL,7) < (e L,7)

forallce C,L e L,7€T(c,L) (2.4.34)

where 7 (7) denote the lower (upper) bounds of the prices and @1 (m,w;) denotes the
optimal value of the second stage problem for each w; given 7.

At the second stage, the freight flows and empty container flows are booked
along each route. For each second stage realization w;, we again assume that each
demand rate is a linear function of the price. The coefficients a(c, L, 7,w;) and
B(e, L, 7, L', 7', wy) in the linear function are assumed as second stage parameters,
which become known at the beginning of the stage.

q(e, Ly, m,w1) = afe, L, 7m,w;) Z Z Z (e, Ly, L' 7' wi)m(d, L', ")

cdeCLl'elLr'eT(d,L")
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forallce C,L e L,7 €T (2.4.35)

Let second stage decision variable z,(c, r, L, w;) denote the booked flow (generated
by demand request with rate ¢(c, L, 7,7, w1) with to(r) € 7)in the carrier’s own or
long term leased containers that move on timed-path r loaded with cargo class ¢ € C’.
Similarly, decision variable (¢, r, L, w;) denotes the booked flow in containers rented
by the carrier for the particular shipment. Decision variable z.(c, r, L, w;) denotes the
booked flow in containers provided by the customer that move on timed-path r loaded
with cargo class ¢ € C”. Unlike the previous deterministic models, not all demand
requests must be accepted. In some cases the demand is very high, the carrier may
not take all of it. Therefore, we use second stage decision variable x,;(c,r, L,w;) to
indicate the cumulative amount of demand (with rate q¢(c, L, 7, w1), t,(r) € T) rejected
until time ¢,(r). Let ¢,;(c,r,w1) be the associated unit cost. For each path set L,
index the timed-paths ry,...,7 gy € R(L) in increasing order of their start times,
Le., to(r1) < to(rg) < -+ < to(rpery). Thus, the cumulative flow on all timed-paths
in R(L) up to rp € R(L) must be greater than or equal to the demand that has been

accepted until that time point and which cannot be delayed any more:

Z [zo(c,r, Lywr) + z,(c,r, Lwy)] + 20 (c, 7y, L,wn)
{r€ R(L) : to(r)<to(r)}

> Z ‘Tﬂ [0, min {to(rk)7 max {to(m+1) —w(e, L), 0}}”

7€T (c,L)

X |a(c, L, T, wr) Z Z Z (e, Lyr, L', 7" wy)mw(c, L 7")

deCL'elLreT (L)

forallceC',L € L, and r, € R(L) (2.4.36)

Z $C(C7r7 val)_‘_x'rj(cvrk’v[/vwl)

{re R(L) : to(r)<to(rg)}

> % frn o min {t(), max{tulne) - uie L), 0}}]]

TE€T (c,L)
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X {a(e, LT, wy) — ZZ Z Ble, Ly, L' 7' w)w(d, L', ")

deCL'elLr'eT(d,L")
forallce C",L € L, and r, € R(L) (2.4.37)

Also, the cumulative flows on all timed-paths in R(L) up to 7, € R(L) is less or equal

to the demand accepted until the time point ¢,(ry):

Z [zo(c,r, Lywr) + z,(c,r, Lwy)] + 20 (c, ri, L,wn)
{r€ R(L) : to(r)<to(rr)}

S Z |7— N [Oa to(ﬁc)”

7€T (c,L)

X |a(c, L, T,wr) Z Z Z (e, L7, L', 7" wy)m(c, L' 7")

deCL'elLreT (L)

forallce 'L € L, and r, € R(L) (2.4.38)

Z ZL’C(C,T, L7w1>+x7“j<c’?nk’L’wl)
{re R(L) : to(r)<to(ry)}

< Z |7—ﬁ [07 to<rk’)]|

7€T (c,L)

X |a(e, L, T,wr) Z Z Z (e, Ly, L', 7' w)n(d, L', ")

deCL'elLr'eT (L)
forallce C",L € L, and r, € R(L) (2.4.39)

It is assumed that the rejected demand cannot be recovered. We then have the

following constrains:

zi(c,r, Liw) < apj(e,re, Liwr) <o <0 ay(e, rry), Lywh)

forallce C,L € L (2.4.40)

Second stage decision variable x.(b,r,w;) denotes the flows of class b empty
containers on timed-path r. Let second stage decision variables x,(b, 0,7, w;) and

x1(b, 0,7,w1) be the cumulative number of containers of type b respectively purchased
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or leased for a long term until time t,(r) at location o € O. Denote the associated
unit costs as ¢,(b, 0,w;) and ¢;(b, 0,w;) respectively.

The initial conditions and container damage rate are modelled as second stage
random variables that are observed at the beginning of the second stage. Denote the
initial flows of cargo class ¢ on timed-path r with ¢,(r) < 0 and t4(r) > 0 moved in
the carrier’s own or long term leased containers, in containers rented by the carrier,
and in containers provided by the customer as z%(c,7,w1), 2%(c,r,w1) and 2%(c, 7, wy)
respectively. Similarly, the initial flows of empty class b containers on timed-path r is
denoted as 29(b,r,w;). Let the initial number of class b empty containers at location
o be s(b,0,w;). Random variable u(c,r,w;) denotes the fraction of containers that
move on timed-path r € FU}_BO loaded with cargo class ¢ too damaged to be used
again after arriving the destination of r.

For each 0o € O, b € B and each w, the cumulative outflow must be less or equal

to the cumulative inflow.

Z Z Z zo(e, v’ Lywy) + xe (b, r' wy) | <
)

{r'€Rs(0) : to(r")<to(r)} | ceC(b) LeL(r’

Z Z Z (1 — p(e, v’ wi))xo(e, ', Lyw)

ceC(b) [{r'e Ry(0) : tq(r')<to(r)} LEL(r")

+ Z (1 — ple, 7, w1))al(c, v’ wy)

{r'eRY(0) : ta(r")<to(r)}

+ Z ze(b, 1’ wy) + Z 22(b, ", wy)

{r'€Rq(0) : ta(r')<to(r)} {r'€RY(0) : ta(r’)<to(r)}
+ 5(b, 0,w1) 4+ x,(b, 0,7, w1) + (b, 0,7, W1)

forallbe B,o€ O, and r € R,(0) (2.4.41)

Similar to the time stamped model, we assume that the added containers at the

origins can not be returned. Index the routes r € R,(0) such that ¢,(r1) < t,(r2) <
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- < to(7|Ro(0)). Thus, we have the following constrains:

xp(b7 0, Tlvwl) < fL’p(b, 0, 7”2,&)1) < -0 < .Tp(b, o, T|Ro(0)|7w1)
forallbe B,oe O (2.4.42)
l’l(b, 0, 7"1,(.&)1) < xl(ba o, r?awl) < -0 < xl(b> 0, 7a|13(>(f’)"(“L}1)

forallbe B,oe O (2.4.43)

The second stage variables have bounds, which are assumed as second stage ran-

dom variables.

0 S IIZ'O(C,T’,L,Wl) < UO(C, T7L7w1)

forallce C',r € R, L € L(r) (2.4.44)

0 < z.(c,r,Lyw) < wu(c,r Lyw)
forall c€ C',r € R,L € L(r) (2.4.45)
0 < =ze,r,Lywy) < wele,r,Lyw)
forallce C”,r € R, L € L(r) (2.4.46)
0 < x4, Liw) < uple,r,Lw)
forallc€ C,r € R, L € L(r) (2.4.47)
0 < z(byrywr) < ue(byr,wy)
forallbe B,r e R (2.4.48)
0 < xzp(bo,m,w1) < wuy(b,o,rw)
forall b € B,o € O,r € R,(0) (2.4.49)
0 < x(bo,r,w) < w(bo,rw)
for all b € B,o € O,r € R,(0) (2.4.50)
0 < galv,wr) < uy(v,w)
forallveV (2.4.51)
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Part of the booked flows may be canceled before actual flows take place. Let
p(c, L, T,wy) be the cancellation rate, which is realized at beginning of the third
stage, for the freight of cargo class ¢ on path set L at time 7. Let E,,., be the
expectation with respect to ws conditional on w;. Second stage decision variables
Ya(v,w1) denotes the extra capacity procured on the timed-voyage v. The associated
unit cost is denoted as 1(v,w;). Let vector x denote all the second stage decision
variables. Denote the optimal objective value at the third stage for each scenario ws

given z as Q2(x,wy). The objective function of the second stage is:

Gi(z,w1) = Bl [Q2(7, w2)]

N Jrlwle. Lom)ale, Lomom,wi) (1= Bl [p(c, L, 7, ws)))

ceC LeL €T (c,L)

- Z wa(v; wl)ya(va wl) - Z Z ¢rj (C7 T, wl)xrj<ca T\R(L)|» L7 wl)

veY ceC LeLl

- Z Z Gp(b; 0,w1)p(b; 0,7\ R, (o)) W)

beB 0O

- Z Z ¢1(b, 0,w1)x1(b, 0,7|R,(0)] W1) (2.4.52)

beB ocO
where 7|1 is defined by indexing the timed-paths in R(L) in increasing order of their
start times and 7|, () is defined by indexing the timed-paths in R,(0) in increasing

order of their start times. Thus, the optimal value of the second stage is
Q1(m,w1) = maximize Gi(x,w) (2.4.53)

subject to constraints (2.4.35)—(2.4.51).

At the third stage, actual freight flows and empty container flows take place. At
this stage, some of scheduled flows are allowed to be canceled. The travel times on
the domestic arcs from origins to ports also involves uncertainties. In this model,
we assume that no transshipment is involved, i.e., the containers are moved on only
one service rotation along each path. On the domestic arc between the origin and

the first port, not all the booked flows can arrive the port on time. Let third stage
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random variable A(c¢,r,ws) denote the fraction of the freight flow with cargo class
¢ € C scheduled on timed-path r that departs from o can arrive before the departure
time of the ship conditional on the capacity on the domestic leg being sufficient.
Let y,(c, r, L,ws) be the actual flow (associated with scheduled flow x,(c,r, L,w;)) of
cargo class ¢ € C' on timed-path r moved in containers owned by the carrier. The
unit cost of such a movement is denoted as ¢,(c,r,ws). Similarly, let y,(¢c,r, L, ws)
be the actual flow of ¢ € C' on timed-path » moved in the containers rented by the
carrier. The unit cost of such a movement is denoted as ¢, (¢, r,ws). Decision variable
ye(c,r, L,ws) denotes the amount of actual flow of cargo class ¢ € C” in containers
provided by the customer. The unit cost of such a movement is denoted as ¢.(c, 7, ws).
The remaining fraction of freight flow that is late for the ship is stored at the port
and rolled to the next ship.

The amount of flow, which is late for the ship and needs to be loaded on the next
timed-path after r, of freight type ¢ € C’' in the carrier’s own or long term leased
containers and of demand path set L is denoted as z,(c,r, L,ws). The unit cost of
such delay is denoted as 1, (¢, 7, ws). Similarly, let z,.(c,r, L, ws) denote the amount of
delayed freight flow of cargo class ¢ € C’ in containers rented by the carrier. The unit
cost of such delay is denoted as 1,.(c,r,ws). Decision variable z.(¢,r, L,wy) denotes
the amount of flow with cargo class ¢ € C” in the customer’s own containers delayed
at the port. The associated unit cost is denoted as 1.(c, r,ws). Let y.(b, 7, ws) denote
the actual empty flow of type b containers on timed-path r. The associated unit cost
is denoted as ¢.(b,r,wy). The delayed empty container flow of type b containers,
which needs to be moved on the timed-path next to r, is denoted as z.(b,r,ws). The
associated unit cost is denoted as and (b, 7, ws).

The flow balance between the booked flows and actual flows in containers owned

or long term leased by the carrier is formulated as the following.
yo<cv Tk, L7 WQ) + ’ZO<C7 Tk, L7 w2)
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= ZO(C7 Tk—1, L7 w?) + )\(Ca Tk, WQ)xO(Ca Tk, La wl)(]- - p(ca L7 to(rk)7 w2>)
+(1 = A(e, -1, w2))2o(c, Tt Lywi ) (1 — ple, Ly to(rg—1), wa))

forallce C',L e L,l € L,r; € R(l) (2.4.54)

where ry is defined by indexing all the timed-paths in R() in increasing order of
their start times. The RHS of equation (2.4.54) represents the inflow at the first port
on the path [, including the flow booked on the timed-path r; arriving on time, the
delayed flow from the last timed-path r,_;, and the cumulative delayed freight stored
at the port. The LHS of equation (2.4.54) is outflow at the first port and is equal to
the summation of the actual flow on timed-path r, and the delayed flow stored at the
port after the ship tied to the timed-path 7 sails. Similarly, this must also hold on

other types of flows:

y"’(c7 Tk‘) LJ (UQ) + ZT‘(Ca rk‘u L7 WQ)
= 2.(c,mh_1, Lyws) + Ac, rr, wa) (¢, 1, Lywr ) (1 — ple, Ly to(r), wo)
+(1 — M, rh—1,w2)) (¢, ri—1, L, w1 )(1 — p(e, L, to(1-1), wa))

forallceC',Le L,l € L,ry € R(1) (2.4.55)

yC(C> Tk, L7 w2) + ZC<Cv Tk, L, WQ)
= zle,rp_1, Lyws) + Ae, m, wo) (e, mr, Lywr) (1 — ple, Ly to(rg), ws))
+(1 - )‘(Ca Tk—1, WZ)):EC(C’ Tk—1, L7 wl)(l - P(C; L; to(Tk—l)a WQ))

forallce C",L e L,l € L,r, € R(l) (2.4.56)
yE(b7 Tk, CUQ) + Ze(b7 Tk, CUQ)

= 2(b,rk—1,w2) + A(b, 7, w2) e (b, 7, wr) + (1 — A(b, 71, w2))Te (b, -1, wo)

forall b€ B,l € L,r, € R(l) (2.4.57)
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The following constraints ensure that the capacities of all timed-voyages can not
exceeded. Recall that the procured voyage capacities are second stage decision vari-

ables and can not be changed after the end of second stage.

Z Z Z [Yo(c, T, Lyws) + yp(c, 7, Lyws)] + Z Oe,r,wr) + 20(c, 7, w1)]

ceC’ | reRy(v) LEL(r) reRY(v)
31D D weler Lw)+ > alle,rw)
ceC” | reRy(v) LEL(r) reR)(v)

—1—2 Z Ye(b, 7y wo) + Z 22(b,r,w) | < u(v,wr) + ya(v, wr)

beB | reRy(v) reR)(v)

forallv e V (2.4.58)
The third stage variables are bounded for each ws.

0 < yole,r, Liws) < wolc,r, L,ws)

forallc € C',r € R, L € L (2.4.59)

0 < wylerLiwy) < urle,r, L,ws)

forall c€ C',r € R, L € L (2.4.60)
0 < wyele,r,Lyws) < wele,r, Lyws)

forall c€ C",r € R, L € L£(2.4.61)

0 < ge(bir,wz) < ue(b,r,wo)

forallb € B,r € R (2.4.62)
0 < z(c,r Liwy) < we(e,r, Lws)

forallce C',r € R, L € L (2.4.63)
0 < z.l(er Ly,ws) < w.e,r L,ws)

forallce C',r € R, L € L (2.4.64)
0 < zdeyr,Leyws) < ue(e,r, Lyws)

forallc € C”,r € R, L € £(2.4.65)
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0 < ze(byryws) < wue(b,rwoy)

forallbe B,r € R (2.4.66)

Let y be the vector containing all the third stage decision variables. The objective
function of the third stage is:

Go(y,ws) = — Z Z Z (Do, 7, wa)yo(c, 7, Lyws) + ¢r(c, 7, wa)yr(c, 7, L, wo)]

ceC’ rcR LEL

- Z Z Z ¢C(C7 T, wQ)yC(Ca Ty L7 w2)

ceC” 1R LEL

- Z Z Z WO(C, Ty w2>zo(ca Ty Lv w2) + 7/%(07 Ty WQ)ZT(Q Ty La WQ)]

ceC’ cR LEL

33T welesrwa)zele,, Lyws)

ceC” vcR LEL

- Z Z[@(b, 7, W )Ye (b, 7, wa) + Ve (b, 7, wa) 26 (b, 7, wo)] (2.4.67)

beB rcR

Thus, the optimal value of the second stage is
Q2(7,ws) = maximize Ga(y,ws) (2.4.68)
subject to (2.4.54)—(2.4.66).

2.5 Solution algorithms
2.5.1 Algorithms for the deterministic models

The two deterministic models are quadratic problems with linear constraints. Any

algorithm in standard software such as CPLEX can effectively solve the problems.
2.5.2 Algorithms for the stochastic model

In this section, we propose several approaches to solve the stochastic problem. First,

we simplify the notation for the demand. Recall the demand rate is

qle, Lym,m,w1) = ale, L, T,wr) —|—ZZ Z B(e, Ly, L', 7' w)w(d, L', )

cdeCL'elLr'eT (L)

forallce C,L € L,7 € T(c, L)
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over the region given by
m(c,L,7) < w(c,L,7) < 7(c, L,7)

Let 7 denote the column vector with entries 7(c, L, 7), let a denote the column vector
with entry |7|E,, [a(c, L,7,w1)(1 = By [p(c, L, 7,ws)])] in the column correspond-

ing to m, and let B denote the symmetric matrix with entry

|T|Ew1 [ﬁ(cv L7 T, Clv Ll) Tl: w1)<1 - Ewg\wl [P(Ca La T, w?)])

+ﬂ(cla L,a Tla c, L7 T, wl)(l - Ew2\w1 [p(C,, Lla 7J7 (.4)2)])} /2

in the column corresponding to (¢, L, 7) and the row corresponding to (¢, L', 7’). Note

that the expected total revenue is given by

E., ZZ Z 7| w(c, L, 7)q(c, L, 7, m,w1) (1 = Egypu [p(c; Ly 7,w2)])

ceC LeL €T (c,L)

= ZZ Z |T‘ C L T) [ (C,L,T,W1>(1_Ew2|w1[p<C7L7va2)])]

ceC LeL €T (c,L)

+ZZ Z |7| w(c, L, T)

ceC LeL 7€T (c,L)

Y w17

cdeCL'elLr'eT (L")
XEUJI [ﬁ(ca La T, C ; L/a 7_/7 wl)(l - Ew2|w1 [p(c, L> T, WQ)])} }

= a'n+7'Br (2.5.1)

We assume that B is negative semidefinite.

We propose to use the sample average approximation (SAA) method [33] to solve
the stochastic problem. The sample average problem is a three-stage stochastic pro-
gram with a much smaller number of scenarios than the original problem. We solve it
as a two-stage problem by combining the second stage and the third stage together.
The outline of the SAA method is as follows.

We use Bender’s decomposition to solve the sample average problem described in
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Algorithm 1: SAA Algorithm

1. Choose initial second stage sample size N7, N7, initial third stage sample
size Ny and NJ and the number of replications M;

form=1,...,.M do
2.1 Generate N; x N, samples and formulate the stochastic problem with
those samples. Solve the problem and obtain the optimal value fm and the
optimal solution 7
2.2 Generate another N1’ x N2’ random samples. Evaluate the expected
value with those samples as the lower bound of the objective function value
fl'rl?a
2.3 ng,culate the upper bound of the objective function value

f7n
fub — L7

2.4 Estimate the optimality gap f A= f ub — fﬁ,n and the variance of the gap
estimator;
end

3. If the optimal gap or the variance of the gap estimator are large, increase
the sample sizes N;, N/,i = 1,2 or the number of replications M and go to
STEP 1.

4. Choose one #* out of the M candidate solutions by a screening and selection
procedure and stop.

STEP 2.1 denoted as (PSAA).

(PSAA) max f(r) = 7 Brta' w4+ — Z Q1(m, W)

™

s.t. T < w < 7

where Q1 (7, w1) is the optimal value of the second stage problem of the sample average

problem:
Ny

1
Qi(z,w1) = max EZGQ@M@

=Y Calv,w0n)ya(v, ) = D Y bujle, w0z (¢ ), L wn)

veEV ceC Lel

=D > ol 0,w)ap(b, 0, 7m0 1)

beB ocO

B Zz¢l(b7 0, w1)$l(b: 0, T|R0(o)|>w1) (252)

beB ocO
subject to the all the second stage constraints (2.4.35)—(2.4.51) and Ny sets of third

stage constraints (2.4.54)—(2.4.66).
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Above problem is usually referred as the L-shaped problem. For each wy, Q1 (7, w1)
is a non-smooth concave function of 7. Such problem can be solved by cutting plane
algorithms. A generic cutting plane method is summarized here. The upper bound
and lower bound of the objective value of problem (PSAA) are denoted as f,;, and
fw- Let SGr. = {go,91...} be the set of subgradients at iteration k. Denote the best
solution till iteration k as wf. Let the objective value at = be f(m). Denote the

optimal solution as 7* and the optimal value as f*.

Algorithm 2: Cutting Plane Algorithm
Initialization: Let Iy = {my} and f,;, = co. Compute the subgradient g at
7o and let SGo = {go}. Compute fi, = f(mo). Choose tolerance ¢ of the
optimal gap ;

while fub — flb > ¢ do
Compute the subgradient gi at mg, SGy «— SGr_1 {9 };
Compute f(m).
if f(ﬂ'k) > flb then
fiw — f(Wk), W;ﬁ Tk
end
Solve the relaxed problem (RP). Let f,;, be the optimal objective value;
Solve a candidate problem (C'P). Let 41 be the optimal solution of that
problem, M.y — T {me1}:
k—k+1
end

Let 7 «— 7, f* < f(m}). Stop.

To construct the candidate problem (C'P) and the relaxed problem (RP), there are
several approaches that we ill discuss in detail next.

Trust Region Method: The trust region method can be found in [43]. Let h(r) =
% ij;l Q1(m,w}). To efficiently solve this problem, we keep the quadratic term
and only approximate h(m) by cutting planes. In this case, the subgradients in SG,

are corresponding to h(m) instead of f(m). The relaxed problem (RP) is defined as

follows.
(RQP) max ™' Br+a'm+0
st. 0 < h(m)+gl(mr—m) Vg; € SG, m; € 11,
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T < 7™ < T

In this approach, the candidate problem is the relaxed problem with trust region
constraints to stabilize the iterates, denoted as (T'R). Choose some positive value x

as the trust region size.

(TR) max 7' Br +a'm+0
s.t. 0 S h(’]TZ) + g;T(ﬂ' — 7Ti) ng € SGk,Wi & Hk

T < 7™ <7

7= mille < &

In this method, the trust region size k can be adjusted according to the quality of
the solution of problem (T'R). The details can be found in [43] and are not included
here.

Standard Bundle Level Method: We use a standard bundle level method in [30]
and [38] to approximate the concave function f(7) with cutting planes. Denote this
approach as BundleLp because the projection problems solved in this method are
linear. In this case, the subgradients in SGy, are corresponding to function f(7). The

relaxed problem (RLP) is defined as follows.

(RLP) max 0
s.t. 0 § f(m) —|—gZT<’/T - 71'1') ng < SGk,TFi € Hk

T < ®™ <7

In this approach, the candidate problem is a projection problem defined as follows.
Let 75 be the projection center .. Choose some v € (0,1) and let fy = v fi+(1—v) fup

be the projection level. The projection problem is a liner program.

(PRJLP) min (7 — 7)) (7 — m,)

™

s.t. f(ms) +91T(7T —m) > fe Vg € SGy, m; € 11,
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T < 71 < T

Note the the projection level f, can also be tuned dynamically.

Nonstandard Bundle Level Method: A (nonstandard) bundle level method that
only approximates h(m) by cutting planes as in the trust region approach. The sub-
gradients in SGj, are corresponding to h(m) instead of f(m). The relaxed problem is

(RQP). The projection problem becomes

(PRJQCP) min (1 —7.) (7 — )
st. a'Br4a'm+h(m)+gl(n—m) > fi Vg € SGy,m; €11,

T < 7 < T

The complicating aspect is that the constraint 77 Br+a’ 7 +h(m;)+ gl (1 —m) > fo
is nonlinear, specifically, it is quadratic. There are various approaches for solving
such a problem:

BundleQcp Approach: Solve the problem by using a barrier method, for exam-
ple the quadratic constrained problem (QCP) solver in CPLEX 9.0. We use Bundle-
Qcp to denote this bundle level approach.

BundleDual Approach: Use a Lagrangian dual approach as follows. We refer

T

this bundle level approach as BundleDual. For simplicity, let h(m;) — g; m; = a; and

assume |SG| = m. The projection problem (PRJQCP) can be rewritten as follows.

Ir;in (m —7we) (7 — )

st. w'Br+adrmdat+gn > f foralli=1,...,m

n < m <7

As the target level f; is chosen in a way such that f, < f., the optimal solution

of problem (RQP), denoted as (7, ), is feasible in problem (PRJQCP) and satisfies
B +a'7ta; +gl7 > f foralli=1,...,m
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Therefore, Slater condition is satisfied and strong duality holds [27]. Solving the

Lagrangian dual problem can obtain the optimal solution of problem (PRJQCP).
Let

L*(\) = min (7 —7)"(r —7.)+ Z Ai[ge— (7"Br+a" 7+ a; + g/ )]
i=1

st. ©® < 7w < 7

Consider the Lagrangian dual problem

A

mfux{L*()\) :A>0} = max{L*(\) : A >0, ;)\i = u}

: T
= — T —Te) + E Ai
Iriixn%rm{ (m —m.)" (m — 7) 2 [fe

—(7TTB7T+(ZT7T+ai+giT7T)] r < 7 < T}

s.t. in:)\i = U
i=1

A >0
= maxminmax (7 —m.)" (7 —m,)
o T A
m

+Z)‘i [fe— (7"Br+a"m+a;+ g )]

=1

Consider the inner optimization problem for any given p > 0 and given 7:

NE

max A [fg — (7TTB7T +a'm+a; + g?w)}

=1

s.t.

>
I
=

>
[V
(@)
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Note that the optimal objective value of the inner optimization problem is

plfe— (7"Br+a"n) —min{(a; + g/ 7) : i=1,...,m}]

As a result, for given p > 0, the middle optimization problem is the following

quadratic program:

M(p) = min (r—7) (r—m)+plfe— (7" Br+a"m+0)]
= 7' (I —uB)m — (27 + pa)'7m — pb + 7l 7. + pf
st. 0 < a+girm foralli=1,...,m

T < 7w <7

In summary, the dual problem of the projection problem (DP) is

(DP) max  M(p)
n
st. p > 0

The optimal value of i can be found with a line search method, such as bisection
search, if p is bounded from above.

Now, we propose the method to get the upper bound of the optimal value of pu.
For a given p > 0, let 7*(p), 0* (1) denote an optimal solution of the problem M ().
Denote the optimal solution of the projection problem (DP) as (u*, 7*(u*), 0*(1*)).
Let h(p,,0) = (m—m)T(m —me) +p [fo — 77 Br — a7 — 6]. Let = 0 and compute
the optimal objective value of the middle optimization problem M (0). Note that = <
7. <, thus, M(0) = 0 and 7*(0) = .. For p* and a feasible solution to the middle
optimization problem, (m,0) € {(7,0) : 0 < a;+glmforalli=1,..., m;7 <7 <7},
we need h(u*,7,0) > M(0). Otherwise g(u*) < h(p*,m,0) < M(0) and p* can not

be optimal.
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Note the optimal solution of the relaxed problem (RQP), (7,0), is also a feasible

solution to the middle optimization problem M (7). Thus,

(=) (F =) + 4" | fo— (FTBR+d"7+0)] = 0

< (7 — 7TC)T(% — Te)

= < .
#TBx +aT7 4+ 0 — f,

The last step is by f; — (77 B« 4+ a"7 + 0) < 0.

The two bundle level methods, BundleLp and BundleQcp, that we implemented
are in an improved version presented in [30]. In this approach, the relaxed problem
is solved to update f,, only when the projection problem becomes infeasible. By
doing so, the computing time can be reduced. For details, please refer to [30]. For
the last bundle level method, BundleDual, we still use the original version since we
need the projection problem to be feasible thus the strong duality holds. In fact, the
most computional cost lies in solving the second stage subproblems (combined with
the third stage problems) to construct the subgradients at each iterate. Skipping the

relaxed problem in some iterates does not make a big difference in our case.

2.6 Computational results

In this section, we present computational results of the three models on several in-
stances. Running time and solution quality of the three models are reported and
compared. In addition, we evaluate the performance of the algorithms in solving the

stochastic problems.
2.6.1 Input data

All the instances used here have the same service rotations, sailing schedules, and
paths, which are constructed based on two service rotations of Orient Overseas Con-
tainer Line (OOCL), one of the world’s largest integrated international container
transportation companies. The demand parameters and costs are not real data. In

these instances, the two service rotations are South China Express (SCX) and Super
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Figure 2: The South China Express (SCX) service rotation.

Shuttle Express (SSX), which transport freight between west coast of North America
and Southeast Asia.

Total 17 different voyages and 28 Origin-Destination pairs are involved. Four of
the pairs have multiple alternative paths connecting the origin to the destination.
There are 10 ports, 15 inland locations, 32 paths in the network. The following
computations incorporate one type of container, one type of cargo class and 40 types
of demand requests. Half of the paths are from North America to Asia and the
others are of the opposite direction. The parameters in the demand functions, costs,
time horizon and other inputs are different for each instance. The time horizon of
instance Al, B1 and C1 is of three months with demand rates vary from month to
month. Instance A2, B2 and C2 are of 6 months. The peak season includes the first
three months and the off-peak season includes the last three months. Demand rates
vary from season to season. Instance A3—-A5, B3—B5 and C3-C5 have one year time

horizon. Instance A3, B3 and C3 have two seasons with the first half year as season
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Figure 3: The Super Shuttle Express (SSX) service rotation.

one and the other half as season two. Similarly, demand rates are different in the first
season from those in the second season. Instance A4, B4, and C4 have four seasons
with different demand rates in each quarter. Instance A5, B5 and C5 have different
demand arrival rates each month. The time window of each demand type is randomly
chosen from one to six weeks. The solutions of instance B1-B5 and C1-C5 are tested
in a simulation software SimSea, which is a computer simulation model of ocean
container carrier operations. Those instances do not have extra voyage capacities
and damaged containers that are not incorporated in the current simulation model.
Instance A1-Ab contain all the features captured by the models. Thus, we could
not test those instances by SimSea. The prices are allowed from 500 to 3500 dollars
per TEU and the costs are chosen from 400 to 1200 dollars per TEU. The demand
parameters (« and ) are randomly generated in a way such that for a given price
set, the demand arrival rates from Asia to North America are bigger than those of the

opposite direction, which is consistent with the current situation in the industry. Also
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Table 1: Solution time in seconds for the models

Instance | SS | TS | STO || Instance | SS | TS | STO || Instance | SS | TS | STO
Al 0 2 144 B1 0 2 63 C1 0 1 173
A2 0 | 22 | 2103 B2 0 9 | 689 C2 0 1269
A3 1 | 84 | 8838 B3 0 | 50 | 7131 C3 1 | 40 | 4609
A4 0 | 81 | 9430 B4 1 | 47 | 5696 C4 0 | 39 | 5188
Ab 0 | 81 | 9800 B5 4 | 42 | 5584 Ch 0 | 36 | 5277

for a given price set, the arrival rates in the peak seasons are much higher than those in
the off-peak seasons. The cancellation rates (p) vary from 0 to 0.3. The ratios(\) are
in [0.7,1.0] and the damage rates are in [0,0.1]. For all the instances, all the random
parameters are assumed to follow uniform distributions. Point estimators are used
in the deterministic models. For the stochastic models, the random parameters are

positively correlated.
2.6.2 Comparison among the models

The quadratic solver of CPLEX 9.0 is used to solve the deterministic models. Both the
quadratic and linear solvers of CPLEX 9.0 are iteratively called to solve the subprob-
lems for the stochastic model. All computations are done on a Linux workstation
with dual 2.4 GHz Intel Xeon processors and 2 GB RAM. To solve the stochastic
model, the solution from the time stamped model is used as the starting point. For
all the instances in the Sample Average Approximation approach, the estimated gap
of the objective function values is less 1.5% and the standard deviation of the gap
is less than 1.6%. The solution time to solve the models are presented in Table 1,
where SS, T'S, STO denote the stable status model, the time stamped model and the
stochastic model respectively.

sto

Let 7%, 7% and 7% denote the optimal price sets from the stable status model

(SS), the time stamped model (TS), and the stochastic model (STO) respectively.
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Table 2: Performance comparison of the deterministic models

Instance | AFrg(n®) || Instance | AFrg(7™) || Instance | AFpg(m')
Al 7.9% B1 7.3% C1 13.6%
A2 7.9% B2 8.3% C2 5.2%
A3 2.8% B3 3.8% C3 3.3%
A4 5.8% B4 7.0% C4 4.7%
A5 15.8% B5 16.8% Ch 14.6%

And let F'SS and FTS be the optimal revenues of the stable status model and
the time stamped model. For a given price set m, the revenue estimated in the
time stamped model is denoted as Frg(m). To compare the quality of the solutions
from the two deterministic models, the stable status solution 7% is estimated in the
more accurate and detailed time stamped model. The relative revenue difference
AFrg(n') = [Frs(n') — Frs(n°%)]/ Frs(m®*) is listed in Table 2.

To compare the quality of the three solutions, we also evaluate them in the stochas-
tic models. A new set of samples is generated with second stage sample size 80, third
stage sample size 25 for the smaller problems (A1, A2, B1, B2, C1, C2) and 20
for bigger problems (A3-A5, B3-B5, C3-C5). The three solutions are evaluated in
the stochastic model with those samples. Common random numbers are used in
the estimation. Let F5T0<7T) be the expected revenue evaluated in the stochastic

model with price set m for each replication. For each replication, compute A 55 =
Fsro(m*t°)—Fsro (%)

Fsro(mt®)—Fsro ()
Foro(n®s) . Let

Fsro(mts)

Fsro(r*)=Fspo(n®*) A
J sto,ss

~ and A =
Fsro(r™) stoits

Ats,ss, Asw,ss and Astoﬂgs be the estimated mean of A 55, Agtoss and Ay 5. Denote
the estimated standard deviation of Ats,ssa AStO’SS and Astoﬂfs S Ots 55, Osto,ss aNd Ogto s
respectively. Table 3 summarizes the results.

The optimal solutions of instance B1-B5 and C1-C5 are also evaluated by SimSea.
The results are reported in Table 4 with the same notation as in Table 3. Instead of

evaluating the solutions in the stochastic model, the expected revenues are generated
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Table 3: Performance comparison of all models by STO

~ Z

Instance Ats,ss Ots,ss Asto,ss Osto,ss Asto,ts Osto,ts
Al 1.2% [ 01% | 1.2% | 0.1% | 0.0% | 0.0%
A2 28% | 0.1% || 29% | 0.1% || 0.1% | 0.0%
A3 0.8% | 0.1% || 1.6% | 0.1% || 0.7% | 0.1%
A4 14% 1 0.1% | 1.8% | 0.1% || 0.4% | 0.1%
A5 1.8% [ 0.1% || 2.3% | 0.1% | 0.4% | 0.1%
Bl 0.5% | 0.0% || 0.5% | 0.0% | 0.0% | 0.0%
B2 26% | 0.2% || 2.7% | 0.1% || 0.1% | 0.0%
B3 1.0% | 01% | 14% | 0.2% | 0.4% | 0.1%
B4 1.9% | 01% | 2.1% | 0.1% || 0.2% | 0.1%
B5 1.9% | 0.1% | 2.1% | 0.1% | 0.1 % | 0.0%
C1 21% | 01% || 2.3% | 0.1% || 0.2% | 0.0%
C2 0.9% | 0.0% || 1.7% | 0.1% | 0.8% | 0.1%
C3 1.0% | 0.1% | 1.7% | 0.1% || 0.7% | 0.1%
C4 0.5% | 0.0% || 1.0% | 0.1% || 0.6% | 0.1%
Ch 0.4% | 0.0% || 1.2% | 0.1% || 0.7 % | 0.1 %

by SimSea. Common random numbers are also used in the comparison.
From the above results, we can see the solutions from the time stamped model
are much better than those from the stable status model and are fairly close to the

optimal solutions from the stochastic model for all the instances.
2.6.3 Comparison among the algorithms

In this section, we present the numerical results to investigate the performance of the
approaches to solve the stochastic L-shaped problem. The optimal solution of the time
stamped model is used as the starting point for each problem. The average number of
major iterations and average running time for solving one stochastic problem are listed
in Table 5. The solution time is the average time used in solving the M stochastic
problems and N denotes the average number of iterations for the M replications with
M = 5.

It is found that the BundleLp approach performances poorly in solving those

instances. That is because the number of cutting planes needed is much more than
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Table 4: Performance comparison of all models by SimSea

Instance Ats,ss Ots,ss Asto,ss Osto,ss Asto,ts Osto,ts
Bl 0.3% | 0.1% || 0.3% | 0.1% | 0.0% | 0.0%
B2 3.3% | 0.2% || 3.3% | 0.1% || 0.0% | 0.0%
B3 0.9% | 0.1% || 0.9% | 0.1% | 0.1% | 0.1%
B4 0.7% | 0.1% || 0.6% | 0.1% | 0.0% | 0.0%
B5 1.0% | 0.1% | 0.8% | 0.1% || -0.2% | 0.0 %
C1 22% | 01% || 1.9% | 0.1% | -0.3% | 0.1%
C2 0.6% | 0.1% || 0.3% | 0.1% | -0.2% | 0.1%
C3 0.7% | 0.1% || 0.4% | 0.1% | -0.4% | 0.1%
C4 0.1% | 0.0% || -0.5% | 0.1% | -0.5% | 0.1%
C5 0.5% | 0.0% || 1.7% | 0.1% | 1.1% | 0.1 %

Table 5: Performance comparison of the algorithms

Instance BundleDual BundleQcp Trust Region

Solution Time (s) | N | Solution Time (s) | N || Solution Time (s) | N
Al 161 1 164 1 174 1
A2 1008 2 1072 1019 2
A3 4458 3 - - 6782 3
A4 4586 3 - - 7065 3
A5 4376 3 - - 6705 3
Bl 66 1 66 1 67 1
B2 535 2 793 2 537 2
B3 2419 3 - - 5269 3
B4 3554 3 - - 5724 3
B5 2540 3 - - 5646 3
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the other methods, at least as many as the dimension of the first stage problem. Even
for the smallest problem A1, it takes 12423 seconds and 122 iterations. Thus, we only
compare the performances of the other three methods. For instance A3-A5 and
B3-B5 with the BundleQcp approach, the quadratic constrained projection problems
experience numerical difficulties when using the QCP solver of CPLEX 9.0. Even we
scale those problems carefully, the solver is not able to get reasonable solutions. Thus,
this approach fails in solving those six problems. The performances of the BundleDual
method and the Trust Region method are comparably good. The BundleDual method

slightly outperforms the Trust Region Method for most problems.

2.7 Concluding remarks

In this chapter, we develop three models for the contract planning problem. Various
issues are considered in the models such as demand imbalance and seasonality, freight
routing, container balance at each origin, procurement of extra voyage capacities, and
container leasing, rental and procurement. The first model is called the steady state
model. This model considers each season in the planning horizon separately, ignoring
the initial conditions and flow changes between two seasons. It provides solutions
with reasonable quality, requiring small computing time. The second model is called
the time stamped model. The model integrates all the seasons in the planning horizon
into one bigger problem. Since the initial conditions and flow changes are captured,
we can obtain significantly more revenue by using this model than the first one, at the
cost of a small increase in computing time. The third model is called the stochastic
model. The third model captures the uncertainties in demand arrival rates, travel
times on feeder arcs, booking cancelations and costs. The third model can obtain the
largest revenue among the three. Although the model can bring a little more revenue
than the second model, this model needs significantly more computing time. Based

on our computational results, we conclude that the second model is likely the most
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practical of the three. All of the models can serve as decision tools for ocean carriers
to structure the optimal prices in service contracts and develop optimal negotiation

strategies.
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CHAPTER II1

MODELS OF SPOT MARKETS AND LONGER TERM
CONTRACTS

3.1 Introduction

This work was originally motivated by the following observations in freight trans-
portation markets. Freight transportation services can be procured on the spot, that
is, when it is decided to send a shipment, the service of a carrier is procured for
the particular shipment at a price determined at the time of the transaction. Most
passenger transportation services are procured in this fashion. Freight transportation
services can also be procured by entering into longer term contracts with one or more
carriers. Such contracts usually apply to a specified time period, and the prices and
other conditions specified in the contracts apply to multiple shipments.

In many parts of the world, most freight is transported under the provisions
of longer term contracts. Most of the trucking and almost all rail freight in the
United States are transported under longer term contracts. Most ocean freight is
also transported in this fashion. Many of the big ocean carriers do 80% or more of
their containerized freight transportation under these contracts [2]. Many contracts
between ocean carriers and shippers are negotiated once a year, typically one or two
months before the peak season of the major trades covered by the contracts.

Recent developments in information technology and communication make spot
transactions more economical and more convenient. Electronic spot marketplaces
can reduce search cost and facilitate spot transactions in a timely manner. In the
ocean cargo industry, a survey conducted by Penaloza et al. [46] shows that more and

more ocean carriers are beginning to view electronic spot markets as a strategic driver
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for increasing their profitability. Nevertheless, the implementation of e-commerce has
been slow. A report by Bakker et al. [7] shows that until 2001, only 23% of the 66 large
ocean carriers worldwide who participated in the survey were at the stage of imple-
menting e-commerce and providing internet systems to integrate contracts and spot
exchanges. Almost all of the current internet portals in this industry are supported by
one or several of those large carriers, e.g., Inttra.com supported by Maersk Line, MSC
Mediterranean Shipping Company, CMA CGM, etc., CargoSmart.com supported by
Orient Overseas Container Line Limited, COSCO Container Line Limited, Nippon
Yusen Kaisha, etc., and ShipmentLink.com supported by Evergreen Line. The main
purpose of such internet portals is to serve the transactions covered by longer term
contracts. Their functionalities include facilitating online booking, cargo tracking,
and Bill of Lading (B/L) process, as well as publishing sailing schedules and spot
rates. For the transactions not covered by longer term contracts, spot rates are ap-
plied. Such spot rates usually are higher than those in the longer term contracts.
Incidental spot transactions still count for only a very small portion both in the large
carriers who are the leaders in implementing e-commerce and in the industry as a
whole.

In freight transportation industries, demand uncertainties are typical. For exam-
ple, many shippers are freight forwarders who enter into longer term contracts with
carriers before knowing the actual amounts of freight to be shipped by their own
customers. Therefore, on one hand, those contracts, which fix prices for the cov-
ered periods, reduce price fluctuation for both carriers and shippers. On the other
hand, fixing contract terms before the demand is revealed adds rigidity to the market.
In contrast, spot markets may make better use of up-to-date information and may
facilitate better dynamic matching between supply and demand.

In this chapter, we study the problem of how participation in spot markets may

change the business of the freight transportation industries which are dominated
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by longer term contracts. We consider settings with different market structures.
The seller/sellers sells/sell products under contracts and in the spot market. As is
currently typical in many freight transportation industries, the buyers may or may not
participate in the spot market as a matter of policy. Reasons for not participating
in the spot market can be risk aversion and difficulties in arranging last minute
transactions. Contracts are signed before the demand is observed. Spot market
participation is modeled as the fraction of all buyers who consider spot transactions,
denoted as .

In this study, the effect of capacity is also considered. We first study the case in
which the seller’s capacity is large. In other words, the seller can satisfy any level of
demand. Then we consider the case in which the capacity is small. We investigate
how the results differ from those in the former case.

The contracts are modeled as option contracts. The Black-Scholes paradigm is
widely used for modeling the pricing of financial and real options. In that frame-
work, the option transactions do not affect the prices of the underlying securities or
products. In our models, however, both option prices and spot prices are set by the
seller. Therefore, the spot prices depend on how many option contracts have been
sold in advance. The reason we consider option contracts instead of forward contracts
is because of the nature of most freight contracts currently used in practice. In most
sea cargo service contracts, the prices of movements are specified as a function of
paths and cargo classes. In addition, a minimum quantity guarantee is specified to
which the shipper agrees to commit during the time period covered by the contract.
It is not uncommon that the minimum quantity is relatively small compared with
the actual amount of freight shipped. Moreover, shippers are seldom penalized if the
minimum quantity guarantee is not met because carriers are reluctant to damage the
relationships. Thus those contracts resemble free options in some sense.

First we start with the single-seller single-buyer setting. Second, a model of a
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single seller and many buyers is considered. In that setting, every buyer has the same
utility only depending on the state of the market. Third, we consider the case when
the buyers have different utilities in addition to a random state of the market. Last,
the settings with multiple sellers are also studied. In all settings, spot prices are
endogenous and the effect of capacity is also considered.

In the first two settings with large capacity, it is found that as the spot market par-
ticipation rate increases, the contract market shrinks, i.e., the quantity of contracts
transacted decreases. In the single-buyer setting, this quantity remains positive even
when A\ = 1. In the many-buyer setting, the quantity of contracts transacted de-
creases to zero as A increases to 1. Under both market structures, the seller’s surplus
increases as spot market participation increases. However, the effects of the spot
market participation rate on the buyers’ surplus and on the total social surplus are
more complicated. Depending on the variation of the demand, an increase in the spot
market participation rate may or may not benefit the buyers, thereby may or may
not increase the total social surplus. On the other hand, in the undercapacity case, it
is found that the seller’s surplus and the buyer’s/buyers’ total surplus are invariant
with respect to the participation rate.

For the setting with a single seller and a continuum of buyers with different util-
ities, the results on the the contract market and on the seller’s surplus still hold.
Though we are not able to obtain analytical solution for any value of A, numerical
results indicate the buyers’ total surplus also increases as spot market participation
increases. We also prove that if the seller’s capacity is small, both the seller and the
buyers are better off in the case with full spot market participation (A = 1) compared
to the contract market only case (A = 0).

We also consider the setting where there are two sellers and a single buyer. If
the sellers’ capacities are small, it is found that the sellers’ total surplus and the

buyer’s surplus are constant regardless of the spot market participation, which is
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consistent with the results in the single-seller undercapacity setting. In the last section
of this chapter, we also consider a market where there is a continuum of sellers and a
continuum of buyers with different utilities. Numerical results indicate that the total
quantity of contracts transacted decreases as spot market participation increases.
Though both the sellers and the buyers may be worse off, it seems the total social
welfare is always improved as spot market participation increases.

The rest of the chapter is organized as follows. Section 3.2 contains a brief review
of the relevant literature. A brief model description is contained in Section 3.3.
Section 3.4 presents our first model with a single seller and a single buyer. Section 3.5
extends that model with a continuum of buyers with the same utility. Section 3.6
considers the case when different buyers have different random utilities. In Section 3.7,
a market with two sellers and a single buyers is studied. For comparison purpose, a
market with many sellers and many buyers is also studied in Section 3.8. A numerical
study is conducted to investigate the effects of the spot market participation. The

results are summarized in Section 3.9 and the proofs are contained in the appendix.

3.2 Literature review

The contracts used in our models are in the form of call options that provide contract
holders with the right to purchase the underlying products at a fixed price. The
literature on financial options includes Bachelier [6] and Black and Scholes [9]. The
literature on real options includes Dixit and Pindyck [19], Majd and Pindyck [41],
Triantis and Hodder [50] and Trigeorgis [51]. In their models, the price of the underline
securities or products follows a stochastic process, which is independent from the
transactions of the options. In contrast, our model is different from them in that
we take the spot price as endogenous. Thus, the transaction of option contracts in
advance may alter the spot price of the underlying product.

In the economics literature, many papers address reasons for the existence of long
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term contracts. One approach focuses on transaction costs to explain the existence of
such contracts between purchasers and suppliers. Literature along this line includes
Coase [15], Williamson [56], Klein [31], Williams [55], Laffont and Tirole [35].

Allaz and Vila [4] develop a model with an oligopolistic market structure and
explain the strategic reasons behind forward contracting. Green [26] considers an
electricity market with two sellers and many buyers. He shows that forward contracts
may hedge well their output in the spot market and remove much of the incentive to
use their market power.

There is also literature in operations management on the use of forward contracts
and option contracts in supply chain management. Eppen and Iyer [21] investigate
the impact of backup agreements between a fashion merchandise buyer and upstream
sellers. In such contracts, the buyer commits to a certain backup quantity of products
which he requests the seller to hold before demand is revealed. After the demand is
observed, the buyer can order up to that quantity at the original purchase cost with
quick delivery and will pay a penalty cost for the leftover units. They show that the
backup agreements have a substantial impact and may increase both the buyer and
the sellers’ revenue. Donohue [20] develops a two-stage newsvendor model between
a seller and a buyer under demand uncertainty. She shows that supply contracts
with predetermined wholesale prices and return price can coordinate the buyer and
the seller to achieve better performance of the channel. Barnes-Schuster et al. [§]
study the role of option contracts in supply chain performance. They consider a
two-period model with correlated demand. In their model, there is a single seller
and a single buyer who sells products to end consumers in the two periods. They
demonstrate how the option contracts improve channel performance by providing
the buyer with flexibility and increasing profits of both the buyer and the seller.
Taylor (2002) develops a two-period model with contracts between sellers and buyers.

Such contracts provide the buyers with price protection and rebates for the return
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of unsold inventory. Such contracts may guarantee both channel coordination and
win-win outcome. Kamrad and Siddique [29] analyze and value supply contracts
with uncertainty in exchange rates between sellers and a single buyer. Burnetas and
Ritchken [11] focus their study on the effect of option contracts in a supply chain with
a seller and a buyer. The seller sells option contracts that provide the buyer with
the right to reorder or return products at a fixed price after the demand is revealed.
They show that option contracts may make the buyer either better off or worse off,
depending on the level of the demand uncertainty. Excellent reviews of this branch
of literature can be found in Anupindi and Bassok [5], Lariviere [36], Tsay et al. [52],
and Cachon [12].

There is an emerging literature that focuses on the interaction between longer
term contracts and spot markets/exchanges. An excellent review on this topic can be
found in Kleindorfer and Wu [32]. The following is some of the literature along this
line. Within this type of literature, another important issue studied is the reason for
the existence of longer term contracts.

Cohen and Agrawal [16] compare the tradeoff between the flexibility provided by
short term contracts and price certainty offered by long term contracts. They show
that long term contracting is not always an optimal strategy and discuss conditions
under which short term contracts perform better.

Lee and Whang [37] develop a two-period model with a single upstream seller and
many downstream buyers who re-sell the products to end consumers. The buyers or-
der products from the seller at the beginning of the first period. Then the first period
retail sales are observed. Before the second period begins, the buyers can trade their
inventories among themselves in a secondary spot market. They endogenously derive
the exchange price, the optimal decisions for the buyers and investigate the impact

of the secondary market on the quantity sold by the seller and on the supply chain
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performance. The total sales volume for the seller may increase or decrease. How-
ever, the secondary market always benefits the buyers and improves the supply chain
allocative efficiency by increasing sales to end consumers and decreasing stockouts
and leftover stock. The combined effect on the welfare of the supply chain is unclear.

Peleg et al. [45] investigate the difference among three procurement strategies,
relational contracts, online search and the combination of the two. In their model,
the buyer’s decisions are solely driven by the expected cost. They derive the conditions
under which each strategy outperforms others and show that no strategy is always
the best. In their second part, they relax the number of suppliers to be contacted in
the online search as a decision variable. A numerical analysis is provided to compare
the three alternative strategies.

Wu et al. [58] consider a capital-intensive and non-storable good or service that
can be sold by a single seller under option contracts in advance or in a backup spot
market. The source of the uncertainty is the spot market price which is assumed to
be distributed according to an exogenous distribution. They show that the seller’s
optimal strategy is to set the strike price at the marginal cost and to extract the
margin from the buyer only using option prices. The imperfection of the spot market
is modeled by the probability that the seller can successfully sell its residual output
in the spot market. They show that if the seller can sell all its residual output in
the spot market probability 1, then no contracts are transacted. Wu and Kleindorfer
[57] extend the results to a setting with multiple sellers. Existence and structure of
market equilibria are characterized.

Deng and Wu [18] extend the two-period model in [58] to continuous time trading.
The spot price is assumed to follow a stochastic process. Between the contracting
period and the spot market period, the option contracts are traded continuously
between the single seller and single buyer. They find that contract market and spot

market coexist in this setting.
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Spinler et al. [48] extend the results of Wu et al. [58] to a setting where the
buyer’s willingness to pay (WTP) function depends on the state of the world and
find the main results in Wu et al. [58] still hold. They derive the buyer’s optimal
contracting strategy and the seller’s optimal price that reflect the correlation of the
buyer’s demand and the spot price.

Mendelson and Tunca [42] derive a three-stage model with a single seller and
multiple buyers for an intermediate industrial good. The buyers sell the end prod-
ucts in the consumer market. In their model, forward contracts are employed and
a spot exchange among the seller and the buyers takes place after the contracting
stage. Between the contracting stage and the spot exchange, the seller receives pri-
vate information of the realization of her costs and the buyers receives a signal of
the realization of consumer demand. They find that spot trading reduces prices,
increases the quantities produced, and improves supply chain profits and consumer
surplus. However, spot trading may make the seller or the buyers worse off. In addi-
tion, they find that contracting is persistent. Only when the number of buyers goes
to infinity, the contracted quantities converge to zero.

Levi et al. [39] consider a buyer’s decision to source intermediate products from
multiple sellers either by signing long term contracts or via spot markets. They study
the tradeoff between demand uncertainty and additional costs if the parties transact
on spot markets. They show that high additional cost in spot markets pushes the
buyer to relational long term contracts.

Tunca and Zenios [53] investigate the competition between two procurement mech-
anisms, long term contracts and online auction that serves the role of spot markets.
They study a supply chain where an industrial part with nonverifiable attributes is
sold. The procurement of high-quality parts relies on relational contracts whereas the
procurement of low-quality parts relies on auctions. Conditions under which the two

procurement mechanisms coexist and conditions under which one drives the other
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out of the market are characterized. They consider a different reason for contracts:
Relational contract is incentive to provide higher quality because of promise of future
sales.

Erhun et al. [22] develop a two-period model and compare it with two single period
models in an environment where a buyer procures capacity from a capacitated seller.
Equilibria in all capacity regions are characterized. They investigate the impact of
additional information and trading periods on both players’ welfare. The supplier’s
optimal capacity decision is also studied. Their two-period model in specific capacity
regions is the same as ours in the case in which 100 % participation in the spot
market. Instead of focusing on the impact of additional trading periods, we study
the efficiency of the spot markets that is modeled by the buyer’s participation rate.
We investigate the effects of the buyer’s spot market participation rate on all players’
welfare.

Our research follows the same framework. Unlike most of the existing literature,
we do not take the spot price as given or distributed according to an exogenous
distribution but endogenously derive the spot price, which complicates the analysis
significantly. Another aspect differs our study from other literature is on the effects
of the spot market participation from the buy side. As is present in practice, carriers
can sell their remaining capacities on the spot after satisfying service contracts. Thus,
the spot market considered in our study is a sell side market. It is common that a
large portion of shippers still only use service contracts for a variety of reasons. This
motivates us to model the buyers’ participation in the spot market. In particular, we
study the effects of the buyers’ participation on the contract market, on the surpluses

of all market players and on the total social welfare.

76



3.3 Model description

This section gives a brief description of some of the features applied to all models
through out this chapter.

We model the contracts in the form of call options that are widely used in financial
markets. Call options provide option holders with the right to purchase the underlying
securities or products at specified prices. Options have values and are sold at some
positive prices. As mentioned before, the reason that we use option contracts instead
of other forms of contracts is the special property of most contracts used in freight
transportation industries.

It is assumed that the seller has a constant marginal cost c¢. In the sea cargo
industry, it is common that freight contracts always provide lower prices than the
published spot rates. Thus, in our model, we set the the strike price equal to the
marginal cost and use the option price to exact all the margin. Under this assumption,
the buyers always rely on contracts first and use the spot market to purchase extra
products if necessary. Similar assumption is used in Burnetas and Ritchken [11]. Wu
et al. [58] prove that setting the strike price at the marginal cost is optimal if the
spot price is exogenous. It should be pointed out, setting strike price at the marginal
cost may not always be optimal to the seller in general if the spot price is endogenous.
Relaxing this assumption complicates the analysis significantly and doesn’t represent

the current practice in the sea cargo industry.

Assumption 3.3.1. The strike price of the option contract is equal to the marginal

cost.

For the single-seller single-buyer model, the sequence of decisions is as follows.
Contracts are signed in Period 1 when the buyer’s future demand in Period 2 is not
observed. Those contracts provide the buyer with the right to purchase products at a

fixed price, which is the marginal cost, in Period 2. Before the beginning of Period 2,
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the buyer’s demand is revealed. Given the number of contracts purchased in Period 1,
the buyer decides the quantity to purchase under contracts. In financial economics
literature, those contracts are called exercised. If the seller still has remaining capacity
and the buyer’s policy is to participate in the spot market, the seller sets the spot
price. The buyer then decides the additional quantity to purchase from the spot
market according to the spot price. In the following context, we also refer Period 1
as the contracting period and Period 2 as the spot market period. The timeline for
all the other models is almost the same. For the two-seller model and the model with
a continuum of sellers, sellers simultaneously choose the option price and the spot
price.

In freight transportation industries, the spot markets are not as well developed as
those in some other industries, such as energy and electronic markets. In the sea cargo
industry, though some large carriers do support spot transactions as a less important
functionality of their internet portals, most shippers still prefer longer term contracts
due to various reasons. Incidental spot transactions count only for a small potion
of the total transactions. This motivates us to model the spot market participation
from buy side. In the models with a continuum of buyers, a fraction A\ of the buyers
participate in the spot market and the remaining 1—\ of the buyers do not as a matter
of policy. For comparison purpose, we also include the counterpart under the single-
buyer market structure with A\ interpreted as the buyer’s participation probability.
With probability A, the buyer transacts in the spot market. With probability 1 — A,

as a matter of policy, the buyer doesn’t.

3.4 Single seller, single buyer

This section presents a two-period model with a market where there is a single seller
and a single buyer. The sole source of the uncertainty is the buyer’s demand that

depends on the state of the market in the spot market period. Assume the buyer’s
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normal utility function is quadratic and as follows:

where ¢ is the units of products purchased. This utility function is the basis to derive
normal demand function. The demand at a given price s is the optimal solution
to maximize U(q) — ¢s. Thus, the corresponding normal demand function is s =
(v —q)/B, ie., g = a— @s. We assume that the uncertainty in the demand curve is
represented by the random variable o having probability distribution P. In particular,

P is a Bernoulli distribution,

ay  with probability p,
«;  with probability 1 — p.
To avoid degeneracy, it is assumed that

Assumption 3.4.1. The parameters satisfy ap > oy, 0 < p < 1.

Denote the expectation of  as E(«) and the variance of a as 0. It holds that
E(a) = pap+(1-plo

o* = p(l-p)lan— )

We also assume that even at the low demand state, the buyer has nonnegative demand

if the price is at the marginal cost.

Assumption 3.4.2. If the demand state is low and the price is at the marginal cost,

then the buyer’s normal demand satisfies ¢ = oy — e > 0.

As mentioned in the previous section, whether the buyer participates in the spot
market or not depends on many factors. Therefore, in this model, we assume the
buyer’s policy on participating in the spot market is exogenous and is not a conse-

quence of the game. Two cornerstone models of the two policies are presented in
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this section, which correspond to A = 0 and A = 1. As a benchmark to the models
with a continuum of buyers in the latter sections, we also include the case A € (0,1)
with A\ interpreted as the buyer’s spot market participation probablity unrevealed to
the seller in Period 1. With probability A, the buyer transacts in the spot market.
With probability 1 — A, as a matter of policy, the buyer doesn’t. At the end of the
first period, as the buyer’s contracting decision is revealed, the seller can deduce the
buyer’s policy on the spot market. In this model, we also assume the buyer doesn’t
take this information asymmetry into consideration because of consistency for com-

parison. Therefore, the buyer’s decision in Period 1 is suboptimal to his problem.
3.4.1 Large capacity case

This subsection considers the case when the seller’s capacity is large, i.e., the seller
can satisfy any of the buyer’s demand. Therefore, the capacity constraint needs not
to be considered at all in this case.

This section is organized as follows. First, we consider the case when the buyer
only transacts in the contract market, i.e., A = 0. Second, we consider the case
when the buyer participates in both the contract market and the spot market, i.e.,
A = 1. Third, we consider the case A € (0,1). Last, we investigate the effects of the
spot market participation on the quantity of contracts transacted, as well as on the

surpluses of the seller and the buyer.
3.4.1.1  Contract market only

This subsection considers that the buyer only transacts on the contract market, i.e.,
A = 0. The sequence of the events is as follows. In Period 1, the seller sets the
option contract price, denoted as m. The option contracts give the buyer the right
to purchase products at strike price ¢ in Period 2. Depending on the option price,
the buyer decides the quantity of contracts, @), to purchase. In Period 2, based on @)

and the realization of the demand, the buyer decides how many products to purchase
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under contracts. There are total three decision stages indexed forward in time. Stage 1
is the seller’s decision stage in Period 1. The buyer’s decision stage in Period 1 is
referred as stage 2 and his decision stage in Period 2 is referred as stage 3. The
timeline of this model is shown in Figure 4. We model this situation as a Stackelberg

game and use backward induction to characterize the market equilibrium.

Demand state revealed
Seller setsthe option
price
1 j
| |
| |
| |
i i
| |
i Buyer decides the quantity of Buyer decides the quantity to purchase i
! contracts to purchase under contracts !
| |
| |
i i
| |
i Periodl —~—————— Period 2 4~:

Figure 4: The timeline for the contract market only model

Stage 3 — buyer’s problem

Stage 3 is in Period 2. At this stage, the demand is observed. Given the number
of contracts bought at Period 1, @), the buyer decides the actual quantity of products
to transact under those contracts. Let g. be the quantity of products that the buyer
decides to purchase under the contracts. Denote the return of the buyer at Period 2
as r2(qg.|a). The arguments ¢. and « indicate that the buyer’s return depends on both

the buyer’s decision ¢. and the realization of . The buyer’s problem at this stage is

92(Q,a) = max ra(ge|a)

s.t. 0 < ¢ < @ (3.4.1)

where 7r9(g.|a) = —% + “4¢ — gcc. Let g7 be the optimal decision for the buyer.
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Lemma 3.4.1. The buyer’s optimal decision in Period 2 is as follows:
1. If @ > o — fBc, then qF = a — Be.

2. If Q@ < a— fe, then ¢& = Q.

The intuition behind Lemma 3.4.1 is clear. In this setting, the buyer only pur-
chases products under contracts that have strike price at ¢. The quantity of products
the buyer can transact is limited by the contracting quantity (). If there is no such
restriction, the buyer’s demand is a— Ge. If @) is smaller than that demand, the buyer
purchases up to (). On the other hand, if @) is greater than the demand, the buyer
only purchases a — (c.

Stage 2 — buyer’s problem

Stage 2 is in Period 1. At this stage, the option contract price 7 is given. The
buyer anticipates the return in Period 2 and determines how many option contracts
to sign. Let @ be the buyer’s decision and 7 (Q|7) be the buyer’s return at this stage.
Note we use g»(Q, ) to denote the buyer’s optimal return in Period 2, which depends

on () and the realization of . The buyer’s decision problem is

qi(m) = max r1(Q|m)

st. Q > 0 (3.4.2)

where 71 (Q|7) = —71Q + E[g2(Q, )] = —7Q + pga(Q, an) + (1 — p)g2(Q, o). The first
term in 71 (Q|m) is the cost of purchasing the contracts. The second term represents
the expected optimal return as a function of () at stage 3. Note that the seller never

chooses m < 0. The buyer’s optimal contracting decision Q* is as follows.

Lemma 3.4.2. The Buyer’s optimal contracting decision Q*(m) is a continuous func-

tion of m for any ™ > 0 and is as follows:
1. If =0, then any Q € [ap, — B¢, +00) is optimal.
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2. Ifrm ¢ (O, p(ahﬁ_o")], then Q* = ay, — e — %’r.

3. Ifme (p(ahﬁfa’), E(a)ﬁfﬁc] , then Q* = E(a) — B(c+ 7).

4. If m > w, then Q* = 0.

It should be noted that if 7 € (0, p(ap, — ay)/B], then Q* = oy, — fec — pr/p €
[, — Be,ap, — Be). U m e (plan — ap) /08, (E(a) — Be) /5], then QF = E(a) — B(c+7) €
[0,y — Bc). Lemma 3.4.2 indicates that the buyer’s optimal decision Q*(7) is a
continuous function of 7 and is unique for any 7 > 0. If the option price 7 is higher
than (E(a) — B¢) /3, the buyer never enters contracts. On the other hand, if the price
is small enough, i.e., 0 < 7 < p(ap — oy) /3, buyer’s optimal decision Q* is dominated
by the demand from the high state and Q* > a; — Bc. Thus, the buyer will bear the
risk that he may not utilize all the contracts when the demand state turns out to
be low. If the price is fairly high, i.e., p(ay, — a;)/8 < 7 < (E(«r) — Bc)/ 3, the buyer
buys a moderate quantity of contracts with Q* < a; — [Bc. In this case, the buyer uses
all the contracts in Period 2 no matter the demand state turns out to be high or low.
Note that Q*(0) is not unique. In this case, the seller doesn’t make any profit. Since
the seller’s sole objective is to maximize her profit, the seller does not chose m = 0
and this never takes place.

Stage 1 — seller’s problem

Stage 1 is in Period 1. Henceforth, we use () to represent the buyer’s optimal
contracting decision and omit the superscript “*”. Since the strike price is at the
marginal cost and there is no transaction on the spot market, the seller’s profit is
generated only by selling the option contracts. The seller’s first stage maximization

problem is

max Ry(m) = 7Q(m)

5.t T > 0 (3.4.3)
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Denote the optimal option price as 7*.

Theorem 3.4.1. The seller’s optimal decision in Period 1 is as follows:

1. If oy — oy < 2=8¢ then m* = Ela)—fe

VP 2
—B x _ plan—Pc)
2. ]fozh—ozl>a’\/ﬁc, then ™ = ’55 :
3 Ifap, — o = al\;ﬁﬁc, then both m and 7, are optimal, where m = p(a;—gﬁc) and
T, = E(QQ)[;/BC

Note that if ap, — a; < (oy — Bc)//p, then 7 € (p(a, — ) /B, (E(ar) — Be)/B)
and Q(7*) € (0,0q — Bc). If oy — oy > (oy — Be)/y/p, then ™ € (0,p(a, — )/ )
and Q(7*) € (aq — Be, oy — Be). If oy — oy = (g — Bc)//p, then 7 € {m, 7, }. Note
Ry(m) = Ri(m,), m € (0, plan — a1)/B), Q(m) € (ou — Be, an — Be), mp € (plan — u) /B,
(E(a) — 5¢)/8) and Q(r,) € (0, — fc).

It should be noted that R;(7) is a continuous function of w on [0, +o00). If 7 >
(E(a)—pBc)/ B, Ri(m) = 0. Therefore, 7* € [0, (E(a) — S¢)/B]. The objective function
Ry (m) is piecewise concave on [0,p(an — «y)/B) and [p(ay — ay) /B, (E(a) — Be)/f]
respectively. At the breakpoint m = p(ay, — )/, the right derivative is greater or
equal to the left derivative. Whether the optimal solution falls in the first interval or
the second interval depends on the parameters in the model. Theorem 3.4.1 explicitly
characterizes the market equilibrium under different conditions. If the shift of demand
ap, — ag is bigger than the threshold (oy — Bc)//p, the effect of the high demand state
dominates. Hence, the seller’s optimal decision relies only on the high demand state.
By Lemma 3.4.2, at this option price, the buyer purchases a large number of contracts
with Q(7*) > oy — Bc. Not all those contracts are used if the demand turns out to
be low in Period 2. If the shift is not large, i.e., a) — a; < (ay — fc)//p, the seller’s
decision reflects both the high demand state and the low demand state. Given this

price, the buyer signs a moderate quantity of contracts such that Q(7*) < oy — Se.
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All of those contracts are used in Period 2 regardless of the state of the market. If

ap — oy = (g — fc)//p, the optimal option price is not unique.
3.4.1.2  Contract market and spot market with full participation

This subsection considers the case that buyer’s policy is to participate in both mar-
kets, i.e., A = 1. Similar to the previous case, the sales horizon is divided into two
periods, the contracting period (Period 1) and the spot market period (Period 2).
The sequence of events is as follows. In the contracting period, the seller determines
the option price m with strike price at the marginal cost c¢. Given this information,
the buyer decides the quantity of contracts to purchase ). Contracting period ends.
The demand is realized and the spot market period begins. Based on the number of
contracts the buyer reserves, the seller sets the spot price. The buyer determines the
quantity of products to purchase under those contracts and the quantity to purchase
from the spot market. Let s be the spot price set by the seller in Period 2. Denote
the spot price at the high(low) demand state as s,(s;). Compared to the contract
market only setting, there are total four decision stages. The extra one is the seller’s
decision stage in Period 2. We also index the four decision stages moving forward in
time. Stage 1 refers to the seller’s decision stage in Period 1 and stage 2 refers to the
buyer’s decision stage in Period 1. Stage 3 and stage 4 refer to the decision stages
of the seller and the buyer in Period 2 respectively. The timeline of this model is
illustrated in Figure 5.

Stage 4 — buyer’s problem

At stage 4, the number of contracts purchased in Period 1 () and the spot price s
are given. In addition, the random parameter « in the demand function is realized.
Let g. be the quantity that the buyer decides to purchase under contracts and ¢, be

the quantity that the buyer decides to purchase from the spot market. Denote the
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Demand state revealed

Seller sets option price

Seller sets spot price

Buyer decides the quantity of
contracts to purchase

Period 1

_ -

Buyer decides the quanty to purchase under
contracts and the quantity to purchase in the
spot market

Period 2

Figure 5: The timeline for the contract and spot market model

buyer’s return in Period 2 as ry(q., ¢s|s, a). The buyer’s problem is

92(Q7 S, Oé) =

qcyqs

st. 0

s

where 72(qe, gs|s, @) = U(qe + qs) — qeC — 55

is assumed that the seller never sells at a price less than the marginal cost, i.e., the

s > ¢. Denote the optimal solution as (¢, ¢¥).

max T2<ch qs|57 Oé)

< ¢ < Q (3.4.4)
> 0
_ _ (getgs)? + a(ch'%) — q.c — qss. It

28

Lemma 3.4.3. The buyer’s optimal decision in Period 2 is as follows:

1. If s = ¢, then any ¢ and q¢ satisfying the following conditions are optimal:

q.+q, = a—fc
0 < ¢ < @
¢. > 0

2. If Q > a— fc and s > c, then q; = a — Bc and g% = 0.
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3. If Q < a— fc and s > ¢, then ¢¢ = Q and ¢¢ = (o — Bs — Q)F, where
(o = Bs — Q)* = max{a — fs — Q,0}.

Lemma 3.4.3 indicates that the buyer’s demand in Period 2 is fulfilled by two
sources, contracts and the spot market. If s = ¢, the buyer’s optimal decision is not
unique. In this case, the seller doesn’t make any profit on the spot market. If s > ¢,
the optimal solution (¢¥, ¢¥) is unique. If the quantity @ is bigger than the demand at
the marginal cost, the buyer only uses contracts to fulfill his demand. If @) is smaller
than that threshold, the buyer uses spot market to fulfil his residual demand according
to the spot price. The buyer’s residual demand function is D' = (a« — s — Q)" If
the spot price is less than (o« — @)/, the residual demand at s is positive, thus the
seller purchases additional products from the spot market. Otherwise, the residual
demand is zero and the buyer doesn’t purchase from the spot market at all.

Stage 3 — seller’s problem

Stage 3 is in Period 2. At this stage, the seller observes the buyer’s demand. Based
on the number of contracts bought by the buyer @, the seller sets the spot price s.
Denote the seller’s revenue in Period 2 as Ry(s|@, ). Henceforth, we use ¢.(Q, s, «)
and ¢s(Q, s, a) to denote the buyer’s optimal response to a given set of (@, s, «) at

stage 4. The problem for the seller is

Go(Q, ) = max Ry(s|Q, @)

st. s > ¢ (3.4.5)
where Rs(s|Q, a) = ¢5(Q, s, a)(s — ¢). Denote the optimal spot price as s*.
Lemma 3.4.4. The seller’s optimal spot price is as follows:
1. If Q < a— fe, then s* = (a+ e — Q) /(20).

2. If Q > a — B¢, then any s € [c,+00) is optimal.
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Note if @ > o — ¢, then Ry(s*|Q, ) = 0. The above results are intuitively clear.
As the strike price is set at the marginal cost, whether the buyer uses spot market or
not depends on the relationship between the number of contracts () and the demand
at the marginal cost o — fc. By Lemma 3.4.3, if Q > a — ¢, the seller’s profit from
the spot market is zero. Thus, any s > ¢ is optimal. If @) is small, i.e., @ < a — fc,
the buyer uses the spot market to fulfil his residual demand. The seller sets spot price
to maximize her profit. The buyer’s residual demand function on the spot market is
D' = (a— s — Q)". Therefore, the seller sets the spot price at the monopoly price
s = (a+ fec— Q)/(26) with respect to such residual demand function. Note that in
this case, the spot price s decreases in ). Therefore, as long as () < a— ¢, increasing
@ forces the seller to lower the spot price.

Stage 2 — buyer’s problem

Stage 2 is in Period 1. At this stage, given the option price 7, the buyer antici-
pates his return in Period 2 and decides how many contracts to purchase. Without
confusion, denote the the seller’s best response to a given @ as s(Q, «), which also
depends on the realization of . For simplicity, we use the abbreviation s for s(Q, «).
Let the buyer’s return in Period 1 be 1 (Q|m). Thus, the first period problem of the

buyer is

gi(m) = max n(@Qlm) = —71Q+E|gp(Q s a)

.. Q > 0 (3.4.6)

where E[g2(Q, s,a)] = pga(Q, s, an) + (1 — p)g2(Q, s,a1). Let the buyer’s optimal

decision at stage 2 be Q* .

Lemma 3.4.5. The buyer’s optimal contracting decision Q*(m) is a continuous func-

tion of m for any m > 0 and is as follows:

1. If 7 =0, then any Q € [ay, — Bec,+00) is optimal.
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2. Ifﬂe((),?m(o‘#m} then Q* = ay, —ﬁc—w”.

ap—a E(a * T
5. If me (e SEGII] yhen = B(a) - fo— L2,

3(E()=fc) *
4. If m> 15 then Q* = 0.

Note if 7 € (0, 3p(ay, — oy)/(45)], then Q* € [ay — Be, ap, — Bc). On the other hand,
if e (3p(an —ay)/(48), 3(E(a) — Bc)/(48)], then Q* € [0,cq4 — [c). Lemma 3.4.5
shows similar results to Lemma 3.4.2. If 7 is small, i.e., 0 < 7 < 3p(ay, — o)/ (40),
the buyer’s decision depends only on the high demand state with Q* > «; — fec. In
this case, not all of the contracts are used if the demand turns out to be low. If 7
is large, i.e., 3p(an — a;)/(48) < 7 < 3(E(a) — Bc)/(403), then the buyer purchases
a relatively small quantity of contracts and uses all of them in both demand states.
Compared to the results in Lemma 3.4.2, for any given 7 > 0, the buyer’s response
Q(7) is smaller.

Stage 1 — seller’s problem

Decision stage 1 is in Period 1. At this stage, the buyer’s demand is not observed.
Anticipating her return in Period 2 and the buyer’s response, the seller chooses the
option price m to maximize her revenue. There are two parts in her total revenue.
One part is from the option contracts and the other part is from the spot market.

Let Q(7) be the buyer’s best response to 7. The seller’s first stage problem is

max Ri(m) = 7Q(m)+ E[G2(Q(7), )]
s.t. T >0 (3.4.7)

where E[G2(Q(7), )] = pG2(Q(7), an) + (1 — p)G2(Q(), o).

It should be noted that function R;(7) is continuous but not concave on [0, 00),
which is similar to that in the contract market only setting. Instead, R;(m) is piece-
wise concave on [0,3p(an, — ay)/(40)) and [3p(ay, — ap)/(45), 3(E(«) — Be)/(45)]. If
m > 3(E(a) — Bc)/(48), by Lemma 3.4.5, Q(w) = 0, thus R;(m) is constant and
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doesn’t depend on 7. In that case, all the revenue is obtained from the spot market.

The equilibrium price 7* is explicitly stated in the following Theorem.

Theorem 3.4.2. The seller’s optimal decision in Period 1 is as follows:

Lo Ifoan —au < %, then ™ = %)ﬂ*ﬁc)'
2 Ifap —ap > 29D phen o = Blazpd),
3. Ifap —o = 3(04\1/—]3/36)’ then both m; and m, are optimal, where m = 91’(+;30) and
_ 9(E(x)—Bc)
T = %‘

Note if a, —ay < 3(oy — Bc) //p, then 7 € (3p(an — ay)/(48), 3(E(ar) — Be)/(43))
and Q(7*) € (0,q — Bc). fay, — oy > 3(ay — Bc)//p, then 7 € (0, 3p(ay — a1)/(43))
and Q(7*) € (oq — fe,ap — fBe). If oy — oy = 3(ay — Be)/\/p, then 7 € {m,m,}.
Note Ry(m) = Ri(m.), m € (0,3p(an, — )/ (40)), Q(m) € (aq — B, — Pe),
™ € (3plan, — i) /(48), 3(E(a) — Bc)/(48)) and Q(m,) € (0,0 — fc)

From above results, we can see similar property in the contract market only setting
with the threshold for the shift of the demand «ay, — a; three times bigger. For a given
set of parameters oy, y, 3, ¢ and p, the equilibrium price here 7* is bigger than that
in the contract market only setting and thereby (* is smaller, which indicates the
spot market affects the transactions of contracts. Note Q(7*) is always positive, i.e.,
at market equilibrium, the buyer buys a positive quantity of contracts regardless of

the parameter values.
Corollary 3.4.1. The buyer’s contracting decision in equilibrium satisfies Q(m*) > 0.

The intuition behind Corollary 3.4.1 is as follows. In this setting, the seller also
has exclusive power on the spot market. Since the the spot price in Period 2 decreases
in @ (Lemma 3.4.4), holding a positive number of contracts helps the buyer get lower
spot prices. Hence, even the buyer considers to transact on the spot market, the

buyer still enters contracts in Period 1.
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Corollary 3.4.2. The relationship of the option price and the spot prices is as follows:

1. Ifm € [Sp(afﬁ_o”), S(E(Z/)G_ﬁc)}, then the spot prices in both the high demand state

and the low demand state increases as w increases.

2. If m e (0, ?’Ma+ﬁ7°”)> , then the spot price in the high demand state increases as

increases and no transaction takes place in the spot market in the low demand
state.

3p(an—ai) 3(E(a)=fc)

If the option price is large, i.e, 7 € IR

], then the buyer’s con-
tracting quantity @ is smaller than o; — Bc. Thereby the buyer will purchase from the
spot market in both demand states. An increase in option price leads lower contract-
ing quantity and in turn results in higher spot prices. If the option price is small, i.e.,
T e (0, ?’Mo‘+ﬂ_al)>, the relationship of the option price and the spot price in the high

demand state is the same. As in this case ) > a; — ¢, there is no spot transaction

in the low demand state and the corresponding spot price has no practical meanings.
3.4.1.3 Contract market and spot market with partial participation

This section considers a spot market with partial participation, i.e. the buyer par-
ticipates in the spot market with probability A € (0,1) for comparison. In Period
1, the seller sets the option contract price. At this stage, the seller doesn’t know
whether the buyer transacts in the spot market or not. The seller only knows that
the buyer will participate in the spot market with probability A. If the buyer’s policy
is to transact in the spot market, his best response is indicated in Lemma 3.4.5. If
he doesn’t transact in the spot market, his best response is stated in Lemma 3.4.2.
Given 7, the buyer decides the quantity of contracts to purchase according to his
policy on the spot market. Before the beginning of Period 2, the buyer’s policy and
demand state are revealed. If the buyer’s policy is to participate in the spot market,

the seller sets the spot price and the buyer makes decision accordingly. If the buyer
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doesn’t purchase in the spot market, he only decides the quantity of products to
transact under the contracts he already has. In this section, we focus our study on
the role of the spot market. Specifically, we investigate the effects of the participation
rate A on the quantity of contracts purchased and on the surpluses of the seller and
the buyer.

Let Q(m) be the buyer’s best response to 7 if the buyer transacts in the contract
market and @Q4(m) is already characterized in Section 3.4.1.1. If the buyer’s policy is
to participate in the spot market, let Qg(7) be the buyer’s best response characterized
in Section 3.4.1.2. Denote the seller’s optimal revenue in Period 2 as G1(Qp(7), a).

For a given A € (0, 1), The seller’s decision problem in Period 1 is

max Ry(m) = (1=M)7rQa(r) + MrQp(m) + E[Ga(Qp(), )]}

s.t. T > 0 (3.4.8)

where E[G2(Qp(7), a)] = pGa(Qp(m),an) + (1 — p)Go(Qp(7), ;). The first term in
Ry () is the return in the scenario when the buyer only participates in the contract
market. The second term is the return when the buyer participates in both markets.
For a given A, denote the optimal solution to above problem as 7*(\). Let Q*(\) =
(1 = N)Qa(m*(N) + A@Qp(7*(N)) be the expected quantity of contracts transacted
in equilibrium. Denote the seller’s surplus as G(\) and buyer’s surplus as V(\) =
g1(m*(N\)) in equilibrium. Let W(A) = G(X) + V(A) be the total social surplus. We
now investigate the effects of spot market participation rate A on Q*(\), G(\), V(A)
and W(\).

Note that for a fixed A, since Qa(7*) > Qp(7*), an increase in A leads a decrease
in Q* if the equilibrium price 7* doesn’t change. However, the equilibrium price 7*

also depends on \. The following Lemma shows that 7* increases in \.
Lemma 3.4.6. As \ increases, the seller’s optimal option price w*(\) increases.

Theorem 3.4.3. (Effect on Contract Market)
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As X increases, the expected quantity of contracts transacted Q*(\) decreases.

Theorem 3.4.3 indicates that as A increases, the expected quantity of contracts
bought by the buyer decreases. In other words, as the buyer’s spot market partici-
pation rate increases, the contract market shrinks. Note that from previous analysis,
even if A increases to 1, Q* is still positive.

Presumably, spot markets may facilitate better dynamic matching of supply and
demand. In spot markets, players can make better use of up-to-date information to
adjust their decisions. Especially, we expect that a higher spot market participation
rate results in a higher surplus of the seller who is the Stackelberg leader in both
markets. Though the buyer also has more information in the spot market, as the
seller has exclusive power on both the contract market and the spot market, it is

unclear how the participation rate affects the buyer’s surplus.

Theorem 3.4.4. (Effect on Seller’s Surplus)

The seller’s surplus G(X\) increases as A increases.

Theorem 3.4.4 states that an increase in A always benefits the seller. The rationale
behind this theorem is that as A increases, the seller has more flexibility by controlling
both the option price and the spot prices. As the buyer is more willing to transact
on the spot market, the seller can make better decision with dynamically updated
information.

In contrast to the monotonicity shown above, the impact of A on the buyer’s
surplus and on the total social surplus is indeterminate, depending on the parameters

in the model.

Theorem 3.4.5. (Effects on Buyer’s Surplus and Total Social Surplus)
The effects of the buyer’s participation rate X on the buyer’s total surplus and on

the total social welfare are as follows.
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1. If ap, — g > 3(oy — Be)/p, then the buyer’s surplus V(X) and the total social

surplus W (X) increase as A increases.

2. If ap, — oy < 3(oq — Bc)/p, then the buyer’s surplus V(X) and the total social

surplus W(X) may increase or decrease as \ increases.

Theorem 3.4.5 states in a market with a monopolist seller, spot market partic-
ipation may or may not benefit the buyers, therefore may or may not increase the
total social surplus. The total social surplus is equal to the buyer’s expected utility
minus the manufacturing cost. Since the seller has exclusive market power on the
spot market, she sets the spot price at the monopoly price with respect to the resid-
ual demand, which is relatively high. As the buyer is more willing to transact in the
spot market, the total quantity of products transacted might decrease. Therefore, the
total social surplus might decrease. Example 1 and 2 show that as A increases, V()
and W (A) may increase or decrease. Example 3 indicates that even if A = 1, the total
social surplus and the buyer’s surplus may be less than those in the contract market
only setting A = 0. In Example 2 and 3, the contracting quantity Q*(\), the buyer’s
surplus V() and the total social surplus W (\) are discontinuous at two values of
A. This is because that the seller’s objective function is piecewise concave in 7. As
A increases, the optimal option price increases and can jump from one interval to
another on the right. At such jump, the seller is indifferent in charging two different
option prices that result in the same profit. Those two prices are the two local maxi-
mizers in two different intervals. Though both of the prices lead to the same profit to
the seller, the buyer’s surplus and the total social surplus are different. If the seller
chooses the lower price, more option contracts are sold and the residual demand in
the spot market is smaller. Thus, the seller charges a lower spot price with respect to
such residual demand. In this case, the seller sells more products overall. Therefore,

the total social surplus is higher and the buyer is also better off. If the seller chooses

94



the higher option price, the buyer is worse off and the total social surplus becomes
lower. As A keeps increasing from such value, the optimal price stays in the same
interval and the buyer’s surplus and total social surplus become unique again.
Example 1: a, =8, oy =4, =1,¢c=1, and p=0.5.

Example 2: o, =12, oy =9, =2, ¢c=4, and p=0.3.

Example 3: a, =52, y=2,=1,c=1,and p=0.1.
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Figure 6: Effects of spot market participation for Example 1

In the models discussed in this section, the seller has large capacity. Denote the
seller’s capacity as C'. It is easy to show that all the results in this section hold if
C > ap,—fc. As the capacity decreases, the analysis of the market equilibrium divides
into a number of cases depending on the capacity level. To investigate the impact of
the capacity factor, we limit our study in the next section to another extreme case
where the capacity is very small, which we expect the the impact is the strongest.
We investigate how the results under this condition deviate from those in the large

(unlimited) capacity case.
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Figure 7: Effects of spot market participation for Example 2
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Figure 8: Effects of spot market participation for Example 3
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3.4.2 Small capacity case

We still use the same notation as before. It is assumed that the capacity level C'
is common knowledge. Assume that the number of contracts sold by the seller in
Period 1 can not exceed the capacity, i.e., Q < C. As the models are very similar to
those in the previous section, we only present the last model for the case A € (0,1).

Similar to Section 3.4.1.3, the seller’s stage 1 problem is

max Ri(m) = (1-=M7mQua(m) + MmrQp(7m) +E[G2(Qp(7), )]}

s.t. Qa(mr) < C
Qp(r) < C (3.4.9)
™ > 0

where E[G2(Qp(7), a)] = pGa(Qp(7), an) + (1 — p)G2(Qp(7), ay).

Let C, = (aq — fBc)/2. For any C < C,, Lemma 3.4.7, Theorem 3.4.6, Theo-
rem 3.4.7 and Theorem 3.4.8 hold. The effect of the spot market participation rate
on the quantity of contracts transacted is characterized in Theorem 3.4.6. The effects
of the spot market participation rate on the seller’s surplus, on the buyer’s surplus

and on the total social surplus are characterized in Theorem 3.4.7 and Theorem 3.4.8.

Lemma 3.4.7. The seller’s optimal decision in Period 1 satisfies 7* = (E(a) — e — C) /8
for all X € [0, 1].

Theorem 3.4.6. (Effect on Contract Market)

The expected number of contracts transacted Q*(\) decreases as X\ increases.

Theorem 3.4.7. (Effect on Seller’s Surplus)

The seller’s surplus G(X) is constant for any A € [0,1], G(\) = w

Theorem 3.4.8. (Effects on Buyer’s Surplus and Total Social Surplus)

The total social surplus W(X) and the buyer’s surplus V(\) are constant for any

NE0,1], VN =& and W()) = SELP=CR)
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Theorem 3.4.6 states the same property as that in the uncapacitated case: the
expected quantity of contracts transacted decreases in A\. The different results are
Theorem 3.4.7 and Theorem 3.4.8. They state that as A increases, both the seller’s
surplus and the buyer’s surplus remain constant. In other words, if the capacity is
small enough such that C' < C,, the participation of the spot market doesn’t affect the
surpluses of the market participants at all. Therefore, both the seller and the buyer
are indifferent to transact in the spot market or under contracts. From Theorem 3.4.7
and Theorem 3.4.8, we can see the seller always extract more surplus than the buyer.
Since C' < (), the ratio of the seller’s expected surplus to the buyer’s surplus is

2(E(a) — pec—C)/C > 2.

Corollary 3.4.3. For A € (0,1], the relationship of the option price and the spot

prices is as follows:

1. Form > (E(a) —Bc—C) /B, the expected contracting quantity Q(m) < C' and the
spot prices in the subgame in both the high demand state and the low demand

state are constant for any w, s, = (o, — C) /B and s; = (oq — C) /5.

2. Form = (E(a) — Bc—C)/B, Qa(m) = C and Qp(n) can be any value in [0, C].
If Qp(m) < C, then the spot prices in the subgame in both the high demand
state and the low demand state are constant for any w, s, = (ay, — C) /0 and

s = (g — C)/B. Otherwise, no transaction takes place in the spot market.

3. Form < (E(a) — Bc — C)/B, Q(w) = C and no transaction takes place in the

spot market.

Compared to Corollary 3.4.2, Corollary 3.4.3 says whenever there is remaining
capacity on the spot market, the seller always sets the spot price at (o — C')/8 such

that all the capacity is sold.
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3.5 Single seller, a continuum of buyers

This section extends the single buyer model to a setting with a continuum of buyers
indexed by B> = [0, N]. In this setting, there are a “very large” number of buyers
such that a single buyer’s effect is “infinitesimal” relative to the market as a whole.

The sequence of the decisions is almost the same as that in the single-seller single-
buyer model except that all buyers move simultaneously at the buyer’s decision stages
in Period 1 and Period 2.

A single small buyer’s normal utility function is assumed to be quadratic as in
Section 3.4. It is assumed that every buyer’s realization a in Period 2 is the same,
which only depends on the state of the market. Thus, a single buyer’s demand at
price s is

a(s)dp = (a—Bs)du (3.5.1)
where dpu represents a single buyer’s mass. The aggregated demand is the integral

over the whole population of the buyers.

/0 q(s)dp = N(a—ps) (3.5.2)

Assumption 3.3.1, 3.4.1 and 3.4.2 are also applied to this section.

The spot market participation is modeled by the buyers’ participation rate, A. A
fraction A of buyers participate in both the contract market and the spot market.
The remaining 1 — A\ buyers only enter contracts according to their policy. If A = 0,
all buyers only enter contracts. If A = 1, all buyers use both contracts and the spot
market.

In this section, the formulation of the model is very similar to Section 3.4. The
same notation is used in this section. The buyers’ decision variables ¢. and ¢, refer
to the quantity of contracts to exercise and the quantity to purchase from the spot
market for per unit of buyers. Similarly, () represents the contracting quantity per

unit of buyers in Period 1. The organization of this section is the same as Section
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3.4. First, we study the large capacity case. Then, we consider the case with small

capacity.
3.5.1 Large capacity case

This subsection considers the case with large capacity. In all the analysis, the capacity

constraint needs not be considered.
3.5.1.1  Contract market only

All the results in this subsection can be derived directly from Section 3.4.1.1. A
single buyer’s decision problems at stage 2 and stage 3 are the same as those in
Section 3.4.1.1. The results of Lemma 3.4.1 and Lemma 3.4.2 hold.

The seller’s return at the first stage is the profit from selling option contracts to
all buyers. Since every small buyer has the same utility in Period 2, all buyers have
the same decision problems in both periods. Therefore, the best contracting quantity
is the same for every buyer. Denote the best response from a single buyer as Q(m)

for a given 7. Thus, the seller’s maximization problem in Period 1 is

max Ry(r) = /0 ng(w)dﬂ

5.t T >0 (3.5.3)

Note that fON 7Q(m)dp = N7Q(m). The above problem is basically the same as the
seller’s problem in Section 3.4.1.1. Hence, Theorem 3.4.1 follows. This subsection
says that the seller facing a continuum of buyers is essentially the same as the seller
facing one big aggregated buyer. Since the seller has no action in Period 2, a single
small buyer’s stage 2 decision is exactly the same as that in the single buyer setting
indicated in Lemma 3.4.2. In the next subsection, we will show that this doesn’t hold

anymore when the buyers also participate in the spot market.
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3.5.1.2  Contract market and spot market with full participation

This subsection considers a spot market with A = 1. In addition to longer term
contracts, all buyers participate in the spot market. The sequence of the events is
as follows. In Period 1, the seller sets the option contract price. Each buyer decides
how many contracts to purchase simultaneously. The demand is revealed. The seller
sets the spot price. Again, the buyers simultaneously decide the quantity to transact
under contracts and the quantity to transact via spot market.

At stage 4, a single buyer’s problem is the same as that in Section 3.4.1.2. The
optimal quantity of contracts to exercise ¢ and the optimal additional quantity to
purchase on the spot market ¢¥ per unit of buyers are characterized in Lemma 3.4.3.

Decision stage 3 is in Period 2. At this stage, the quantity of contracts sold to the
buyers in Period 1 is given. Also, each buyer’s demand is revealed. Let ¢.(Q, s, )
and ¢5(Q, s, @) be per buyer’s best response in stage 4. The seller sets the spot price

to maximize her profit from spot market. The maximization problem is
GQ(QJQ) = m?“X RQ(Slea)

s.t. s > c (3.5.4)
where R (s]Q, a) = (s —c) fON qs(s, @, a)dp = N(s—c)gs(s, @, ). Note this problem
is essentially the same as problem (3.4.5). Therefore, the results in Lemma 3.4.4 hold.

In Period 1, given the option price 7, each buyer anticipates his return in Period 2
and decides how many contracts to enter. As a single buyer’s influence is “negligible”,
each buyer doesn’t consider the spot price in Period 2 as an outcome of his decision Q).

Therefore, each buyer takes the spot price as given. Let 1 (Q|m) be a single buyer’s

optimal return in Period 1. Each buyer’s problem at this stage is

qi(m) = mgx 1 (Qlm)

st. Q>0 (3.5.5)

where Tl(Q? 7T) = _WQ + E[.QQ(Q? S, Oé)] = _TFQ +pg2(Qa S, Oéh) + (1 - p)92(Q7 S, al)‘
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Lemma 3.5.1. The buyer’s optimal contracting decision Q*(w) is a continuous func-

tion of m for any ™ > 0 and is as follows:

~

. Af T =0, then any Q € [ap, — Bc, +00) is optimal.

2. Ifm e (0, M] then Q* = oy, — Bc — 207 /p.

3. Ifrme (p(agﬁ_a’), E(O‘Q)ﬂ_ﬁc] , then Q* = E(a) — fe — 20m.

CIfr>E BC , then Q* = 0.

=~

Note that if 7 € <O, p(ag—;‘l)] , then Q* € [ay—fc, ap—pc). Ifw € (p(agga’), E(O‘Q)ﬁ_ﬁc :
then @Q* € [0, — c). Comparing the results in Lemma 3.5.1 to Lemma 3.4.5, for
a given option price 7w, the optimal @* in this setting is smaller. The intuition is
as follows. Lemma 3.4.4 shows that an increase in () leads the seller to lower the
spot price in the second period as long as ) < a — fc. When there is a continuum
of buyers, each small buyer is price taker of the spot prices and thereby it has no
impact on the buyers first period decision. However, in the single buyer setting, the
monopolist buyer considers this effect, which results in higher contracting quantity.

Anticipating buyers’ decisions and her own response in spot market, the seller
determines the optimal option price 7* to maximize her profit. Denote a single

buyer’s best response to a given 7w as Q(m). Let Ry(m) be the seller’s revenue in

Period 1. The seller’s decision problem at this stage is

max Ry(m) = /0 mQ(m)dp + E[G2(Q(7), o)
s.t. T > 0 (3.5.6)

where E[G2(Q(7), )] = pG2(Q(7), an)+(1—p)Go(Q(7), o) and fON mQ(m)du = NmQ(r).

(a)—pe
28

Theorem 3.5.1. Any option price m € [ ,oo> 15 optimal to the seller.
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Note that Q(7*) = 0. Lemma 3.5.1 states in equilibrium, the seller sets the option
price high enough such that no buyer is willing to enter contracts. Therefore, there
is no contract market at all when the spot market participation is 1. It is different
from the single buyer setting. In that case, even A = 1, there still exists a positive
quantity of transacted contracts. The relationship of 7 and the spot prices has the

same property as indicated by Corollary 3.4.2 with the two intervals for m become

[p(ah—an E(a)—ﬁc} and (0’ p(ah—al)).

26 ' 28 2

3.5.1.3  Contract market and spot market with partial participation

Based on the above two models, this section investigates the effects of participation
rate A on the quantity of transacted contracts, on the seller’s surplus and on the
buyers’ total surplus. In Period 1, the seller sets the option price, knowing that only
a fraction A of buyers transact on the spot market and the remaining 1 — A buyers
don’t. Given the price, all buyers decide how many contracts to purchase. The
demand state is then revealed. In Period 2, the seller sets the spot price. The buyers
who do not participate in the spot market only decide the quantity of products to
purchase under contracts. The buyers who consider to transact on the spot market
decide how many to purchase under contracts and how many to purchase from the
spot market. Denote the former buyers as type “A” buyers and the latter buyers as
type “B” buyers. For a given option contract price 7, let a single type “A” buyer’s
best response be Q) 4(7), which is characterized in Lemma 3.4.2; let a single type “B”
buyer’s best response be Qp(7), which is characterized in Lemma 3.5.1. Denote the
seller’s optimal aggregated revenue in Period 2 as Go(Qp(7), ). The seller’s problem

at stage 1 is

max Ri(r) = N[(1—\rQa(r) + ArQ(m)] + E(G(Qs(r), )

s.t. T >0 (3.5.7)

For a given A € [0,1], let 7*(\) be the optimal solution to the above decision
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problem. Note that when A\ = 0, the optimal option price 7*(\) has been characterized
in Theorem 3.4.1; when A = 1, the optimal option price 7*(\) is indicated in Theorem

3.5.1. Let Q*(X) be the total quantity of transacted contracts in equilibrium, i.e.,

Q*(A) = N1 —=X)Qa(m") + AQp(m")] (3.5.8)

In the following part, we investigate how the spot market participation rate A
affects the total contracts transacted Q*(\), the seller’s surplus G(A) , the buyers’

total surplus V' (A) and the total social surplus W ().
Lemma 3.5.2. As A increases, the optimal option price 7*(\) increases.

Theorem 3.5.2. (Effect on Contract Market)

The total quantity of contracts transacted QQ*(\) decreases as A increases.

Theorem 3.5.2 states that as more and more buyers participate in the spot market,
i.e., X\ increases, the total number of contracts transacted Q* decreases. When A
increases to 1, Q* decreases to 0. The rationale behind this is as follows. The buyers
who consider to transact on the spot market are more willing to postpone their
decision to Period 2 after their demand is realized. Though a decrease in () allows
the seller to increase the spot prices, each small buyer who is price-taker and doesn’t
take this effect into consideration. Therefore, when all buyers transact on the spot

market, i.e. A =1, Q* decreases to 0.

Theorem 3.5.3. (Effect on Seller’s Surplus)

The seller’s surplus G(X) increases in as \ increases.

Theorem 3.5.3 indicates that an increase in the participation rate A always benefits
the seller. This is consistent with the results indicated in Theorem 3.4.4 in the single

buyer setting.

Theorem 3.5.4. (Effects on Buyers’ Total Surplus and Total Social Surplus)
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The effects of the buyers’s participation rate A on the buyers’ total surplus and on

the total social welfare are as follows.

1. If ap, — oy > O”%ﬂc, both the buyers’ total surplus V() and total social surplus

W (A) decrease as A increases.

2. If ap, — oy < a’\;}?'z, both the buyers’ total surplus V(\) and total social surplus

W () increase as \ increases.

3. [fo‘l%pﬁc <ap—op < ‘”%ﬁc, the buyers’ total surplus V (\) and total social surplus

W (X)) may increase or decrease as X increases.

Theorem 3.5.4 indicates similar results in the single buyer setting. An increase in
the spot market participation rate A may or may not increase the buyers’ total sur-
plus, thereby may or may not improve the total social surplus. Only when the demand
variation is small, an increase in A benefits the buyers. Compared to Theorem 3.4.5,
the thresholds of the demand variation are different due to the different market struc-
tures. In the single buyer case, the buyer has more market power. However in the
many-buyer case, each small buyer has very small influence.

The effects of the participation rate on ), G, V and W are illustrated in Example
4 -6.

Example 4: o) = 12, oy = 4, § = 1, ¢ = 1, and p = 0.5. In this example
ap —og > al%ﬁc, both V() and W () decrease in A.

Example 5: a, =7,y =4, =1, c=1, and p = 0.5. In this example o, — oy <
L\/gc, both V(A) and W () increase in \.

Example 6: o, = 9, oy = 4, § =1, ¢ = 1, and p = 0.5. In this example,
-

Wﬁc <ap—ap < %ﬁc, both V() and W(\) may increase or decrease in A
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Figure 10: Effects of spot market participation for Example 5
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Figure 11: Effects of spot market participation for Example 6

3.5.2 Small capacity case

Similar to Section 3.4.2; this section considers another extreme case when the capac-
ity is very small such that the spot prices are solely determined by the capacity in
Period 2. We also assume the quantity of available contracts equal to the capacity.

If all buyers only transact under longer term contracts, i.e., A = 0, the decision
problems at stage 2 and stage 3 are exactly the same as those in the large capacity
case. We will show that at stage 1, the seller’s optimal decision is to set the option
price such that all the contracts sold.

However, for the case A € (0,1], additional assumptions are needed to make
our model complete. Consider the following situation. For some option price ,
the aggregated contracting quantity submitted by all buyers exceeds the available
contracts. How to allocate the limited contracts among the buyers will affect the
spot prices in the later stage and thereby will influence the contracting decision for

those buyers participating in the spot market.
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There are different ways used in practice when the aggregated demand is larger
than the capacity. One common rationing scheme is first-come first-serve. The seller
can also restrict each buyer’s contracting quantity no larger than the capacity divided
by the market size. Another allocation rule used in practice is to apply the same
fraction to all buyers. Different allocation rules eventually affect the seller’s total
revenue. The first rationing scheme is natural. Suppose the seller chooses the first-
come first-serve rationing rule, only a fraction of the buyers’ contracting decision
can be satisfied if the total demand exceeds the capacity. From a single buyer’s point
view, his request is fulfilled with some probability in this situation. Since a buyer is an
infinitesimal relative to the market as a whole, he will take this probability as given.
Therefore, each buyer will honestly submit the quantity to optimize his return if his
demand is satisfied. The second rule is easy to applied but has flaws. If all buyers are
identical, then it makes sense to do so. However, in our case A € (0,1), applying the
same restriction to the two different types of buyers seems unsatisfactory. Though
the third rule is also used in practice, it also has some drawbacks. The third rule is
to apply the same fraction to all buyers. If this is the case, buyers will ask more than
what they really want and thereby inflate the market. It should be pointed out that
all the allocation rules may not be optimal to the seller. Allowing the allocation rule
as the seller’s decision complicates the problem significantly. In this section, we only
study the first two rules.

It should be noted that in the case A € (0,1), the capacity constraint of the
seller’s problem in stage 3 makes the problem much more complicated no matter
which allocation rule is used. The surprising result is that in equilibrium, the seller’s
optimal option price as well as the effects of A on contracting quantity, the seller’s
surplus and the buyers’ total surplus are the same under both rationing rules.

This section is organized as follows. We start with the first rationing scheme,

first-come first-serve. Under this assumption, we study the case in which all buyers
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participate in the spot market, i.e., A = 1. Then we investigate the case in which all
the buyers only participate in the contract market, i.e., A = 0. Finally, we consider
part of buyers only participate in the contract market and part of the buyers partici-
pate in both market, 0 < A < 1. The second rationing scheme is also discussed. Both
rationing schemes reach the same results. Since the models and proofs under the

latter assumption are very similar to the first, we will only highlight the differences.
3.5.2.1 Rationing scheme 1 — first-come first-serve

A. Contract market and spot market with full participation

The decision problem for the buyers at stage 4 is the same as that in the large
capacity case.

If the aggregated contracting quantity QN is larger than C, the seller can only
satisfy a fraction v of the buyers, where v = C/(QN). If QN < C, then all the
buyers’ demand is satisfied, i.e., v = 1. Let ¢.(Q) denote the quantity of contracts to
exercise in the spot market for the buyers having () contracts. For those buyers, let
7s(Q, s) denote the extra quantity the buyers decide to purchase from the spot market
at spot price s. For the buyers without any contract, let ¢4(0, s) denote the quantity
they determine to purchase from the spot market at spot price s. The seller’s problem

at stage 3 is as follows.

Ga(Q.0) = max Rys]Q,0)

st. N[(g(Q) +qs(Q, ) + (1 —7)gs(0,8)] < C (3.5.9)

where Ry(s|Q,a) = (s — ¢)N [vqs(Q, s) + (1 —v)gs(0,s)]. If v = 1, the problem is

reduced to

G2<Q7a) = msax (S—C)QS(Q,S)N

st N[g(Q)+¢(Q,s)] < C (3.5.10)
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Lemma 3.5.3. If the seller’s capacity C < NC, = N(oy — [c)/2, then the optimal

spot prices are as follows.

1. For@ € [0,C/N], the optimal spot price in the high demand state is s}, = #
and the optimal price in the low demand state is s} = #

2. For Q € (C/N,oq — Bcl, v < 1 and all the products are sold under contracts in

both demand states. No transaction takes place on the spot market.

3. For Q € (oq — Pe,a, — Bel, v < 1, all the products are sold only under con-

tracts in the high demand state. In the low demand state, the optimal price

gt — Wa=Bo)+(—ya~C/N
l B(I—) '

Lemma 3.5.3 states if each buyer’s contracting quantity () < C'/N, then the deci-
sion problem for the seller in Period 2 is essentially the same as facing an aggregated
big buyer with size N. If @ € (C/N, oy — (], all the products are consumed by the
buyers under contracts in both demand states. If Q € (o — (e, oy, — B¢, fraction v of
all buyers only exercise part of their contracts (o — B¢ out of @) in the low demand
state. The remaining capacity, C' — vN(oy — [¢), is consumed by the other part of
buyers (1 — v of all buyers) having no contract. It should be noted that in this case,
the seller sets the spot price s} at which all the remaining capacity is sold.

A single buyer is very small comparing to the population of all buyers. The
influence of an individual buyer’s decision is negligible and doesn’t affect the spot
prices as well as the probability with which his contracting demand to be satisfied.
Therefore, in a single buyer’s decision problem, he takes the spot prices and v as
given. With probability 7, the buyer’s demand request ) is fully satisfied. With
probability 1 — v, the buyer’s demand request is rejected. Let s = (sp,s;) be the
corresponding prices. For any given (m,7, sy, s;), the buyer’s decision problem at

stage 2 is as follows.
gi(m) = max r(Qr) = Y{-7Q+E[p(Q.s,)]} + (1 —7)E[g2(0,s, )]
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s.t. Q > 0 (3.5.11)
where

Elg2(Q. s,0)] = pg2(Q,sn,an) + (1 — p)g2(Q, s1, ) (3.5.12)

Elg2(0,5,0)] = pga(0, s, ) + (1 = p)g2(0, 51, ) (3.5.13)

Since s is given, (1—7)E[g2(0, s, )] is constant. The decision problem can be reduced

to

gi(r) = max —7Q + E[g(Q, s, )]

st. Q > 0 (3.5.14)

Denote the optimal decision as Q*, which is a function of the input parameters
(7,7, Sh, s1). Without confusion, let’s temporarily drop 7 and denote best response

function as @(fy, Sn,s1). For a given @, ~ is implied by the following function.

1 if Q < C/N
Q) = (3.5.15)
C/(NQ) if Q>C/N

Given @ and v = 5(Q), the optimal spot prices are determined by Lemma 3.5.3.
Denote such best response function as $,(Q) and 5(Q). A set (Q*, s}, s,7*) is an

equilibrium for any given 7 in the subgame must satisfy the following system:

Q" = Q0 sh ) (3.5.16)
st = 5(QY) (3.5.17)
s; = 5(Q") (3.5.18)
7= (@) (3.5.19)

The optimal contracting quantity Q* is a fixed point of function f(Q) = Q(V(Q), sn(Q), 5:(Q)),

ie.,

Q" = f(@) = QUQ),s(Q),s5i(QY)) (3.5.20)



Lemma 3.5.4. If the seller’s capacity C' < NC,, each buyer’s optimal contracting

quantity is as follows:

1. If e [0,%), then Q* = oy, — Bc — B /p.

2. Ifre [p(o‘hﬁ_al), E(a)_%c_C/N>, then Q* = E(a) — fc — f.

3. Ifm= w, then any Q € [0,C/N] is optimal.

4. If m> w, then QQ* = 0.

E(a)—Bc—C/N

Note that the price 3

is equal to the expected spot price minus the

marginal cost under the condition () = 0, i.e, there is no contracting period. Lemma 3.5.4

E(a)—Bc—C/N

says that if the option price is lower than the critical price 5

, then the
buyer’s optimal contracting quantity is the same as if the buyers only entering con-
tracts. If the option price is equal to the critical price, then the buyers are indifferent
between entering contracts now or procure from the spot market later since the ex-
pected spot price is the same as the critical price plus the marginal cost. If the option
price is higher than the critical price, then the buyers will not enter contracts at all.
Note the optimal quantity is discontinuous at the critical price. However, the seller’s
revenue at this price is still continuous as we will show next.
For a given 7, the buyers’ best response Q (), which is characterized in Lemma 3.5.4.

If Q(m) > C/N, the seller applies first-come first-serve rationing scheme. The seller’s

problem at the first stage is

max Ri(m) = my(Q(1))NQ(7) + E[G2(Q(m), a)]
s.t. FQ(r)NQ(r) < C (3.5.21)

T > 0

where E[G2(Q(7), )] = pGa(Q(m), an) + (1 — p)Ga(Q(7), o) denotes the optimal

expected return from the spot market.

112



Theorem 3.5.5. If the seller’s capacity C < NC,, any m € [w,oo) 185

optimal.

Theorem 3.5.5 basically says if the seller’s capacity is small, then the best strategy
for the seller is to set the price such that the total revenue is the same as putting
all the capacity only on the spot market. This result is consistent with that in the
single-buyer setting.

B. Contract market only

Henceforth, we only consider the case when C' < NC, in this section. If the
buyers only participate in the contract market, the decision problems for the buyers
in Period 1 and Period 2 are the same as those in Section 3.5.1.1. At the first stage,

the seller’s decision problem with first-come first-serve rationing scheme is

max Ri(m) = 7y(Q(m))NQ(r)
s.t. FQ(mM)NQ(m) < C (3.5.22)
™ > 0

Theorem 3.5.6. If the seller’s capacity C' < NCy, the optimal option price for the

E(a)—Bc—C/N .

seller m* = 5

C. Contract market and spot market with partial participation

In this section, we study the case in which A € (0, 1) and we still limit our study to
the small capacity case C' < NC,. As in the large capacity case, type A buyers, who
count for 1 — X of all buyers, only participate in the contract market. The remaining
A of the buyers participate in both contract and spot markets, referred as type B
buyers.

At stage 4, the contracting quantity for type A buyers ()4 and the contracting

quantity for type B buyers (Jp are given. Note that ()4 and ()5 imply a unique = by
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the following function.

B 1 if (1-MQa+AQp<$
Y(Qa,Qp) = (3.5.23)
N[(l—/\)gA+)\QB] if (1-XA)Qa+ QB > %
The decision problem for the seller at this stage is
GQ(QA7Q37Q) - mSaX RQ(S‘QA,QB;O()
st. D(Qa,Qp,s) < C (3.5.24)

where D(Q4,@p,s) denotes the total quantity of products to be transacted for any
given (Q4,@p,s). Let g.a(Qa) denote the number of contracts to be exercised for
a type A buyer who has Q4 contracts. Similarly, let g. 5(Qp) denote the optimal
quantity to be exercised for a type B buyer who has (g contracts. The quantity of
products to be purchased on the spot market is denoted as ¢s 5(@p, s) for a type B
buyers with Q) contracts. Let gs 5(0, s) denote the quantity of products to purchased
from the spot market per type B buyer having no contracts. Thus, the total quantity
is
D(Qa,Qp,5) = N{(1=N74ea(Qa) + M4e5(@B) + 45,8(QB, 5)]

AL = 7)4s5,5(0,5)} (3.5.25)

and the objective function is

Ro(s|@Q,a) = N(s—c){\Mags5(@B,s)) + A1 —7)¢:.5(0,)} (3.5.26)

Denote the optimal price for problem (3.5.24) in the high demand state and the
low demand state as a function of the input parameters (Qa,@p): Sp(Qa,@p) and
51(Qa, @B).

At stage 2, type A buyers’ decision problem and optimal strategy have been
investigated in the previous subsection. For any given (s, s;,7), the formulation of

the decision problem for type B buyers is same as problem (3.5.14). Let @ B(7, S, 1)
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be the optimal solution as a function of (s, s;,y). For a given option price 7, a set of
values (Q%, Q% sy, s7,7*) is an equilibrium in the subgame must satisfy the following

system, with % determined by Lemma 3.4.1.

Qp = QY. s} 5)) (3.5.27)
s, = sn(Q% @p) (3.5.28)
s; = s(Q4,Qp) (3.5.29)
7= (@4 Q) (3.5.30)

Type B buyers’ optimal contracting policy is a fixed point of function

f@Qp) = Qs(Y(Q4,QB),sn(Q%, @r),51(Q4, @B)) (3.5.31)

Lemma 3.5.5. If seller’s capacity C' < NC,, each type B buyer’s optimal contracting

quantity is as follows.

1. Ifr e [0,%), then Q5 = ap — Bc— B /p.

2. Ifre [p(ahﬁfal), E(a)fiffc/]v), then Q5 = E(a) — e — fB.

3. Ifm= w, then any Qp € [0,C/N] is optimal.

The results in Lemma 3.5.5 are exactly the same as Lemma 3.5.4. However, the
proof of Lemma 3.5.5 is much more complicated because the capacity constraint in
stage 3. Lemma 3.5.5 states that type B buyers’ best contracting policy for any
A € (0,1) is the same as the case A\ = 1.

At stage 1, the decision problem for the seller is

max  Ry(m)

st (Qa, @e)N{(1 = M)Qa(r) + AQp(m)} < C (3.5.32)
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where

RBy(m) = NY(Qa, Qp)[(1 = N7Qa(m) + ArQp(m)] + E[G2(Qa(7), Qp(r), )]

Note that Go(Qa(m), @p(7), «) is the optimal return for the seller in Period 2 for a
given (Qa(m), @p(r), ).

Theorem 3.5.7. If C < NC,, for any A € (0,1), the optimal option price for the

E(a)—Bc—C/N .

seller m* = 5

E(a)—Bc—C/N *
(0)=5eCIN (e

Note at the equilibrium price C/N, and Q% can be any value

in [0,C/N]. The spot prices are w and # At this price, all the capacity
is sold. Theorem 3.5.7 says regardless of the value of A, the optimal option price is

E(a)—Bc—C/N

constant, 7" = 5 . At this price, a single type A buyer’s contracting quantity

is C'/N. A single type B buyer’s contracting quantity can be any value in [0, C'//N],
since the expected spot price is equal to the option price plus the marginal cost.

Under this condition, all the capacity is sold in Period 2. Let Q* = (1 —\)Q% + \Q%.
Theorem 3.5.8. If C < NC,, the following results hold:
1. The ezpected total number of transacted contracts Q*(\) decreases in \.

2. As X increases, the seller’s total surplus G(\) doesn’t change, G(\) = w

3. As X increases, the buyers’ total surplus V(X) and the total social surplus W ()

do not change, V(\) = % and W(\) = C(E(a)—B;—C/(QN))'

Theorem 3.5.8 is a direct consequence of Theorem 3.5.7. It states the same prop-
erties as in the single-buyer setting. In the undercapacity case, contracts transacted
decreases as more and more buyers participate in both markets. However, the sur-
plus of the seller, the total surplus of the buyers, and the total social surplus do not

change.
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3.5.2.2  Rationing scheme 2 — limiting contracting quantity per buyer

The second possible way is to restrict every buyer’s purchase of contracts no larger

than C/N.
If there are only type A buyers in the market, i.e., A = 0, it is easy to show
that equilibrium option price is still w In the case A = 1, the results in

Theorem 3.5.5 hold. For A € (0, 1), though the model formulation is slightly different,
Theorem 3.5.7 still hold. The effects of the buyers’ participation rate on the contracts
transacted, on the seller’s surplus, on the buyers’ total surplus and on the total social
surplus are exactly the same as Theorem 3.5.8.

Surprisingly, although the two rationing rules are very different, the results in
equilibrium are the same if the seller’s capacity is small. Since the second rationing
scheme does not appear to introduce any particularly interesting new phenomena,

the model and the proofs are skipped here.

3.6 Single seller, a continuum of buyers with different util-
ity

This is section considers a market in which there are a single seller and a continuum of

buyers with market size N, which is similar to Section 3.5. In addition to each buyer’s

random utility depending on the state of the market, we also considers the uncertainty

depending on each individual buyer. Define a single buyer’s utility function as

Ulg) = —q—2+w (3.6.1)

20 p
where ¢ and « are independent random variables realized after the contracting pe-
riod. Parameter a represents the uncertainty depending on the state of the market,
which is the same as that in previous sections. With probability p, the state is high
and with probability 1 — p, the state is low. To be consistent with the notation in
pervious sections, we still use o2 to represent the variance of . The other param-

eter, ¢, models each individual buyer’s random utility. This is an approximation to
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the transportation industry in which there are buyers including different individual
shippers and forwarders from different industry sectors. Thus, besides the influence
of the market environment, each buyer has his own different utility. In this model,
¢ of every small buyer is assumed to be an i.i.d random variable and uniformly dis-
tributed on [—¢, ¢]. Denote the distribution function as F. Thus, in Period 2, after ¢

is revealed, the mass of the buyers with realization of ¢ below any given ¢, € [—5, ]

1S
& N(¢o + 5)
N dF = —
/ A .

Assumption 3.3.1, 3.4.1 and 3.4.2 are also used here. To emphasize different utility

(3.6.2)

among the buyers, it is also assumed that ¢ is big.

Assumption 3.6.1. The wvariation of the utility among different buyers is large,
&> ay,.

Based on the utility function, each single buyer’s normal demand function is s =
—% + %ﬁ, i.e., g = a4+ ¢ — (s, where s denotes the price. It should be noted that as
¢ > ay, if the realization ¢ is small such that —¢ < ¢ < —a+ B¢, then a+¢— e < 0.
That is some buyers do not purchase at all either through contracts or from the spot
market. For a given price s, the aggregated market demand q is as follows. Denote

a single buyer with realization ¢ has demand ¢(¢). Depending on the price s, there

are two cases.

1. For s > 0"#, it holds that a + ¢ — Bs < 0 for any ¢ € [—¢, ¢]. Thus, ¢(¢) =0

for any ¢ € [—¢, ¢] and the aggregated market demand is

b
7 = % / La@)s = 0 (3.6.3)

2. For s € [0, O‘Tﬁ] it holds that g(¢) = 0 for ¢ < —a+ s and ¢(¢) = a+ ¢ — (s

for ¢ > —a+ Bs. Note —¢ < —av+ Bs < ¢. Thus,
N [?
qg = — d
q %9 /_¢Q(¢) ¢
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N —a+0s @
_Eﬁ[[. M¢+/: (a+¢—ﬁ@@i

¢ a+f3s
_ Nla+¢—Bs) (3.6.4)
4¢

Presumably, the spot market can provide an opportunity to better allocate re-
source according to buyers’ different utility that is only observed after the contract-
ing period. We term this effect the allocation effect of the spot market. Especially,
when the seller has a very limited capacity, the allocation effect will be strong. Like
previous sections, we first study the large capacity case. Then, the model is extended

to the small capacity case.

3.6.1 Large capacity case
3.6.1.1  Contract market only

This subsection studies the setting when the buyers only transact on the contract
market. At stage 3 in Period 2, the number of contracts purchased by a single
buyer, @, is given. Also, the random parameters in the utility function, o and ¢ are
observed. Let ¢. be the quantity of products that each buyer decides to purchase
under contracts. Denote each buyer’s return in Period 2 as ro(g.|a, ¢). A single

buyer’s decision problem is

92(Q7057¢) = H%]?X T2(Qc’a7¢)

s.t. 0 < ¢ < @ (3.6.5)

—(a+ﬂ¢)qc — gc.c. Let ¢& be the optimal solution to above

where 73(q.|a, ¢) = —% +

problem.

Lemma 3.6.1. The buyers’ optimal decision in Period 2 is as follows.
1. Ifa+¢ — Bc <0, then g8 = 0.
2. If0<a+¢—Pc<Q, then g = a+ ¢ — fe.
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3. IfQ < a+¢—fc, then ¢& = Q.

Lemma 3.6.1 is similar to Lemma 3.4.1, by replacing o with o + ¢. The only
difference is that the unconstrained optimizer o + ¢ — B¢ could be negative if ¢ is
small enough. In that case, the buyer does not purchase any products at all.

At stage 2, both a and ¢ are not observed. Given the option contract price 7, each
buyer anticipates his return in Period 2 and decides how many contracts to purchase.
We use ¢.(Q, , ¢) to denote the buyers’ best response for a given set of @, o and ¢,
which is characterized in Lemma 3.6.1. And let ¢.(Q, an, ¢) and ¢.(Q, ay, ¢) denote
each buyer’s best decision in high market state and low market state respectively. A

single buyer’s decision problem is

gi(m) = mgx r(Q]m)

st. Q > 0 (3.6.6)

where

Tl(Q|7T) = —7TQ+E[92<CE,06,¢>]

B P[] 4@ an ) (an+¢)a(Q, an, ¢) }
1—p [*] q(Q a1, 0)? (o +$)q(Q. 0, 0)
+—25 g {— 5T 5 - qc(Q,az,qﬁ)C] d¢

(3.6.7)
Let the buyers’ best response be Q*.
Lemma 3.6.2. The buyers’ optimal contracting decision Q* is as follows.
1. Ifre [O,p(aZT_gm» then Q* = ay + ¢ — e — \/@.

2 Ifre [““izgf e B )] then Q* = E(a) + & — Bc — \/46or — o2.

047—02 *
3. If7r>'5(j#ﬁ), then Q* = 0.
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Note if m € [O, ’%), then Q* € (oy + ¢ — Be, o + & — Bc]. If

TE [p(o‘h_o”)Q, E(O‘Jra_BcF] , then Q* € [0, 0y + ¢ — Bc]. Also, at the breakpoint plan—a)®

46¢ 489 456

Q*(m) is continuous. Lemma 3.6.2 indicates that if the option price 7 is small,
T < p(aZT_glP, then each buyer purchases a large number of contracts such that
Q* > oy + ¢ — Pe. If the state of the market turns out to be low in Period 2, every
single buyer has unused contracts regardless of the value of ¢. If the option price is
higher than ”(C“ZT%”)Z, then each buyer purchases a moderate quantity of contracts.
Some buyers with high ¢ realization use all the contracts and some buyers with
low ¢ realization only use part of the contracts. If the option price is high enough,
> %, then all of the buyers don’t enter contracts at all.

In Period 1, the seller chooses the option price 7 to maximize her total revenue.
Note that every buyer’s decision problem at stage 2 is the same, thereby the best
response QQ*(7) is the same. Hence, the aggregated response is NQ*(w). To simplify

the notation, we use Q(m) to represent Q*(7) and omit the superscript “*”. The

seller’s optimization problem at this stage is

max Ry(m) = N[rQ(r)]

s.t. ™ > 0 (3.6.8)
Let the optimal option price be 7*.

Theorem 3.6.1. The optimal option price is unique and is determined by the follow-

ing conditions.

« ~ | plon—ar)? E(a+$+ﬁc)2}
1.7 6[ 55 46 .

o _ Lk _ 255“'* —
2. E(a) + ¢ — Be — \/4Bom* — o2 T 0.

Theorem 3.6.1 indicates that in market equilibrium, the seller sets the option

contract price such that some of the buyers always use all the contracts no matter
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Period 2 turns to be high market state or low market state. Intuitively, by Assumption
3.6.1, the seller’s optimal decision should not only reflect the variation of a but also

should reflect the variation of ¢.
3.6.1.2 Contract market and spot market with full participation

This section studies the case A = 1, i.e., all buyers participate in both the contract
market and the spot market. At stage 4, the number of contracts purchased in
Period 1, @, is given and the random variable o are observed by all the buyers.
Parameter ¢ representing each individual buyer’s random utility is also observed by
every buyer. Given the spot price s buyers decide how many products to purchase
under contracts and how many to purchase from the spot market. Let g. be the
quantity of products to be transacted under contracts and ¢; be the quantity of
products to be purchased from the spot market. Denote each buyer’s return in Period

2 as 13(qe, gs|s, v, @). The decision problem for a single buyer is as follows.

g2(Q,s,,¢) = max  12(qe, s, |8, , D)

qc,9s

s.t. 0 < ¢ < @ (3.6.9)
g = 0
where r9(q., gs|s, a, @) = _(chgs)z + (a+¢)/(3qc+q5) — qcC — qsS.

Lemma 3.6.3. The buyers’ optimal decision in Period 2 is as follows.
1. Ifa+¢—Bc <0, thenq: =q: =0

2. If a+¢—Pc > 0 and s = c, then any ¢ and q satisfying the following conditions

are optimal:
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3. If0<a+¢—0Fc<Q ands>c, then ¢ =a+ ¢ — [c and ¢¢ = 0.

4. If0<Q<a+¢—pPcand s>c, then gt =Q and ¢t = (a+ ¢ — [Bs —Q)".

Lemma 3.6.3 is similar to Lemma 3.4.3, by replacing o with oo+ ¢. The difference
is that the unconstrained optimizer o + ¢ — (3¢ can be negative. In that case, buyers
don’t purchase products at all.

At stage 3, « is revealed. In addition, every single buyer’s random utility parame-
ter ¢ is observed. Depending on the number of contracts each buyer has, the seller sets
the spot price to maximize her return from the spot market. Since each small buyer’s

utility parameter ¢ is independent and uniformly distributed on [—@, ¢]. Therefore,

N(¢o+9)

A In other words, the

the mass of buyers with ¢ below any given ¢y € [—¢, @] is
seller observes a continuum of buyers with ¢ evenly from —¢ to ¢. Let ¢.(Q, s, a, ¢)
and ¢s(Q, s, a, ¢) be a single buyer’s best response in stage 4 given @, s,a and ¢.

Denote the seller’s revenue in Period 2 as Ry(s|@, «). The seller’s decision problem is

Go(Q,a) = max Ry(s|Q, )

s.t. s > ¢ (3.6.10)
where
¢
Ry(s|Q.a) = (s— N / 0:(Q.5,0,0)4F(9)
B N(s—c) é
- 2 / RACRERALE (3.6.11)

Lemma 3.6.4. The seller’s optimal spot price is as follows.
1. IfQ > a+ ¢ — fBe, then any s > ¢ is optimal.

= ) . . * a+$+2ﬁC—Q
2. If Q < a+ ¢ — Bc, then the seller’s optimal price s* = 5 -
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The rationale behind Lemma 3.6.4 is as follows. Since the strike price is at the
marginal cost, the buyer with maximum demand is ay + ¢ — Bc. If the number of
contracts that each buyer has is bigger than that quantity, every buyer only trans-
acts under contracts with the lowest possible unit price c. In this case, there is no
transaction at all in the spot market. If () is smaller than that quantity, then the
buyers with high utility will purchase from the spot market to fulfill their residual
demand. Therefore, the seller sets the spot price to maximize her revenue from the
spot market according to the aggregated residual demand.

Given the option price 7, each buyer anticipates his expected return in Period 2
and decides how many contracts to purchase at stage 2. As each buyer is infinitesimal,
a single buyer takes the spot price s as given and doesn’t consider it is a consequence
of his decision (). The seller’s best response in Period 2 at the high market state
and low market state are denoted as s, and s, for a given Q). Let ¢.(@Q, s, o, ¢) and
qs(Q, s, a, @) be a single buyer’s corresponding best response in stage 4 for a given
set of @, s, a, and ¢. Let r1(Q]|m) be a single buyer’s expected return in Period 1. A

single buyer’s decision problem at stage 2 in Period 1 is

gl<7T> = ngX 7’1(@|7T) = _WQ+E[92(Q737047¢)]

s.t. Q > 0 (3.6.12)

where

b 2
]E[QQ(Q, s,a,(b)] — % /_¢ [(QC(Qa S, Up, (b) ;ﬁQS<Q757ah7¢)> +
(an + 0)(qe(Q, 5, an, @) + q5(Q, 5, an, ¢))
g
_QC<Q7 S, Op, (b)ﬂc + QS(Qa S, Op, ¢)65h

6
ﬂ ¢ |:<QC<Q737QI7 (b) + QS<Q7570417 (b))Q
20 J35 2
(al + (b)(QC(Q? S, a, (b) + qS(Q7 S, O, ¢))
p

do +

_l_
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| 0ulQ, 5, 01,0)8c + 4,(Q, 5,01, 6)Bs:
5

1 dp  (3.6.13)

Let @* be the buyers’ optimal decision.

Lemma 3.6.5. The buyers’ optimal contracting quantity is as follows.

5p(ap—ap)? * - 366¢T
1 Ifre [o%) then Q" = aj, + ¢ — e — /25,

2 Ifme {"””(“””2 P[Etets s C)ﬂ, then Q" = B(a) + ¢ — Be — /251 _ 52,

3686 ' 365¢ 5

5 [E(a+$fﬁc)2]

3. Ifm > 3653

, then Q* = 0.

Note in part 1 of Lemma 3.6.5, Q* € (ay + ¢ — B¢, ap + ¢ — Bc| and in part 2,
Q* € [0,a; + ¢ — Bc]. Lemma 3.6.5 indicates that if the option price is small, i.e.,
< wgg—ggl)z, each buyer’s best response QQ* is large. If the state of the market turns
out to be low in Period 2, all buyers only transact under contracts. If the option

5p(ah—al)2 < < 5[E(a+$7ﬂc)2]

5695~ =TS 695 then each buyer purchase a smaller

price is bigger, i.e.,
number of contracts. In that case, some buyers with high utility always purchase on
the spot market in either high state or low state. Compared to the results in Lemma
3.6.2, for a given price 7, each buyer purchases fewer contracts and relies more on the
spot market to fulfill his residual demand.

At stage 1, the seller chooses an optimal option price, anticipating her return in

Period 2. Denote the seller’s total revenue as R;(7m) and denote each buyer’s best

response at stage 2 as Q(m). The seller’s problem at stage 1 is

max Ry (r) = N7mQ(m)+E[Go(Q(7), )]

5.t T > 0 (3.6.14)

where E[G2(Q(7), )] = pGe(Q(m), an) + (1 — p)G2(Q(7),y). Denote the buyers’

optimal price as 7*.
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Theorem 3.6.2. Seller’s optimal option price is unique and is determined by the

following conditions:

1. ™™ € [57’(%*%)2 5E(a+5*ﬁc)2],

3609 3686
- . [36B8¢m* o 183pm* _
2. E(a) + ¢ — e Ty T A T 0

Similar to the results in Theorem 3.6.1, in equilibrium, the seller sets the option
price fairly high such that some buyers always purchase on the spot market no matter

the state is high or low.
3.6.1.3 Contract market and spot market with partial participation

This subsection studies the case when only part of the buyers buy in the spot market.

The previous results on the total contracts transacted and on the seller’s surplus still

hold.

Theorem 3.6.3. (Effect on Contract Market)

The total quantity of contracts transacted QQ*(\) decreases as A increases.

Theorem 3.6.4. (Effect on Seller’s Surplus)

The seller’s surplus G(X\) increases as A increases.

A numerical study is conducted to investigate the effects of the spot market par-
ticipation on the buyers’ total surplus and the total social surplus. We have tested a
variety of data. It is observed that both the buyers’ total surplus and the total social
surplus always increases as A increases. This is due to the demand variation among
the buyers. Since the buyers’ utilities are observed in the spot market period, the
buyers with higher utilities can purchase additional products from the spot market.
As the demand variation is large, this effect becomes significant and outperforms the
factor that the spot market is dominated by the monopolist seller. Figure 12 presents
the results for one of the examples.

Example 7: o, =15, oy =3, 6 =15 =1,¢c=2, and p = 0.5.
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Figure 12: Effects of spot market participation for Example 7

3.6.2 Small capacity case

In Section 3.5, we have shown that if all buyers have the same utilities and the capacity
is large, an increase in spot market spot market participation rate always benefits the
seller but may or may not benefit the buyers. If the capacity is small enough, then an
increase in spot market participation rate doesn’t change the buyers’ surplus. In this
subsection, we extend the model of many buyers with different utilities to the small
capacity case. Similar to Section 3.5.2, the two rationing schemes are studied. For the
first-come first-serve rationing scheme, a numerical study is conducted to investigate
the effects of the buyers’ spot market participation rate. For the second rationing
rule, analytical results are obtained for A = 0 and A = 1. We show that if the seller’s
capacity is smaller than a threshold, it is better for both the seller and the buyers in
the latter case (A = 1), than in the former case (A = 0). It is also assumed that the

total number of contracts sold to the buyers can not be larger than C.
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3.6.2.1 Rationing scheme 1 — first-come first-serve

In this section, we first study the case when all buyers participate only in the contract
market. Then we extend the model to the case A € (0,1). Since the formulation of
the case A = 1 is similar, it is not included here.

A. Contract Market Only

This subsection studies the case when all buyers only participate in the contract
market, i.e., A = 0. At this stage 3 in Period 2, the contracting quantity @ is given.
Also, the random parameters, a and ¢, in each buyer’s utility function are observed.
A single buyer’s problem is the same as problem (3.6.5) and Lemma 3.6.1 holds.
Buyers’ stage 2 problem is the same as problem (3.6.6) with the objective function
scaled by v, which is determined by function (3.5.15) in terms of Q). The buyers’
optimal contracting quantity is characterized by Lemma 3.6.2.

At the first stage, the seller chooses an option price to maximize her total revenue.

Denote each buyer’s best response as Q(7). The seller’s problem is

max  Ri(m) = my(Q)NQ(7)
s.t. 0 < FQ)NQ(r) < C (3.6.15)

T > 0

where 7(Q) is defined as function (3.5.15).

B. Contract market and Spot Market with full participation

The stage 4 decision problem for a type B buyers is the same as problem (3.6.10).
For each type A buyer, the decision problem is formulated as problem (3.6.5). Lemma
3.6.1 and Lemma 3.6.3 hold for type A buyers and type B buyers respectively.

At stage 3, the seller chooses the spot price to maximize her return from the spot
prices. At this stage, (Qa,@p) is given, which implies v by function (3.5.23) under
the first-come first-serve scheme. The formulation of the decision problem is the same

as problem (3.5.24) with Ry(s|Q4,@p,a) and D(Q4, Qp,s) defined as follows. Let
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D. 4(Q4) denote the total number of contracts exercised by type A buyers. The
best decision for a single type A buyer, who has ()4 contracts, is characterized in
Lemma 3.6.5 and is denoted as q.a(Qa,¢). Fraction v of the type B buyers have
(B contracts each. For those buyers, denote the best quantity to purchase under
contracts and from the spot market in stage 4 as ¢. 5(Qp, ¢) and ¢s 1 (@B, S, ), which
are characterized by Lemma 3.6.3. Denote the aggregated quantity transacted under
contracts from those buyers as D.p(Qp) and the aggregated quantity transacted
from the spot market as D p1(@p, s). Because of the first-come first-serve rationing
scheme, fraction 1 — 7 of the type B buyers are not able to purchase any contract
in Period 1. For those buyers, denote the best quantity to purchase from the spot
market in stage 4 per buyer as ¢, p2(0, s, ¢) and the aggregated quantity as D; p2(0, s).

The total aggregated demand for any (Qa,@p, ) is

D(Qa,Qp,8) = Dea(Qa)+ Der(Qp) + Dy pi1(Qp,s) + Ds (0, s)

(3.6.16)
where
Ny(1-2) [¢
D, - =N o) 3.6.17
A(Qa) 2% ) /¢Q,A(QA ¢)do ( )
¢
Dos(@s) = 2 G o 6o (3.6.18)
20 J-3
3
Dsi(@s,5) = “2 [ a(@s.5,0)d0 (3.6.19)
o J-3 3
N =\ [?
DS 0, - = s, 0, 5 d 3.6.20
,Bz( S) % /_¢q 32( S¢) ¢ ( )

The objective function for this problem is

Ro(s|Qa,Qp, ) = (s—¢)[Dsp1(@p,s) + Dsp2(0,5s)] (3.6.21)

Denote the optimal price function in terms of (Q4,Qp) of the above problem in

the high demand state and low demand state as 5,(Q4,@p) and 5(Qa,@p). The
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following lemma characterizes the condition for the uniqueness of the optimal price

s* at stage 3.

Lemma 3.6.6. The optimal spot price s* is as follows.

1. If Qg > o+ ¢ — fBe and v = 1, then no buyer purchases from the spot market.

2. If Qg < a+¢— Bc ory < 1, the following results hold. If equation (3.6.22) has

two roots s; and sy with s < sg, S12 € [ 36 ,

Oc+5

a+9¢+2B8c—Qp o+é—Qp
B

] and s1 satisfies

equation (3.6.23), then both s, and ator2Be ore optimal. Otherwise, the optimal

36

price s* is unique.

Yia+¢—Bs—Qp)a+¢+28c—33s —Qp)

+ (1 =) (a4 ¢ — Bs)(a+ ¢ + 26c — 33s)

(s —c) [y(a+¢é—PBs—Qp)*+ (1 —7)(a+¢—Ps)°]
4

(1=9)(x+ ¢ —Be)?

- 0 (3.6.22)

273

(3.6.23)

The conditions in Lemma 3.6.6 under which there are multiple optimal spot prices

are fairly strong. In most cases, the optimal spot price is unique.

By similar arguments in Section 3.5.2, at stage 2, type B buyers’ decision problem

is formulated the same as problem (3.6.12). Let @B(y, Sn,s;) be the optimal solu-

tion as a function of (s, s;,7). For a given option price 7, a set (Q%, Q%, 5, s7,7")

is an equilibrium in the subgame must satisfy the equations (3.5.27)—(3.5.30), with

Q% determined by Lemma 3.6.2, ¥(Q 4, @ p) defined by function (3.5.23), $5(Qa, @)

and 5;(Q 4, @p) defined in the previous paragraph. Though it seems there might be

multiple equilibriums in the subgame for a given option price 7, such unpredictable

situation never takes place in all the numerical examples tested in the following sub-

section.
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The formulation of the stage 1 decision for the seller is the same as problem (3.5.32),
with Qp(7) and Q(7) denoting the best contracting policies defined in this context.

C. Numerical Study

In this subsection, we conduct a numerical study to investigate the effects of the
participation rate on the total contracts transacted, on the seller’s surplus and on the
buyers’ total surplus. Though the results might not hold in general, they still provide
valuable insights in this setting and provide comparison to the results in the previous
sections.

The input parameter values are ap = 10, a; =5, f =3, c=1, ¢ = 10, p = 0.5.
We compare the results at different capacity levels. From Figure 13 to 16, the seller’s
capacity decreases.

Similar to the previous results, the quantity of the total contracts transacted
always decreases as A increases from 0 to 1. Compared to the contracts, the spot
market provides an opportunity to better allocate the capacity to the buyers according
to their different utilities that are only observed in Period 2. Thus, the total social
surplus always increases as more and more buyers participate in the spot market
(Figure 13-16). If the capacity is not too small, this also benefits the buyers (Figure 13
and Figure 14). However, if the capacity is considerably small and there are enough
type B buyers in the market, the seller can push the market equilibrium to the spot
market period, i.e., no buyer enters into contracts in advance. The seller can extract
a large amount of profit from the buyers. In that case, the surplus of the buyers

deceases in A again (Figure 15 and Figure 16).
3.6.2.2  Rationing scheme 2 — limiting contracting quantity per buyer

In this section, we prove that if the seller’s capacity is smaller than a certain threshold,
then both the seller and the buyers are better off in the case A = 1 compared to A = 0

under the second rationing scheme. We characterize the threshold with which the
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above conclusion holds. Let C be the seller’s capacity. It is assumed that each
buyer’s contracting quantity can not exceed C/N. In this section, we use the same
notation in Section 3.6.

A. Contract market and spot market with full participation

Here we consider the seller’s capacity is small and all buyers participate in the
spot market. At stage 4, the decision problem for the buyers is the same as that in
the large capacity case. The optimal decision is characterized in Lemma 3.6.3.

At stage 3, the seller sets the spot price such that her revenue on the spot market is
maximized and the buyers’ aggregated demand doesn’t exceed the capacity constraint.
Note that the buyers’ demand contains two parts: one part of the demand is fulfilled
by contracts and the other part is fulfilled via spot market. Denote the buyer’s best

response in stage 4 as q.(Q, s, o, ¢) and ¢s(Q, s, a, ¢). The seller’s problem is

Go(Q, ) = max Ry(s|Q, @)

ol
st N / 10(@.5.0.0) + 0@ 5.0 OAF(0) < C

s > c (3.6.24)

where Rs(s|Q,a) = Sc)f¢ 4s(Q, s, v, 9)do.

Lemma 3.6.7. If capacity C' < %’;’BC = C}, then the seller’s optimal price 1s

=3 latd-Q-\flard-pe-Qr (ot s g B

Note the seller sells all of the remaining capacity in the spot market for any ¢ > 0
at the optimal spot price. Under this condition, the optimal solution s* is always
greater or equal to the optimal spot price when there is no capacity constraint. In
contrast to the previous results, an increase in () results in a higher spot price. The
intuition is as follows. If there is no capacity constraint, the optimal spot price is the
monopoly price with respect to the aggregated residual demand. Since the capacity

is small, the seller keeps increasing the spot price till the aggregated residual demand
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equal to the leftover capacity in Period 2. As () increases, the remaining capacity in
Period 2 becomes smaller, which drives the spot price higher.

Based on the seller’s rule, the number of contacts purchased by each buyer () can
not exceed C'/N. Let q.(Q, s, an, @) and q5(Q, s, ay, ) be the buyers’ best response in
the spot market when the market state is high. Let ¢.(Q, s, oy, ¢) and ¢5(Q, s, ay, @) be
the buyers’ best response in the spot market when the market state is low. Denote a
single buyer’s expected return in Period 1 as 1 (Q|m). Denote the seller’s correspond-
ing equilibrium spot prices as s, and s;. Each buyer’s decision problem at stage 2

is

a(m) = max n(Q) = ~7Q+E[n(Q sa)
s.t. 0 < Q < % (3.6.25)

where

2
Elg2(Q,s,a)] = 2¢/ { (4c(Q; 5,0, 9) ;ﬁ%(@,s,ah,gb)) .
(an + 6)(qe(Q, s, an, @) + qs(Q, s,y @)
6

(@ 5, 0, 0)Be + qs<Q787ah7¢)55h] dg +
g

1-p [* {_ (6:(Q. 5,00, 9) + 4:(Q, 5, 00, 0))’
20 )5 26
(al + ¢)(QC(Q7 S, Qy, Qb) + QS(Q7 S, Qy, ¢))
B

:(Q; s, u, 9)Be + 45(Q, 5, cu, §) Bsy
g

Similar to Section 3.5 and 3.6, each buyer doesn’t take s, and s; as a function of his

+

} dep (3.6.26)

decision Q).

Lemma 3.6.8. If capacity C' < Cy, then buyers’ optimal contracting policy is as

follows:

1. Ifr < E(O"La_icﬂ);_gcm, then Q* = C/N.
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3. If m= E(a+$_icg);_4$C/N, then any Q* € [0,C/N] is optimal.

Lemma 3.6.8 indicates that if the option contract price is less then the threshold

E(at¢—pBc)2—44C/N
486

, then a single buyer purchases up to C'//N. If the option contract
price is greater than the threshold, each buyer only purchase products on the spot
market.

At stage 1, the seller anticipates her expected return in Period 2 and chooses an
option price to maximize her total revenue. Denote each buyer’s best response as

Q(m). Let the seller’s expected return be R;(m). The seller’s decision problem is

max Ri(m) = NaQ(r)+E[Ga(Q(r).0)]

S.t. 0

IA
=lQ

Q(m) <

™ > 0

(3.6.27)

0% b— C 2
where E[G5(Q, 5,0)] = pGa(Q(m), an) + (1 = p)G(Q(r), au). Let C, = MECHLZEL,
Theorem 3.6.5. If capacity C' < min{Cy, C.}, then any option price in

( E(a+¢—0c)®—4¢C/N
489

,+oo> 15 optimal .
Corollary 3.6.1. No contract is sold in equilibrium, Q(7*) = 0.

Corollary 3.6.1 states that if the capacity is small enough, i.e., C' < min{C}, C.},
then in market equilibrium, the seller sets the price high enough such that all the
buyers only purchase products from the spot market.

B. Contract market only

This subsection studies the case when all buyers only participate in the contract
market A = 0 under the condition C' < min{C,, C.}.
At stage 3 in Period 2, the decision problem and optimal decision are the same as

those in the large capacity case. At stage 2, given the option price 7, a single buyer
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anticipates his return in Period 2 and decides how many contracts to enter. Denote

each buyer’s best response in Period 2 as ¢.(Q, a, ¢). The decision problem is

() = max (@)
st. 0 < Q < % (3.6.28)
where
n(Qlr) = —7Q+E[ga(Q, . 9)]
and
E[gs(Q. 0. 0)] = %/_‘i {_qc(Q,ZOéhﬁ)Q N (ah+¢)qg(62,ah,¢) _qc(Qj%@c] do +
%p i {_qc@,;g,qb)? N <az+¢>q;<62,al,¢> 0. ¢)C] 0o

Lemma 3.6.9. Buyers’ optimal contracting decision is as follows.

1. Ifm < E(QWY;%_C/N)Q, then Q* = C/N.

2. If me E(a+¢;ﬂﬁgcm)2, E(atl%ﬁc)Q] , then Q* = E(a) + ¢ — Ber/4Bdm — o2.

E(a+¢—0Bc)? *
3 Ifm > BT E then Q* = 0.

Lemma 3.6.9 indicates that if the option contract price m is less or equal to the

threshold E(aJratécic/N)Z, then each buyer purchases up to the limit C'//N. If the

option price is greater than W

If the option price falls in between, then each buyer’s best response is a decreasing

, then buyers do not enter contracts at all.

function of the option price.

At stage 1, the seller chooses an option price to maximize her total revenue.

Denote each buyer’s best response as Q(7). The seller’s problem is
max Ri(m) = N[rQ(n)]

s.t. 0 < Q) < (3.6.29)

=lQ

T > 0
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E(a-+8—Bc—C/N)?
156 :

Theorem 3.6.6. Seller’s optimal option price ™ =

Note Q(7*) = C'/N. Theorem 3.6.6 states that if the capacity is small, in market
equilibrium, the seller sets the option contract price such that each buyer’s best
response is equal to the capacity equally distributed among all buyers. The surplus
of the seller, the total surplus of the buyers and the total social surplus with A = 1

are compared to those with A = 0.

Theorem 3.6.7. If the seller’s capacity C < min{C, C.}, then both the seller and the
buyers are better off when A\ =1 compared to A =0, i.e., G(1) > G(0), V(1) > V(0)
and W (1) > W(0).

Theorem 3.6.7 shows that when the capacity is small, both the seller and the
buyers are better off with A = 1 compared to A = 0. The two thresholds C and C.
are from the case when all buyers participate in the spot market. The first threshold
Cy comes from the seller’s problem at stage 3. If C' < (%, it is the undercapacity case
in both demand states and the optimal spot price is determined solely by the capacity
constraint. The second threshold C, comes from the seller’s problem at stage 1. If the
capacity is smaller than C, and Cj, then the best strategy for the seller is to set the
option price high enough such that no buyer enters into contracts at all. The rationale
behind Theorem 3.6.7 is clear. If all buyers only participate in the contract market,
all buyers purchase C'/N contracts in Period 1. As the buyers don’t transact on the
spot market, the limited products can’t be efficiently reallocated among the buyers
according to their different utilities in Period 2. Some of the buyers with higher utility
could not purchase extra products and some of them with lower utility hold unused
contracts. On the other hand, the spot market provides an opportunity for the seller
to sell the remaining capacity to the buyers with higher demand. Therefore, total
spot market participation increases both the buyers’ total surplus and the seller’s

surplus, thereby the total social surplus.
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3.7 Two sellers, single buyer

This section studies a market where there are two sellers and a single buyer. We
assume the two sellers have identical capacity C' and the same marginal cost c.

The sequence of the decisions is as follows. In the first period, the two sellers choose
the option prices simultaneously. Given the option prices, the buyer decides how many
contracts to enter with each seller. In period 2, demand state is observed. The two
sellers choose the spot prices. The buyer then decides the quantity of contracts to
exercise with each seller. If the buyer’s policy is to participate the spot market, he
also determines the quantity of products to purchase from each seller on the spot
market depending on the spot prices.

The buyer’s normal utility as a function of the total quantity purchased from both
sellers is assumed the same as that in Section 3.4. In order to make the model com-
plete, we will introduce assumptions on buyer’s normal demand (without contracting
stage) in the two-seller setting. In particular, we need to define the demand and profit
for each seller for any given price pair (s;,s;) (whenever ¢ and j appear in the same
expression, index 7 is not equal to j). One widely used assumption in literature, such
as in [40], [34] and [44], is as follows. Suppose the two sellers’ available capacities
are C7 and Cy respectively (C7 and Cy can be different). If the two sellers charge
different prices, s; < s;, then the buyer first purchases from seller ¢ at the lower price.
When seller i’s capacity is exhausted, the buyer then turns to seller j. Under this
assumption, the residual demand for the higher price seller j is the minimum of his
available capacity and (o — Bs; — C;)*. Note this residual demand for seller j does
not depend s; anymore. If the two sellers choose the same price, the buyer splits the

total demand between the two sellers proportionally to the sellers’ capacities.

Assumption 3.7.1. For any price pair (s;, s;), we assume that the demand for seller
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118 as follows:

)
min {C;, (o — Bs;)"} if 5; < s,

Di(si;sj) = { min {C’i, Ci%icj(oz — ﬁsiﬁ} if s; = s, (3.7.1)

min {C;, (a« — Bs; — C;)T}  if s; > s,
\

Note the above assumption includes the case Cy # (5, which is necessary to our
model. Even the two sellers have the same capacity, in the two-period problem,
the buyer can purchase and exercise different quantity of contracts with each seller.
Thus, the remaining capacities that the sellers can put on the spot markets might be
different.

For our two-period model, another additional assumption is needed. Let (); and
(; be the contracting quantities signed with seller 7 and seller j respectively. Suppose
in Period 2, the total quantity to purchase under the contracts, denoted as ¢, is less
than @; + Q; (in this case, there is no transaction on the spot market at all), then g,
is divided between the two sellers according to the following assumption. Denote ¢, ;

and q.; as the quantities to exercise with seller ¢ and seller j respectively.

Assumption 3.7.2. If the total quantity of contracts the buyer decides to exercise is
less than the total contracting quantity Q;+Q);, then the quantity of products purchased

from each seller is proportional to the contracting levels,

o QCQZ'
Qei = ~—~-

T (3.7.2)

Note that Assumption 3.7.1 and 3.7.2 do not affect the buyer’s payoff. However, they
do affect the way in which the profit splitting between the sellers.
As in previous sections, we will consider the three cases, A = 0, A = 1 and

0 < A < 1. If the sellers’ capacities are large enough, it can be shown that in all three
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cases, the game reaches at the competitive equilibrium. The unique equilibrium is
both sellers charge zero for options and choose the marginal cost as the spot prices if
the buyer participates in the spot markets. In this study, we only investigate if the
two sellers’ capacities smaller than a certain threshold, a pure strategy equilibrium

exits. We first start with A = 1 and explicitly characterize such threshold.
3.7.1 Contract market and spot market with full participation
In this section, we present our model with A = 1.

3.7.1.1 Stage 4 — buyer’s problem

Let sy and sy denote the spot prices charged by the two sellers. Denote the quantities
of contracts to exercise with each seller as ¢.; and ¢.;. Let ¢;2 and g¢s2 be the
quantities of products the buyer decides to purchase on the spot market from the two

sellers. Given the contracting level pair (Q1, @)2), the buyer’s problem is

9(@1» ()2, 51, 52, Oé) = max 7‘2(%,1, qc,25 45,15 q5,2|04a S1, 82)
dc,1,9¢,2,9s,1,95,2

st. 0 < g1 < @

0 < @2 < @2 (3.7.3)
0 S qg,l S C - Ql
0 S qs,2 S C — QQ
where
o (qc,l + QC,Q + qs,l + qg,2>2 a(QC,l + QC,2 + QS,l + QS,2>
T2(QC,17QC,27QS,1aq$,2|O-/7 51,52) - +
20 B
—(ge1 + ge2)c — gs151 — 5252 (3.7.4)

It is easy to see that only when o — B¢ > Q1 + ()2, the buyer purchases from
the spot markets. Based on the single-seller single-buyer model, we limit to the case

C <C,=(ay—pfc)/2. Then Q1 + Q2 < a— fc for both high and low states. For the
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single-seller model, the total residual demand on the spot market is (a—3s—Q1—Q2) ™.

Under Assumption 3.7.1, q;;, i = 1,2 can be determined in the two-seller case.

Lemma 3.7.1. If each seller’s capacity C' < Cy, the buyer’s optimal decision in

Period 2, q.;,q3; for i =1,2, is as follows.
1. All the contracts are exercised, i.c., qz; = Q;, 1 = 1,2.

2. For the quantities to be purchased from the spot market,

;

mm{C’—QZ,(a—ﬁsl—Qz—Qj)J“} if s; < Sj,
Q;,i = min {C — Qi, %(a — 651' — Qz — Qj)+} if S; = S]', (375)
mln{C—Ql,(&—ﬁsz—C—Qz)Jr} if s; > Sjs

3.7.1.2 Stage 3 — sellers’ problem

At this stage, seller i’s return on the spot market for a pair of prices (s;, s;) is

Ry i(si,55]Qi, Qj,0) = (8i — €)qs:(Qi, Qj, 51, 55, ) (3.7.6)

where ¢;,(Qi, Qj, si, S5, &) denotes the best response characterized in Lemma 3.7.1.

Let sy be the spot price, such that

a—fsg— Q1 — Q2 =20 — Q1 — Qs (3.7.7)

That is if both sellers choose price sy = (o — 2C')/f3, all the remaining capacities are
sold. We will show that if C'is less or equal to a threshold, (sg, so) is the unique pure

strategy equilibrium for any Q; € [0,C], i = 1, 2.

Lemma 3.7.2. If C < Cy = (o — fc)/3, then (so, So) is the only pure equilibrium in

the subgame.
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3.7.1.3 Stage 2 — buyer’s problem

At stage 2, the buyer decides the best contracting quantities with each seller. The

buyer’s problem is

91(7T1,7T2) = gl%x 7“1(@1;@2|7T1,7T2) = —7T1Q1—7T2Q2+E[92(Q1,Q2751,827@)]
s.t. 0 < @ < C (3.7.8)

0 < @ < C

By Lemma 3.7.1, for any @1, Q2 € [0, C], it holds that

(20)2 QCOéh
28 3
2
+(1-p) {— %? + % —(Q1+ Qa)e— (2C — Q1 — QQ)sg] (3.7.9)

Elg2(Q1, Q2, 51,52, )] = p [— —(Q1 +Q2)c— (2C = Qy — Qz)b‘g}

where sf = (o, — 20) /8 and s}, = (a; — 2C) /3.

Lemma 3.7.3. If C' < Cy, the buyer’s optimal contracting quantities QF(m), i = 1,2

are as follows:

1. If m; = E(a)_#, then any Q; € [0, C is optimal.

2. If m > B2 hen Qf = 0.

3. If m < BOLE2C hen QF = C

From Lemma 3.7.3, we can see that the buyer’s optimal contracting demand
Q;(m;,m;) only depends on m; but not on seller j’s option price ;. It is because
the buyer knows no matter how many contracts enter now, all of the remaining ca-
pacities are going to be sold at the expected spot price (E(a)—2C) /5 as a consequence
of the competition of the two sellers later. Therefore, the buyer only need to compare

the option prices to the expected spot price minus the marginal cost c.
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3.7.1.4 stage 1 — sellers’ problem

At this stage, seller i’s problem for a given 7, is

max Ry;(m,m;) = mQi(m, m;)E[Ga(Qs, Qj, )]

Ur

s.t. m > 0 (3.7.10)

where @); and @); are characterized in Lemma 3.7.3 and E[G2,(Q;, @;, @)] denotes the

the expected return from the spot market in equilibrium in the subgame.

Theorem 3.7.1. If both sellers’ capacities are small such that C'° < Cy, for each
seller, any option price m > (E(a) — Bc — 2C) /B is optimal. FEach seller’s optimal
revenue is C(E(a) — fc —2C) /3.

3.7.2 Contract market only

Henceforth, we restrict our study to the case C' < Cy. If the buyer only participates

in the contract market, in Period 2, the buyer’s decision problem is

92(Q1,Q2,0) = max 7“2(%,1, qC,2|Oé)
dc,1,4c,2
st. 0 S Ge,1 S Ql (3711)

0 < @2 < @2
where

1 +ac2)® | olgen +qe
rolgen, guala) = e +1 2)” | ol L 92) (0 e (3712)

Since C' < Oy, Q; < C < Cy. Thus, Q1 + Q2 < 2(oq — fc)/3 < ay — fe. All the

contracts are exercised in both demand states.

Lemma 3.7.4. If C < Cy, the best strategy for the buyer is to exercise all the

contracts, i.e., ¢¢1 = Q1 and ¢4 = Qs.
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In Period 1, the buyer’s problem is

g1(m1,m2) = 8}%527“1(@1,@2“?17@) = —mQ1 —mQ2 + Elg2(Q1, Q2, )]
st. 0 f; 621 f; C

0 < @ < C

By Lemma 3.7.4, for any @1, Q2 € [0, C], it holds that

E[92(Q1, Qz,a)] = P [— (@ ;L;b) - ah(Qlﬁ—i_ Q2) —(Q1+ Q2)C]
+(1-p) [— @) O g+ Q2>c} (3.7.13)

Define function D.(7) as follows, which is the contracting strategy in the single-seller

case.

.

ap — pe—pr/p if we 0, play —)/0),
De(m) = 4 B(a) — Be — Br if w € [plan — )/B, (E(a) — Bo)/8),  (37-14)
0 if 7 > (E(a) — Be)/0

\

Lemma 3.7.5. If C < Cy, the buyer’s best contracting strateqy is as follows:

(

min {C, D.(m;)} if m; < 7y,

Qi = { min {C, D(;)/2} if m; = m;, (3.7.15)

\min {C,(D.(mj) = C)Yt} if m > m;
In Period 1, for every pair of option prices (m;, 7;), the total revenue for seller i is
Ryi(mi,m) = mQi(mi,m)) (3.7.16)
where Q;(m;, ;) is determined by Lemma 3.7.5.

Theorem 3.7.2. If both sellers’ capacities are small such that C' < Cy, option price
pair (7, %) is the unique equilibrium where 7™ = (E(a) — fc —2C) /5. Each seller’s
optimal revenue is C(E(a) — fe —2C) /.
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3.7.3 Contract market and spot market with partial participation

This section considers the case in which the buyer participates in the spot market
with some probability A € (0, 1) for comparison purpose. At stage 1, the sellers don’t

know the buyer’s contracting policy. The decision problem for seller i is

max Rl,i(ﬂ-i’ﬂ-j> = (1 - )\)Rl,i,A(ﬂ-hﬂj) + )\RLZ"B(’YT,L', 7Tj)

Ur

s.t. m > 0 (3.7.17)

where Ry, a(m;, m;) denotes the return if the buyer only participates in the contract
market and Ry ; p(m;, 7;) denotes the return if the buyer participates in both markets,
which have been studied in the previous subsections. Based on the previous results,
we can see that option price pair (7*,7*), where 7* = (E(a) — B¢ — 2C)/[3, is the
unique equilibrium if the buyer doesn’t participate in the spot market and it is also
an equilibrium in the case when the buyer participates in both markets. Therefore,
if the sellers do not know whether the buyer participates in the spot market or not,

option price pair (7*, 7*) is the only equilibrium.

Theorem 3.7.3. If both sellers’ capacities are small, such that C' < Cy, the following

results hold:

1. The option price pair (7%, 7*) is the unique equilibrium, where 7 = (E(«a) —

Be —20) /5.
2. The expected number of contracts transacted Q*(\) decreases in \.

3. As X increases, the sellers’ total surplus G(\) does not change, G(\) = 2C(E(a)—
Be—2C)/0 .

4. As X increases, the buyer’s surplus V() does’t change, V(\) = 2C?/3. Thus,
the total social surplus W () does not change, W(\) = 2C(E(«a) — fec — C) /.
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Theorem 3.7.3 is a direct consequence of Theorem 3.7.1 and 3.7.2. Theorem 3.7.3
says that if the sellers’ capacities are small, the spot market participation does not
change the sellers’ total surplus, the buyer’s surplus and the total social welfare. The

results are consistent with those in the single-seller setting.

3.8 A continuum of sellers, a continuum of buyers

This section extends the model to a market where there are many sellers and many
buyers for comparison purpose. Let §* = [0, 1] denote the continuum of such sellers
and let B> = [0, N] denote the continuum of such buyers. Each seller is very small
relative to the market as a whole and has capacity C'd¢. The aggregated capacity is

denoted as C,

C = /Cd§ (3.8.1)

It is also assumed that each small seller is relative large compared to the buyers.
If the aggregated contracting quantity is large, a seller applies first-come first-serve
rationing scheme until all of her contracts are sold. The utility function of the buyers
is assumed the same as that in Section 3.6. All sellers move simultaneously in both
periods. The sequence of the decisions of the sellers and the buyers is the same as
before. In this section, we only investigate the first-come first-serve rationing scheme.
A numerical study is conducted to investigate how the previous results change under
this market structure.

The organization of this section is as follows. First, we consider the case all the
buyers only participate in the contract market. Second, we consider the case some of
buyers participate in both markets, i.e., A € (0,1). The formulation of the model for
the case A = 1 is an analogy to A € (0, 1) and is not repeated here. Last, a numerical
study is presented to illustrate the effects of the participation rate moving from 0 to

1. The results are compared to those in the corresponding single seller market.
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3.8.1 Contract market only

In this setting, the decision problems at stage 3 and stage 2 are the same as those in
Section 3.6. All the results in Lemma 3.6.1 and Lemma 3.6.2 apply in this case. At
stage 1, each seller chooses option prices to maximize her own revenue. An assumption
used here is that if all sellers charge the same price while one of the sellers increases
the price, the buyers do not purchase from that seller at all since a single seller is
very small compared to the market as a whole. The buyers only turn to the other

sellers with lower price.
Theorem 3.8.1. The sellers’ equilibrium prices are as follows.
1. If C/N > oy, + ¢ — Be, all sellers charge the same option price m = 0.

2. If C/N < ay, + ¢ — Be, all sellers charge the same option price such that all

the contracts sold. That is for C/N € [0,y + ¢ — fc), ©* = E(aJrg*ﬁC*é/N)Q,

489
where E(a+¢>;%c$—c/N)2 _ p(ah+¢*5ch/N)2tL(ﬂl$fp)(al+¢>fﬁch/N)2' For C IN € [y +
= _ =T _ x _ plap+é—Pc—C/N)?
(b 6C,ah+¢ 50]7 ™ = 169 .

Theorem 3.8.1 is a direct result from the above assumption under this market
structure. It states that if there are many sellers and the aggregated capacity is not
too large, then in equilibrium all the sellers charge the same option price such that

all the contracts sold. Otherwise, they can only charge zero.
3.8.2 Contract market and spot market with partial participation
In this section, we present the model in the case A € (0,1).

3.8.2.1 Stage 4 — buyers’ problem

The type A buyers’ problem at this stage is the same as that in Section 3.6. The
optimal decision for any ()4 is given by Lemma 3.6.1. The type B buyers’ problem is

the same as that in Section 3.6 and all the results of Lemma 3.6.3 hold.
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3.8.2.2  Stage 3 — sellers’ problem

At the stage, the sellers choose the spot prices simultaneously, given the buyers’
contracting quantity Q4 and (Jp. Follow the same notation in Section 3.6.2.1. If
Qp > a+¢—pFcand v = 1, then no buyer purchases from the spot market. Otherwise,

let 5 be the spot price at which all the remaining capacity is sold:

Ds,Bl(QB7 §> + Ds,32<07 é) = 6 - Dc,A(QA) - Dc,B(QB) (382>
Since D g1(QB, s) + Dy p2(0, s) strictly decrease in s, § is unique.

Lemma 3.8.1. If Qs > a+ ¢ — c and v = 1, then no buyer purchases from the
spot market. Otherwise, the sellers charge a unique spot price s* = max{$,c} in

equilibrium.

Lemma 3.8.1 states that in equilibrium, all sellers charge the same spot price. If
the remaining capacity compared to the residual demand is small such that § > ¢,
then all sellers charge s. Otherwise, they charge the marginal cost c¢. This lemma is

also a direct consequence of the previous assumption.
3.8.2.8 Stage 2 — buyers’ problem

The decision problem and the optimal decision for type A buyers are same as those
in Section 3.6 and all the results in Lemma 3.6.2 hold. The formulation of the type
B buyers’ problem is the same as that for the first-come first-serve rationing rule in
Section 3.6.2, with 5,(Q4, @p) and §;(Q 4, @ p) defined as the spot prices from Lemma

3.8.1.
3.8.2.4 Stage 1- sellers’ problem

At this stage, each seller chooses the option price to maximize her own revenue. We
first start with the equilibrium such that all of the sellers charge the same option

price 7" from which none of the sellers has incentive to deviate. Denote the first
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stage revenue for seller ¢ as Ry ;(m;, m_;), where m; denotes the price charged by seller
1 and 7_; denotes option price charged by all the sellers other than seller . Then 7*

must satisfy
Ry (", 7)) > Ry;(m,7"), Vo >0,m#7", Vi (3.8.3)

If one of the sellers raises the option price, then none of her contracts will be
sold. That seller will put all the capacity on the spot market. If the seller lowers her
option price, all of her contracts are sold under the first-come first-serve scheme. In
both cases, the spot prices in the second period do not change since the influence of
a single seller is negligible.

Denote the equilibrium spot prices in the subgame as s, and s; for the high demand
state and the low demand state respectively when all sellers charge the same w. If
seller ¢ decreases the price to n/, ©’ < =, then her total revenue is formulated as
follows. Since a single seller is an infinitesimal and other sellers still stay at the same
price, the spot prices do not change. All the buyers try to purchase the contracts
from this particular seller at the lower price first. If their requests are not satisfied,
they will turn to other sellers. Let @’y = Qa(7') and Q5 = @Qp(n’) denote the best
response with respect to option price 7’. Seller i can only satisfy a very small fraction

of the buyers:

~ Cd¢
TS N NG A (384)

Let ¢! 4(Q4.9), ¢t.4(Q4,0), ¢t5(Qs,¢) and ¢ 5(Q5, ¢) denote the corresponding

optimal quantities to purchase under contracts per buyer at stage 4 for the two types

of buyers in the high and low demand states. Define
—h ! 1 ¢ h /
qc,A(QA) = ﬁ _ qc,A(QA7 ¢)d¢ (385)
—¢

— / _ i ¢ l /
qc,A(QA) - 25 _aqc,A<QA7¢>d¢ (386)
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7 5(Qp) = 2¢/ 5(Qp, ¢)do (3.8.7)

7.5(QF) = 2¢/ 5(Qp, #)do (3.8.8)

Among those buyers satisfied by seller i, the total contracts exercised by type A
buyers in the high demand state and the low demand state are ~/ (1-— )\)Na’; Q)
and ~/ (I1—=ANN GlQ 4(@'4). The total contracts exercised by type B buyers in the two
demand states are v/ AN 7' 5(Q%) and YAN 7. 5(Q)- Tt follows that revenue for seller

1 at the first stage is

Ryi(n',m) = #'CdE+ p(sp — ¢)Cde [1 B (1 =N 4(QY) + chB(QlB)]

(1 =M@+ 2

(1- )%A(QA) + )\ch(Qb)
(1=NQ) + Q%

+(1 = p)(s1 — c)Cd§ [1 — ] (3.8.9)

If seller i increases the option price to #” with #” > 7, then the total revenue for that

seller is
Ry (7", m) = Cd¢p(sp —c)+ (1 —p)(s; — ¢)] (3.8.10)
Therefore, the option price 7* in equilibrium must satisfy
Ry (m*,7*) > Ry, 7), Vo> 0,7 <7, Vi (3.8.11)
Ry (m*,7*) > Ry(n",7"), Vo >0,7" > 7" Vi (3.8.12)
3.8.3 Numerical study

In this section, a numerical study is used to investigate the effects of the buyers’
participation rate of the spot market. As discussed in the previous section, we need
to consider the uniqueness of the equilibrium in the study. Otherwise, the outcome
of the game is unpredictable. Though it seems there might be multiple equilibriums,
such unpredictable situation never takes place in all the numerical examples tested

here.
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The input parameters are the same as those in Section 3.6.2. The results are
shown in Figure 17-20.

Observation 1 As more and more buyers participate in the spot market, the
aggregated contracting quantity decreases.

Observation 2 As more and more buyers participate in the spot market, the
total social surplus always increases.

Observation 3 As more and more buyers participate in the spot markets, the
sellers’ total surplus may increase/decrease and the buyers’ total surplus may in-
crease/decrease.

As the spot market can make better allocation to the buyers with different utilities,
higher total social surplus can be obtained as more and more buyers participate in the
spot market (Figure 17-20). Compared to the single seller setting, the competition
among the sellers can hurt the sellers if the capacity is large and one type of buyers
dominates the market. However, the balance between the two types of the buyers can
make the sellers better off. Figure 17 shows that the surplus of the sellers increases in
A on [0.2,0.4], where the sizes of the two types of buyers become close to each other.
As type B buyers dominate the market, the total surplus of the sellers decreases again.
From Figure 18 to Figure 20, the results approach the single seller case. This is due
to the tight capacity. In that case, the sellers can drive the equilibrium to the spot
market period and exact more profit from the buyers.

Figure 21-24 compare the results to those from the corresponding single seller
setting. The solid lines represent the results of the single seller market from Sec-
tion 3.6.2 and the dotted lines indicate the result of the market with a continuum of
sellers. The results approach to the singe seller setting as the sellers’ total capacity
decreases. Due to the competition among the sellers, the market with many sellers
always achieves higher total social surplus and higher buyers’ total surplus compared

to the single seller market.
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Figure 17: Effects of spot market participation for Example 12, capacity = 3.6
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Figure 18: Effects of spot market participation for Example 13, capacity = 0.9
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Figure 19: Effects of spot market participation
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Figure 20: Effects of spot market participation for Example 15, capacity = 0.1125



Figure 21: Comparison of Example 8 and 12, capacity = 3.6

Figure 22: Comparison of Example 9 and 13, capacity = 0.9
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Figure 23: Comparison of Example 10 and 14, capacity = 0.225
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Figure 24: Comparison of Example 11 and 15, capacity = 0.1125
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3.9 Concluding remarks

Though the original motivation of this research comes from the freight transportation
industries, the models are general and applicable to other industries with non-storable
products or service facing demand uncertainty. A key factor considered is the buyers’
participation in the spot market. Our focus is to investigate the role of the spot
market. Specifically, we study the effects of the spot market participation rate on the
quantity of contracts transacted, as well as on the surpluses of all players and on the
total social surplus. As mentioned in previous sections, some literature also addresses
the friction in spot markets from different points of view. Wu et al. [58] consider the
risk factor m for the spot market, which represents the percentage (0 < m < 1) of
the residual output that the seller can sell on the spot market. In their setting, the
contract market exists only if m < 1. In contrast to the results of the single-seller
single-buyer model in [58], the contract market always exists even when A = 1 in
our single-seller single-buyer setting due to the buyer’s strategic reason. In [42], a
comparable factor studied is the cost of spot trading. It refers to the fact that each
unit a market participant trades drives the price against her. Due to such cost of
trading, the spot market does not push the contracted quantities to zero either.

The effect of the capacity level is also considered. It is assumed that available
contracts do not exceed the capacity level. First, we derive models for the case where
the capacity is large. In this case, the capacity constraint need not be considered at
all. Second, we extend the results to the case where the capacity is small. In the
latter case, all of the capacity is sold no matter the demand state turns out high or
low.

We start with the single-seller single-buyer setting. For comparison purpose, we
also study the case with A € (0, 1), where X is interpreted as the buyer’s participation
probability of the spot market. It is found that as the spot market participation rate

increases, the contract market shrinks. Such result holds for both of the capacity
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levels considered. In the large capacity case, the quantity of contracts transacted
remains positive even when A = 1. As the spot market participation rate increases,
the seller’s surplus strictly increases. The effects of the spot market participation
rate on the buyer’s surplus and on the total social surplus are more complicated.
For the large capacity case, an increase in the spot market participation rate may
or may not benefit the buyer, therefore may or may not increase the total social
surplus. Even when the buyer participates in the spot market with probability 1,
the buyer can be worse off compared to the contract market only setting (A = 0).
One interesting observation is the relationship between the option price and the spot
price. It is found that as long as the contracting quantity is not too large, an increase
in option price also leads an increase in the spot price. The results for the small
capacity case are fairly different. Since the capacity is small, all the products are sold
in Period 2 regardless of the state of the market. The buyer decides whether to enter
contracts only by comparing the option price to the expected spot price. All values
of X eventually give the same outcome. That is the surpluses of the seller and the
buyer do not change as the spot market participation rate increases.

Second, we extends the single-buyer model to a continuum of buyers who have the
same utility. We model the spot market participation as a fraction of buyers trans-
acting on the spot market. The results from the single-buyer setting hold in general
in the large capacity case. However, under this setting, the quantity of contracts
transacted decreases to zero as all buyers transact on the spot market. In the small
capacity case, one important issue is the allocation of the limited quantity of con-
tracts among the buyers. We study two rationing schemes that are used in practice,
first-come first-serve and limiting the contracting quantity per buyer. It is found that
the surplus of the seller and the total surplus of the buyers are invariant with respect
to the spot market participation regardless which rationing scheme is applied. The

results are surprisingly the same as those from the single-buyer model.
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Third, we study a market where there are a single seller and a continuum of
buyers. In addition to the random state of the market, we also consider the demand
uncertainty dependent on each individual buyer. A numerical study is conducted to
investigate the effects of the spot market participation. Though those results may not
hold in general, they still provide valuable insights. The numerical analysis indicates
that the effects of the spot market participation on the contract market and on the
seller’s surplus still hold. However, the buyers’ total surplus always increases in A.
We also prove that the buyers are always better off when A = 1 than when A = 0 in
the undercapacity case with the second rationing rule.

Fourth, we consider a market with two sellers and a single buyer. The underca-
pacity case is studied. It is found that all the results in the undercapacity case of the
single-seller single-buyer setting hold. This again confirms that the outcome does not
change for all values of \ if the capacity level is low enough.

In the last section of this chapter, we extend the model to a market with a con-
tinuum of sellers and a continuum of buyers with different utilities for comparison
purpose. A numerical study is conducted to investigate how the results in this set-
ting differ from those under other market structures. It is found the quantity of
contracts transacted in equilibrium decreases in A and the buyers’ total surplus may
increase/decrease in A. In contrast to the single-seller setting, the sellers can be worse
off as more buyers participate in the spot market because of the competition among
the sellers. The total social welfare is observed always increasing in spot market
participation.

From the results under different market structures, we can see that the contract
market always shrinks as spot market participation increases. However, it does’t
guarantee a higher total social surplus. Under different demand variation and different
market structure, the effects of the spot market participation on the surpluses of all

market players may be different.
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APPENDIX A

PROOFS FOR CHAPTER 3

Proof of Lemma 3.4.1 Since the objective function is concave in gq., the Karush-

Kuhn-Tucker (KKT) condition is necessary and sufficient for the optimality of the

buyer’s problem. The derivative of the objective function is %ZC‘O‘) = —% + % —c.
Since %qom) = %— ¢ >0, g; > 0. Depending on whether ¢ is active at the constraint

g. < @ or not, there are two cases.
Case 1: If ¢} is not tight at the constraint, i.e., ¢& < (), then the optimal solution ¢
satisfies %ZZ‘O‘) =0. Thus, ¢ =a — fc < Q.
Case 2: If ¢ is tight at the constraint, i.e., ¢ = (), then the optimal solution ¢
satisfies %Zz‘a) > 0. Thus, ¢ = Q < a — fe.
Therefore, if () > o — fc, then ¢ = o — Be. If Q < a — fBe, then, ¢& = Q. O
Proof of Lemma 3.4.2 Given the option price 7, the buyer’s objective function
is as follows.
For Q) < a; — B¢, it holds that

2 (e} 2 a
n(Qlm) = —7Q+p|~H+ 42— Q| + (1-p) [-F + 242 - ]
dri(Qm) _ Q| E(»

T TS

dQ
For oy — Bc < Q < ayp, — fe, it holds that

2 « (0% C
r1(Q\7r):—7rQ+p[—§—ﬁ+ %Q Qc] + (=p)=fe) 20 bo)

dr s a
Hg =<8+ % )

For Q) > oy, — (¢, it holds that

7‘1(@|7T) = —7Q + P(ah /30) + (- P)(;‘Bl Be)? and dTldg\W) =-—7<0

Note that the objective function r;(Q|m) is continuous at the breakpoints Q) = «; — (¢

and @ = ay, — fe. Also note that ri(Q]m) is concave on [0, oy — fc), [, — Be, ap, — Be)
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and [y, — B¢, +00) respectively. Let 7}, (Q|m) be the right derivative at @ and let
r1_(Q|m) be the left derivative at Q. The derivatives at the breakpoints are as follows.

At Q =0, d”(o‘)—%—ﬂ—c.

At Q = oy — fe, 1 (g — Befm) = 222 — v = vl (ay — Be|m).
At Q = oy, — Pe, 71 _(ay — Be|m) = —m =1 (o, — Belm).
Since at Q = a; — fc and Q = oy, — fe, 1, (Q|m) = 1 _(Q|7), the objective function

dr1(Q|m)

o sa monotonically decreasing function of

r1(Q]m) is concave on [0, +00), i.e.,

Q. Therefore, the buyer’s optimal decision is as follows.

dr T E(a)—0Gc *
1If 80 <0 (e 7 > B then @ = 0.

dry(0[m) dri (ay—PBc|r) (ap—ay) E(a)—fBc
2. If ldQ >0and#<0(@p"Tl§7r<T),then

Q* =E(«a) — B(c+ 7). Note that Q* € (0,4 — B¢].

dri(« c dri(ap—Bc|m ap—a
3. If 4 =24m) 0 and 4HOZEAD < 0 (0 < 7 < K2 then

Q* = ay, — Bc — B /p. Note that Q* € (a; — Be, ay — Be).

4. If %Qﬁcm =0 (& 7 =0), then any @ € [y, — B¢, 00) is optimal.

It should be noted that Q*(7) is a continuous function of 7 for any = > 0. If 7* > 0,
Q*(m) is unique. However, if 7 = 0, any @) > ay, — B¢ is optimal. ]

Proof of Theorem 3.4.1 Based on the results of Lemma 3.4.2, Q(7) is a contin-
uous function of 7. Therefore, the seller’s objective function Ry(7w) = 7Q(7) is also
continuous in 7. For 7 =0, Ry(7) =0. For 0 < 7 < p(ahﬁ ) Q(r) = ap — Be— B /p,
Ry(7) = (ay, — Bc — B /p) and %ﬁr) = ap—pc—20n/p. For W <7< w,

Q(r) =E(a) — Bc — B, Ry(w) = n(E(a) — fc — 7f), and L2 = E(a) — Be — 267
For m > o% e Q(r) = 0 and Ry(r) = 0. Note Ry(r) is concave on [O, p—(ahﬁ*“l)),
[p (a’gal), E(O‘z;ﬂ C) and [E(a};B = +oo> respectively. The derivatives at the breakpoints

are as follows.

At T =0, de()—Ozh—ﬁc>0
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At T = W’ Ry (m) = —(ap —ay) + oy — fe and R’1+(7T) = —p(an, — ay) + oy — Be.
Since p € (0,1) (assumption 3.4.1), R}_(7) < R}, (7).
At =B R (1) = —(E(a) — Bc) < 0 and R}, (7) = 0.

Thus, the optimal price 7* € (O, W) Since at w and w, the left

derivative is less than the right derivative, the seller’s objective function R;(7) is not

concave. There are three cases:

Case 1: If R’H(p—(ahﬁ_al)) <0, ie., a,—a; > O‘Z;BC, then 7" = p—(aggﬁc) e (O, p(o‘h_al)).

Case 2: If RL(W) > 0, ie, a — oy < a — fe, then 7* = Ea2f ¢

<p(ah—az) E(a)—ﬁc>
i B )

Case 3: If R/H(W) > 0 and Ra_(W) <0,ie,q—Pc<a,—o < az;ﬁca

the optimal price 7* may fall in the first interval <O, ’W) or the second interval

(Plosson) E5e) Top my = Hoa5) and r, = E9208 7 — axgmax{ R(m), R ()},

8 B 20 208
with Ry(m) = p(a’l—_ﬁﬁc)g and Ry(m,) = %. Thus, if al\;gc <ap—o < O”%BC,
Ri(m) > R,(m,), then 7 = p(ag;ﬂc). Note that 7* € (O, W) If a — fe <
ap — o < a’\;gc, Ri(m,;) > Ry(m), then 7* = %ﬁ*ﬂc with 7* € (p(ahgal), E(a)gfﬁc) If

a;—fc

ap — o) = then both m; and m, are optimal.

N

The results can be summarized as follows.

1. If ap, — oy > al\;gc, then 7 = p(ag—;,ﬁc). Note 7* € (0, p(ahﬁ—az))

2. Ifap,—ay < al\;ﬁﬁc, then 7* = %ﬁ_ﬁc Note 7* € (WW)

D 243 B

E(@)-f8c (p(ah—al) E(a)—ﬂc)
25 B 3 :

3. If ap — oy = 25 then 7* € {m, 7, } with m = plan—be) (0, M) and

T =

Proof of Lemma 3.4.3 The buyer’s problem is

Il}l%x TQ(Qm QS|87 Oé) = U(qc + qs) — Cc — 545
s.t. qc — Q S 0
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_QCSO

_QSSO

Since the objective function is concave and the all the constraints are linear, the
Karush-Kuhn-Tucker condition is necessary and sufficient for the optimality. Let
&1, & and &3 be the lagrange multipliers with the three constraints in the order defined

above. The Karush-Kuhn-Tucker condition is

—%+%—c—gl+gg = 0
_%+%—s+§3 — 0
&lge—Q) = 0

§g. = 0

§¢s = 0

@—Q < 0

—¢ < 0

¢ < 0

&,6,6 = 0

Note that if s = ¢, then the buyer is indifferent in purchasing under contracts or
from the spot market, and the seller’s return doesn’t change in either case. Therefore,
if s = ¢, any solution satisfying the conditions in (1) is optimal. Let’s consider the
case s > c. If constraint ¢. < () is not active, then & = 0. Since s > ¢ and & > 0,
& > 0 and ¢ = 0. Therefore, if ¢¢ < @, ¢¢ = 0. And the problem can be reduced
to an optimization problem with one variable, D = ¢q. + q,. For D < @), q. = D and

¢s=0. For D >Q, ¢. =Q and ¢s = D — Q. Let f(Dls,a) = r2(qe, gs|s, @).

For D <@, D = q., f(Dls,a) = —5—54— % — Dc and —df(f;ll;’o‘) = —% +§-c
For D > @, then ¢. = Q, D = Q + ¢s, f(D|s,a) = g—;%—%—Qc—(D—Q)S,
df(D|s,«) D .
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Note that the f(D]s,a) is continuous at Q. Since s > ¢, f1(Q|s,a) < fL(Q|s, a),
f(D|s, @) is a continuous concave function of D. The results for s > ¢ are summarized

as follows.
1. If Q> a—f¢ie fL(Q|s,a) <0, then D* =¢} = a— fcand ¢ =0.

2. fQ <a—pfcand s < (a—Q)/f, ie. f(Q|s,a) >0, then D* = o — (s with

¢ = Qand ¢; = a —fs = Q.

3. fQ <a—pfcand s > (a—Q)/F, ie. f(Q|s,a) >0 and fi(Qls,a) <0, then
D*=¢q: =@ and ¢ =0.

O
Proof of Lemma 3.4.4 The value of the objective function depends on . If
Q > a— fe, R(s|Q,a) =0 for any s > ¢. Thus, any s > ¢ is optimal. If Q < a — fe,

then ¢s(Q, s,a) = (a— s —Q)". Note for s > % and s = ¢, R(s|@Q,«) = 0. There-

a=Q
B

dition, it holds that Ry(s|@,a) = (o — s — Q)(s — ¢) and %l@’a) =0(c—2s)+a—Q.

fore, only s € [c, } is interesting, where ¢5(Q, s, @) = a — s — . Under this con-

Therefore, s* = % Note that s* € <c, %) O

Proof of Lemma 3.4.5 Note that only when 7 = 0, Q(7) > ap — fc. In this
case, Ry(m) = 0. Therefore, the seller will never set 7 = 0 and he buyer will never
choose ) > «j, — fBc. Based on this argument, only @ € [0, — fc] need to be
considered. For @ € [0,a; — f¢), by Lemma 3.4.4, we have the seller’s best response

s(Q, ap) = % and s(Q, aq) = % The objective function and its derivative

are
r(QIm) = —mQ 4 p | ~lenhe R | enlen fer) _ g (O i)
(1 p) [_(az—Z?Q)Q 4 e fetQ) o (az—ﬂc—QiéocHrﬁc—Q)}
n(@ln) ey HEl0)pe=Q)
For Q € [0y — B¢, o — Bel, we have s(Q, o) = 229 and 5,(Q, o) € [c, +00). The

28

objective function and its derivative are
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ap—Bc 2 ayp, (o, —Be ar —Be—0)(a o o) —Be)2
7’1(@‘7{) = —71Q+p _ (o §B+Q) + h( hQ/Bﬂ +Q) — Qc — (an—p Qié h+Bc—Q) +(1 p)(2ﬁl Be)

dri(Qlm) __ —+ 3p(ap—Lc—Q)

aQ 13
Note both 1 (Q|7) and %8'”) are continuous at oy —fGc. Thus, r1(Q|r) is a continuous
concave function of @ on [0, a;, — fc|. Depending on the value of 7, the optimal Q*

can fall in either of the two intervals.

If dr;(g\ﬂ < 0, then Q* = 0. The condition U™ < ( holds if and only if

d
7> HEC) 5. ’
If 2fm > 0 and 25D < 0, then Q* = E(a) — Bc — L. Conditions
@m0 and 124D < 0 hold if and only if 2z < g < HEWZED,
If drulo—felm) O‘CllQﬁCh) >0,Q" =ap—Pc—= 4’2 Condition —drl(aélgfc'”) > 0 holds if and only
if 7 < 3plen—a) (O‘fgal).

In summary, if 7 = 0, any Q € [y, — (¢, +00) is optimal. As mentioned before,

this will never take place. If 7 € (O, M), then Q* = aj, — fc — 2= Note

48 3p
Q" € (ar = fe,ap, — fo). 1w € |2 SEQ09] hen Q° = E(a) - fo — 27
with Q* € [0,; — Bc]. If 7 > Lﬁﬁc) Q* = 0. It should be noted that Q*(7) is a

continuous function of 7 on (0, +00). For any given 7 € (0, +00), Q*(7) is unique. [
Proof of Theorem 3.4.2 By Lemma 3.4.5, the buyer’s best response Q(7) is
a piecewise function. Denote the corresponding seller’s best response in stage 3 as
s(Q, a). Let ¢.(Q, s, ) and ¢4(Q, s, ) be the buyer’s corresponding best response in
stage 4. For m = 0, Ry(7) = 0.
Form € (0 3p°‘+ﬁal)), Q(m) = ah—ﬁc—%. Note Q(7) € (ay— e, ap—[c). In the
high demand state, it holds that s(Q, ay,) = %, 1.(Q, s,an) = Q, q:(Q, s, ) =

W. In the low demand state, no transaction takes place in the spot market

QC(Qa S, Oél) = _/66 and QS<Q7 S, Oél) =0. Therefore7 Rl( ) - 7T(Oéh _/60 4/671—) + @

3p 9p

and de = ay, — fc— 165” Let my = —?’p(afﬁ_al). It holds R} _(mp) = —*5% + oy — fc

and d§;>:ah—ﬁczo.

For 7 € |:3p(a£5—ocl)’ 3(E(Zé—ﬁ6)], Q(m) = E(a) — Bc— 4’%” € [0,y — Bc]. It holds that
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S(Qaah) = M (Q Oé) = Ma QC(Qa S ah) - qc(Q S al) Qa qS(Qa Svah) =

W and ¢,(Q, s, qp) = 57— ﬂc 9 Thus, the objective function and derivative are

Ri(m)=m (E(a) — Be — 4[37r) 4 plon= E(4)B+4ﬁ7r/3) + (lfp)(ari(ﬂa)ﬂﬁﬂ/@ and

delTEﬂ') ( ) 60 . 165#

It should be noted that R;(w) is continuous on [0, +0c). At the breakpoints mg
and m = 2EE5D R () = —Benad o — Be > Ry (mo), By (m) = —E9 <
0 = Ry, (m). Thus, Ry(n) is not concave on 7 € [O, w} Instead, Ry(m) is a
piecewise concave function on [0, +00). For m > 7, Ri(7w) = Ry(m). Depending on

the values of the derivatives at the breakpoints, there are three cases.

Case 1: If R _(m) = =5+ —fBc > 0, ie., *25% < oy — fBc, then 7 M

164
a)—fc)? o 62 - o c
andR’{:W—{—%(ah—%—%) +%<al_¥_3§>.

Case 2: If R, (7o) = —p—(ahg_al)—l—al—ﬂc <0, ie., (ahg_al) > o‘l;’gc, then 7+ = len—Bc)

and R; = 209",

Case 3: If R (m) > 0 and R’ (m) < 0, then the optimal 7* can be either of the two

local maximizers, m; = QMO{hTEfC) and 7, = %)ﬂ*ﬁc). Let R} = max{R(m,), Ri(m)}.

Let y = #25% and & = oy — Bc. Note R{ () > 0 and R}, (m) <0 & 2 <y < L.

Ry(m) — Ba(mo) = [77 2 dm = [T (B(a) — fo — 22%) dr = 12 (B — py + 5)

0

Ry(m) = Ra(mo) = [0 “4%dr = [ (an = Be = 2927 ) dr = 535 (% = pay + 25"
o) (22 —y2
Ry(m,) = Ry(m) = "G00
Thus, if r <y < £ T T =, If\/iﬁ <y<%, then 7" = 7. Ify:\/iﬁ, both m; and

7, are optimal. In summary;,

Cif el < O‘l\[ﬁc, then 7* —(E(lo‘ﬁ)g&) and
R = —(Giﬁﬁc) + £ 1 (Oéh — # - STﬂC>2 + % (Oél — # - 3T/6c)2§
Cif sl > O‘l\[ﬁc, then 7* 9p(+§’6€) and R} = W;
3. if st = a‘ffc, both m; and 7, are optimal, where m; = gmo{thﬁc), T, = %)ﬂ_ﬁc).
]
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Proof of Corollary 3.4.1 By Theorem 3.4.2, if o, —ay < 2089 px — AE(@)—5e)

/P 167

Note 7* € [317(‘2‘6_0”), 3(E(C4“)_ﬁc) . By Lemma 3.4.5, Q(*) = E(a) — fc — &= =
& >0 Ifa, — oy > ?’(al—\/%ﬁc), T = 9p(+;}ﬂc). Note that 7* € [O,%ﬂ]. By
Lemma 3.4.5, Q(7*) = ay, — e — 4ﬁ7r = O‘hT*BC >0 Ifa, —a; = 3(0‘%&), Q(7*) >0
holds based on the above arguments. O]

Proof of Lemma 3.4.6. The seller’s problem is

max Ri(m) = (1 =XM7mQa(m) + MrQp(n) + E[G2(Qp(7), a)]}

s.t. ™ > 0

Let Ra(m) = mQa(m) and Rp(m) = nQp(7) + E[G2(Qp(7),)]. Note R4(m) is the
seller’s objective function at stage 1 in Section 3.4.1.1 and Rp(w) is the objective

function of the seller’s stage 1 problem in Section 3.4.1.2. Recall that R4 (7) is a piece-

wise function of 7 on intervals [0, M) and [p(ah_al) E(a)_ﬁc]. For m > w,

B B B
Ra(m) = 0. Similarly, function Rp(7) is a piecewise function of 7 on intervals
[07 3P(CZLB—0¢1)> and [3,, @), 3<E<i>ﬁ—ﬂc>] For > YE@-59 R () = RB< (e ﬂc))

Both R4(m) and Rp(w) are continuous on [0, +00). Depending on the values of the

breakpoints, there are two cases.

Case 1: 3E)=5 < plan—ar) e ap — o > 3(au—pe)
- p

48 — B
For 7 € [o, %ﬁ] it holds that

By(m) = (1= ) (an — e — ) + o (= e — 322)
dRi(T") =(1-X) (ah — fe— 2B7r> +A (ah — Be— 1657r>

9p
Note that de( ) = qp, — Be > 0.
For 7 € [SP(O‘:ﬁ_al), 3(E (4)ﬁ )] it holds that

Ri(m) = (1= N (a0, = fe = &) + A [ (B(a) — o — L) 4 1m0
d%ﬁ”) (1= (ah—ﬁc 26”) +)\( (cv )—ﬁc—%)

R (BB (1 (o - o SEC=0) _ ABle) o

4p
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2 2p 3
< 0
3 — 1 A A
1+ (p(ozz—ﬁaz)) = (ag = Be) — (o, — ) (§—§+%)
< (al—ﬁc)—w < 0

48 ’ B
By(m) = (1 =N <ozh — fe — %) + ARp (.3(5(%*&))7
T = (1= (ah—ﬁc—wf> and
Ry, (ME0) = (1 ) (o — e — SE@52) < g,
For m € [p(ahﬂ_a’), E(O‘)ﬁ_ﬁc], it holds that
Ry(r) = (1= )7 (E(a) — fe — Br) + ARy (LE4522)
Wln) — (1)) (E(a) - fe — 237)
Ry, (Moo} = (1 - X) (—play — ) + a1 — fc) <0

For 7 € [M, +oo>, it holds that Ry(w) = ARp <—3(E(i‘)ﬁ_ﬁc)>,

For m € [S(E(a)fﬂc) p(ahfo‘l)}, it holds that

B

3p(an—ay)

dRyi(7*) x _ plap—pBc)
17 - =0=7"=L51

dm 28(1-3)

Thus, the optimal price 7* € [O, ] and satisfies

dr* _ _plap—pc)

Jle ap —op < w.

. plon—aq) 3(E(a)—B¢)
Case 2: 3 < 13

As Ry(0) = 0, 7 = 0 is not optimal for any A\. Note Rs(mw) and Rp(m) are con-

tinuous and piecewise concave on (0, +00). Therefore, R;(m) is also continuous and

piecewise concave on (0, 4+00). Let [; = <0, %ﬂ}, I, = <3p(°‘fﬁfal), p(ahﬂfal)}, I3 =

<p(ahﬁfal)7 3(E(22;ﬁc)], Iy = (3(E(Z)ﬁfﬁc)7 E(a)ﬁfﬁc}, and [5 = <—E(°‘)ﬁ*ﬁc,+oo>. Based on

the property of Ra(m) and Rp(m), it holds that R|_(7) < Rj,(m) at the breakpoints

m = dlenen plonzen 3E@ISGO oy BB ginee By (3(E(Z)ﬁ—6c)> = SU=NE@=F)
and Ry(m) = Ry (W) for all # > w, we only need to consider (O, %ﬁ)

In other words, 7*(\) € Iy, Iy or I3 for any A € [0,1]. Define 7y, m9 and 73 as the local
maximizer on the intervals I, Io and I3 respectively. First, we prove the following

claims.
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Claim A.0.1. The seller’s optimal surplus G(\) is a continuous function of A\ on

0, 1].

Proof of Claim A.0.1. It holds that G(\) = Ry(7*(\)) = max{R;y(m;)|i = 1,2, 3}.
Since ; is a continuous function of A, Ry (m;) is also a continuous function of A for all
i =1,2,3. Hence R;(7*(\)) and G(\) are also continuous in \.

Note that R;(m) also depends on A. Thus, we can use Ry(m, A) instead. Let

f(m, ) = w. Let m, = ?’Ma+ﬁ_a’) and m, = w. Define open intervals
]~1 = (07 3P(OZLB—0!1)>’ f2 = <3p(a4hﬁ—al)’l7(ahﬁ—al)> and jg _ (P(ahﬁ—al)’ 3(E(Z)ﬁ_ﬁ0)>' The

next claim says for any fixed = € I, | I | 5, the derivative of the objective function
increases in A. At the breakpoints, both the right and the left derivative increases as

well.

Claim A.0.2. 1. Forany fited w € I;, i = 1,2, 3, 8f( ) >0 for any X € [0, 1].

9f(m.\)
X

2. For m = my(m),

>0 and af”’\)’ >0 for any A € [0,1].

nt

Proof of Claim A.0.2. For n € I, afg\’ ) — 2B7r > 0.

Form € I, 260 — a7 (1 = 8) —(1-p)(an—ay) > 267 (L - §) ~(1=p) (an—ar) =
(ozh—ozl) (l——) >0

Bf(ﬂ' A) 267r > 0.

For 7 € I,

For m = 7, afg;”\)‘ 7:2ﬁﬂ>0andM‘ —2ﬁ7ra<———> (1—p)(ap—ay) > 0.

Of (m,\)
)

For m = m,

2 (3 =) == > 0 23]~ 25250

T

The next claim states that the optimal solution can not be the breakpoints, =,

and .
Claim A.0.3. For any A € (0, 1), the optimal solution 7 (\) # ma(my).

Proof of Claim A.0.3. If 7(\) = ma(m,), Rj_(7*) > 0. Note R|_(7*) < R} (7%)

for any A € (0,1). Therefore, R}, (7*) > 0 and m,(m;) can not be optimal.
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Claim A.0.4. If m*(X\o) € I;, i = 1,2 or 3, is the unique optimal solution for some
Ao € (0,1), then 36 > 0 such that 7()\) € I; for any X € (Mg — 6, o + 6).

Proof of Claim A.0.4. Note 7*(\) = argmax{ R (m;(\))|i = 1,2, 3}, where m;(\) is
the local optimizer in I;. Suppose 7*(\g) € I,.. Tt holds that R, (m1(Xo)) > Ri(mj(No)),
Jj # k. Let ¢ = min{R; (m(\o)) — Ri1(m;(Xo))|j # k}. By the continuity of R;(m;())),
i = 1,2, 3, there exist d; such that |R;(mx(A)) — Ri(mx(Xo))| < § and 7(X) € I, for any
A € (Ag—01, A\g+01). Similarly, there exists 0y such that |Ry(m;(A)) — Ri(7m;(No))| < 5,
Jj #k, for any A € (A9 — 02, A9 + 92). Let 6 = min{dy, d2}. Therefore,

Ry (7 (X)) > Ry(m;(N)) for any A € (Mg — 0, Ao + ).

*

Based on above claims, we first prove 7* increases in A for any A € (0,1).
By Claim A.0.3, 7*(\) € I, i = 1,2,3. Since Ry(m) is strictly concave on I,
i = 1,2,3, there are only two cases. Either 7*(\) € I, is the unique optimal so-
lution or 7*(X\) € {m;|j € J} with J C {1,2,3} and |J| > 1. For the former case, by
Claim A.0.4, if X increases a small amount, 7* remains in the same interval. We will
prove 7" increases in that interval as A increases a small amount. For the latter case,

we will prove that if 7* jumps from one interval to another when A increases, 7* can

only jump to an interval on the right. Last, the case A = 0,1 is addressed.

Claim A.0.5. If 7*(X) is the unique optimal solution at some X\ € (0,1), then 7 (\)

mcreases as A increases a small amount.

Proof of Claim A.0.5. If n* € I, from above results, we can see T = %,
9

dr* __ (an—Pc)
i = waa oz > 0

If 7 € I, 7 satisfies RZ(” = 0. In this interval, it holds
) — (1= 2) (an — e — Z7) + A (E(a) - B — 1927)

« _ (1=X)(an=Be)+A(E(a) —Bc) dr _ (=BG -8)+(an—a)

Thus 7* = (5 and = 18ﬁ(%+%)2 0.

If 7 € I3, 7 satisfies % = 0. In this interval, it holds that
T = E(a) = fe - 20m (1 - 3). Thus, 7* = Z& E; and 4 = —15[2?1):5;2 > 0.

170



Hence, if 7* moves in the same interval when A increases, then 7* increases for any
Ae (0,1).

Second, we will prove that as A increases from 0 to 1 and if 7* jumps from one
interval to another, 7* can only jump to the right. Suppose 7* falls in I, at some
Ao < 1. Suppose A is the smallest value such that Ay > Ao, Ri(m1(A\1)) > Ri(ma(A1)).
This could happen only if at 7 = 7,, the left derivative is negative and the right
derivative is positive for all A € [Ag, \]. In this case m(\) € I; and my(\) € I, for
any A € [Ao, A1l
At A1, it holds that
Ri(m(M)) — Ralma() = [0
At )\g, it holds that

Ri(ma(h)) — Ru(m(Mg)) = [0 ool g fme

OR1(m,A1)

S| — [0 PR g > 0

Ta

OR1(m,\o)

o dmr >0

As m and o strictly increases in A, we know that |m (A1) — ma| < |m1(No) — 74l

OR1(m,\1)
on

OR1(m,)\o)

and |ma(A1) — 74| > |m1(Xo) — 7. By Claim A.0.2, e

< for any

and 8R1§7T,)\1) > OR1(m,\o)
T on

fixed 7 on [m1 (o), 74] for any fixed 7 on [m,, m2(A1)]. Thus,
Ry(m2(A1)) — Ri(m1(A1)) > Ri(ma(Xo)) — Ri(m1(Xo)) > 0, which contradicts the state-
ment.

By similar arguments, we can see that if 7%(\g) falls in I; for some A\ > 0, then
7(\) can not fall in I, YA > Ag. Next we will prove 7*()\) can not fall in I; also.

Suppose A; is the smallest value such that Ay > Ao, Ri(m1(A1)) > Ry(m3(A1)). This
holds only if R|_(m,) < 0 and R/ (m,) > 0 for any A € (Ao, A\1).

At Ay, it holds that Ry (w1 (A1) — Ri(ms(Ar) = [, ) |22 dr — [ SRafas) g —
m3(M) ORa (M)

f?‘(:’ ' 167'(' - dﬂ- Z 0

At Xy, it holds that Ry (ms(Ao))—Ri(m1( X)) = — [, | et | dm [0 2Refrds) gy

fﬂ'g(Ao) aRl(mo)dW >0

e or
As my and 73 strictly increases in A, we know that |71 (A1) — m,| < |m1(Xo) — 7| and

OR;1(m,\1)
on

OR1(m,\o0)
or

|T3(A1) — | > |71 (Ag) — m|. By Claim A.0.2,

<|

for any fixed
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OR1(m,\1)
on

2alr20) for any fixed 7 on [mp, m3(\1)] and 2EHTA)

7 on [m1(Xo), Tal, o

>
W for any fixed m on (m,, 1) . Thus, Ry(m3(A1)) — Ri(m1(A1)) > Ri(ms(Xo)) —
Ry(m1(Xo)) > 0, which contradicts the statement.

Finally, we show that at A = 0 or 1, 7* increases in A. For A = 0, by Theorem 3.4.1,
7 £ m. € I;,i = 1,2,3, the statement holds directly from the above arguments.
If 7 = m,, R} _(m,) = Ry, (7m,) at A = 0. By Claim A.0.2, as A increases, both R}_(7,)
and R} (m,) increase. Therefore, 7* moves to the right.

For A = 1, by Theorem 3.4.2, 7* # m,. If 7* € I;, i = 1,2,3, the statement holds
directly from the above arguments. If 7* = 7, similar arguments hold.

Combining the results from Case 1 and Case 2, we conclude that 7*(\) strictly
increases as A increases. L

Proof of Theorem 3.4.3. In the proof of Lemma 3.4.6, we have showed that

depending the values of the breakpoints, there are two cases.

Case 1: 209 < vl o g — ) > 209 1y this case 7*()) = Lo=5d

48 - I¢] 28(1-%)
dr*(A) _ plap—PBc)
and T~ = 17;5(’1_%)2 > 0. It holds that
* _ Br* A aQ*(\) _ _pr* _ 8 A\ dr* (V)
Q*(\) = ap — fe— = (1+3) and =52 = 50 — B(1+4) T2 < 0

Therefore, as \ increases, the price of the option increases and the quantity of options

bought decreases in this interval.

Case 2: p(ahﬁ_a’) < 3(E(Z)ﬁ_ﬁc), le. ap—aqp < W. By Lemma 3.4.6, we have
showed that if 7 stays in the same interval as A increases, then 7* increases. And if
there is a jump in 7*, 7* can only jump from one interval to another to the right and

can never jump back. We will first show that in the former case, as A increases, QQ*

decreases. Then we will show that a jump in 7* results in a jump down in Q*.

Case 2.a: Ifn* € [O, 3p(afﬁ_al)>, dQ;)f)‘) < 0 directly from Case 1.

Case 2.b: If n* € |:3p(cx£ﬁ—al)7 p(ahﬁ—al)>7 71—*(/\) — (ah_ﬂggzglpg?h_al) and
P 9
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* o) —(Oc 9_ ap—Q — * *
) 0 Ve 5 0. Tt holds that Q*(\) = U707 4 Mbr

A 18612+ P 9
4(a;—pfc) — 4
aQ*(\) o5 T (1—=A1-p)) (% + %) <—§ + §> (an — ay)
B 2
z (5 %)
4(ay — fe)

- 2
1-\ | 8\
18p (T + ?>
Therefore, if the optimal price falls in this interval, then as \ increases, 7* increases

and Q* decreases.

* ap—o 3(E(a)—pc * E(a c dm* (A E(a c
Case 2.c: If % € [p( v a3 ((4235)],7r(>\):25((1) f)a nd ()_185((1)6 > 0. It

holds that Q*(\) = E(a) — Bc— 87 (1 +3) and “LX = —87 3 (14 2) T X < ¢

3

Thus, if the optimal price falls in this interval, the statement still holds.

In the proof of Lemma 3.4.6, we have shown that 7* may moves from one interval
to another on the right. That is at some A, 7%(\) € {m;, 7;} with 7, < 7w, where
Ti(;) is the local maximizer in I:Z-(j) and i < j. In this case both Q4(m;) > Qa(m;) and
Qp(m) > Qp(m;). Therefore, Q* strictly decreases in . O]
Proof of Theorem 3.4.4. In the proof of Lemma 3.4.6, we have shown that de-

pending the values of the breakpoints, there are two cases.

Case 1: 3E (4)ﬁ b < p(ahﬂ ) e ap—a; > (O‘l 5e) ' In the proof of Lemma 3.4.6,

% 3p(ap—a % ap—Bc
we have already shown that 7*()\) € (O, %), T™(\) = %

G\ = (1 - \)r* <ah — e o ) + A (ah - 8@;”‘). Let F(X\, (X)) = G().

Note that aF(,;),: W) _ dRul) _ Hence,

dm
degf‘) = oF (Ag;(’\)) + BF%’:** (%)) dn dr — & (Tr S > 0 Therefore, G()\) increases in \.

Case 2: p(a’go‘l) < B(E(Z)ﬁ*ﬁc), ie. ap —a < M. It has been shown in the

proof of Lemma 3.4.6 that 7*(\) € (O, %) for any A € (0,1). Depending on

the values of the parameters, for a given A € (0, 1), the optimal option price 7*(\)

can fall in any of the intervals fl, [~2 or 1:3 defined in the proof of Lemma 3.4.6. Let

Mg = Wo‘+ﬂ_o‘l) and m, = ’w. Note that only if A = 0, 7* = 7, may hold. Only
if \ =1, 7 = m may hold. In both cases, %ﬁf*) = 0 holds. In summary, for any
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A€ [0,1], 7* may fall in I, I, = I, U {m,} or Is = I3U {m,} and de = 0 holds.

As shown in the proof of Lemma 3.4.6, when X increases, 7* increases from left
to right and may jump from an interval to another interval on the right. We first
prove that in every interval, when A increases and 7* stays in the same interval, the
conclusion holds. Also, if there is a jump of 7* among intervals, G stays the same
before and after the jump because of the continuity of G(\).

Case 2.a: If 7*()\) € Iy, then the proof is the same as that in Case 1.

Case 2.b: If7*(\) € I, then 7% = U= ’\)(‘);hﬁ(ﬁcl /\8(95)( 2= et o = /p(1 - p)(an — ar)?.

It holds that

[(1 = M) (an — Be) + A(E(a) — Bc)]?

G(A) = 4ﬁ<;+3) LA 45
dG() _ [=lan = Be) + (E(a) = Fo)][(1 = A)(an = ) + ME(a) — Be)]
; (5 03)
(8) 10 e =9 2B @) P2
15 (52 +2) 48
b
T 4B+ Ry
where

L= (an— )’ [(1 — A+ Ap) — )\(19—p)(1 -2+ 8>\p/9)}

+2(an — (e = Be)(1 = A+ Ap) [% A (119 i % - %7)]
+(cy — Be)? G? - g)

Since (1*’\+Ap)*>‘(1gp)(1*/\+8)‘p/9)} > 0 and [% + A (}D 48 _ H)] >0, LN - .
Case 2.c: If 7*()\) € I3, then
G(N) = (1= M7* (Bla) = Be — fr*) + A |7 (B(a) — fe — 22°) + £7]

Let F(A,m*(\)) = G(A). Since 25O () _ dialr) _

dG(\) P (LT (N)  OF*(A\7(N) det(N)
N o o N
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* * * 8671'* 0'2
= —71"(E(a) — fe—pr*)+ 7 (]E(a)— 3 )—i_ﬁ
B 6(7‘-*)2 0.2
= gt 2O
Therefore, X > 0 for all A € [0, 1]. O

dA

Proof of Theorem 3.4.5. Let 7*(\) be the optimal option price for a given A € [0, 1].
Let V() = ¢g1(7*(A)) and W = G(\) + V(XA). Base on the proof of Theorem 3.4.4,
there are two cases as follows.

- 3(E(a)— . 3oy —
Case 1: p(o‘hﬂ o) > 3( (323 59 e, ap—a; > (azp pe)

In this case, it follows that 7*(\) = ggz’;iﬂ;) Note that 7*(\) < ?Mo‘+ﬂ_o") = Tg.

Therefore, Q(7*) = ay, — fc — %, Qp(r*) = ap, — fc — 4@;* and oy — (s, =
ap — PBe — 25" . It holds that

_ g | (=B (w-Ban
Wy = (- [He PR e ]

QA(T(*)Z + ahQA(ﬂ—*) - QA(W*>C>

+(1=A)p <—

20 5
(o — Bsn)? (o — Bsp)a,
+Ap [— + — (an — Bsn)c
53 5 ( )
= L+l+13
ap—pPpc 2 ap—pec)a
where [; = (1 —p) [—( lwﬁ) 4 g) . —(Ozl—ﬁc)c},
ap—fe—pr* /p)? ayp—pBc)(ap—LPc—pr* m*)2
lzzp[_( =l [o)" | (an—t)lon—po—i /p)] and Iy = 28607,
dl dly _ _ Br* dr* dis __ 5B(r*)% | 5@ dn* A58 dm*
It holds that 1 = O, d)\2 =T i and d_>\3 = T1gp + “op dx- Since “op dr >0
frtdrt _ wilan=00) 5B’ _ m(an=p9) o S(1=%) _ pr*dn”
and S = 18(1}3)2, & = 18(1}17) s > o an We can conclude
MOty e,
Note W(X) = G(A) + V(}) and 992 = B 1t holds
dV(A) _ dW(N)  dG\) _ Br*drt | 38(x*)2 | A5Bmt d7r
dx T dx T T ax __TW"' 18p + 9p >0
Case 2: p(a’gal) < 3(E(Z)ﬂ*ﬁc), le., ap —o < —3(”;&)

The optimal solution can fall in any of the three intervals, [0 %ﬂ),

[Bp(afﬁfal); p(ahgal)> and [p (ah[;al), B(E(Z)ﬁfﬁ 9| If the optimal solution 7* jumps from
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one interval to another at some A\, by Lemma 3.4.6, total purchased products drops.
Therefore, total social surplus and buyer’s surplus may decrease.
If 7*(\) for some A € I C Iy, it has been shown that < ) >0 and dv(’\) > 0.
Therefore, as A increases, W(A) and V' (A) may increase or decrease. Such property

is demonstrated in Example 1 and Example 2. Il

Proof of Lemma 3.4.7 Let Ra(w) = 7Qa(7) and Rp(7) = 7Qp(m)+E[G2(Qp(7),

Since Q4 < C < a;— (e, all Q4 will be exercised in both demand states in Pe-

riod 2. By simple analysis, we can get Qa(m) = C, Vr € [O,%) and

Qa(r) =E(a) — B(c+m), Vr € El@)—fe-C Ela)=Bel Tt follows that the unique opti-

B B
mal solution of R4 () is E(O‘)_#

Similarly, Qp < C' < o — (¢, all Qp will be exercised in both demand states in
Period 2. For any 0 < Qg < C, the optimal spot prices in the subgame are O‘hﬁ ¢ and
O"ﬁc It follows that for 7 > (—, Qp(m) =0; for m < (O‘_TC_, Qp(m) = C;
for m = %7 any Qp(m) € [0,C] is optimal to the buyer. By simple analysis,

we can see any m > E(a)f# is optimal to Rp(m).
Therefore, 7 = E(a)f# is the solution for all A € [0, 1]. O
Proof of Theorem 3.4.6 By Lemma 3.4.7, 7* = E(a)f# for all A € [0,1].
And Q*(\) = (1 = N)Qa(7*) + MQp(7*). Note that Q4(7*) = C and Qp(r*) < C.
Therefore, Qd/\(A) = Qp(7") — Qa(m*) < O

Proof of Theorem 3.4.7 By Lemma 3.4.7, 7* = E(a)_# for all A € [0,1]. The
seller’s surplus G(A) = (1= A)Ra(7*)+ARp (7). Note that Rs(7*) = Rp(n*) = n*C.
Therefore, G(A\) = m*C = W for all A € [0, 1]. O

Proof of Theorem 3.4.8 By Lemma 3.4.7, 7* = E(a)_# for all A € [0,1]. Let

Va(7*) be the buyer’s surplus if he doesn’t transact on the spot market and let Vg (7*)

be his surplus if he does. The buyer’s expected surplus V(A) = (1 — \)Va(7*) + AVp(7*

Note that Vy(7*) = Vp(n*) = g—; for all A € [0,1]. Therefore, V() = g—; for all

A € [0,1]. The total social surplus W(\) = C(E(a)fgchQ/Q) for all A € [0,1]. O
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Proof of Lemma 3.5.1 Since no buyer will purchase more than «;, — (¢, only
Q € [0, ay, — B¢ is interesting. The outline of the proof is as follows. First, we prove
that for any given 7, s;, > ¢ and s; > ¢, the objective function of the buyers’ problem,
r1(Q]m), is concave in @ on [0, — Bc|, thus the first order condition is necessary
and sufficient for optimality. For any given (), the optimal spot prices in Period 2,
sy and s;, are characterized in Lemma 3.4.4. Combining those results, a set of val-
ues (@, sp, s;) is an equilibrium in the subgame satisfy the optimal condition for the
buyers’ problem and the seller’s problem at stage 3.

Let g2(@, s, ) denotes the best return for each buyer in Period 2. The argument
s denotes the spot price that each buyer takes as given and not a function of ). We
use s, and s; to denote spot prices for the high demand state and low demand state

respectively in this proof. The objective function in the buyers’ problem at stage 2 is

r(Qm) = —7Q + pga(Q, sn,an) + (1 —p)g2(Q, 51, )

Since the first term —7( is linear, it is concave. Next, we will show go(Q, sy, ;) and
g2(Q, s, y) are both concave in Q.
Denote each buyer’s corresponding best response at stage 4 as ¢.(Q, s, «) and

qs(Q, s, ). It holds that

(QC(Q7 Sh, Oéh) + QS(Qa Sh, ah))>2
20

+ah<qC<Q7 ) Oéh)ﬁ—i_ QS(Q? 5 ah)) - QC(Qa Sh, ah)c - QS(Q7 Sh, ah)sh

g2(Q> Sh; Oéh) = -

Depending on the value of ay, — 3sy,, there are two cases.

Case 1-H: oy, — s, < 0. For Q € [0, — ¢), 92(Q, sn, ) = 4 @@
Therefore, it is concave.

Case 2-H: 0 < oy, — Bs, < o, — Be. For Q € [0, a, — Bsp), it holds that

(o, — Bsn)*  au(an — Bsp)

$(Q, sh,00) = — + — Qc — (o, — Bsn, — Q)sn

20 5
d(QQ(Q7 S, ah))
dQ)

= Sp—C
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For Q € [ay, — Bsp, ap, — B, it holds that

2
32(Q, sn,00) = _;2_6 + % - Qc
d(fh(@ Sh, ah)) _ ap — Bc—Q
d@ B

At the breakpoint Q = ay, — (sp, g2(Q, Sn, ) is continuous and the left derivative is

equal to the right derivative.

G (@onn) = gh(Quanan) = HLEEE

Combining both cases, g2(Q, sp, ) is concave in @ on [0, oy, — Bc.

Similarly, we can prove g2(Q, s;, oy) is also concave on [0, a, — fc]. Note

(QC(Qa Si, al) + QS(Qv St Oél)))2
20
(q.(Q, s1,u) + ¢5(Q, s, 1))

+ ﬁ - QC<Q73laal)0_ QS(Q7Slaal)Sl

Depending on the values of oy — s, there are also two cases, oy — #s; < 0 and

92(Q7Sl,oél> = -

0 < a;— (s < a;— Be. The proof of the concavity of this term is as follows.

Case 1-L: oy — (3s; < 0. For Q € [0,y — B¢, 92(Q, s1, 1) = —g—; + % — Qc. Thus,
it is concave. For Q) € [oy — fe, ay, — Bc], 92(Q, s1, ) = % Note at Q = a; — fc,
92(Q, s1,q) is also continuous, and the right derivative and left derivative are both
equal to zero.

Case 2-L: 0 < oy — 3s; < oy — fe. For Q € [0, 4 — (), it holds that

(Oéz - ﬁsz)2 Oéz(Oéz - ﬁsz)

92(Q, s, aq) = — 23 + 3 —Qc— (g — Bs; — Q)sy
dg>(Q, 81, )
= sp— ¢
dQ
For Q € [a; — Bs;,cq — Be), it holds that go(Q, s, q) = —g—; + % — Qc and

S, o] —pDe— . Qg — c2
d92(3(:?l’ ) =« ﬂﬁ 9 For Q € [a; — e, ap, — fc], it holds that ¢2(Q, s;, ) = ( lzg) )

Note at @ = oy — sy, g2(Q, s1, ) is continuous and

G (Qsa) = g5 (Q,s,00) = W
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Also at Q = oy — (¢, g2(Q, 81, ) is continuous and

G (Q,s1,c0) = ¢5,.(Q,s1,00) = 0

Thus, ¢2(Q, s, ), is concave on [0, o, — (c].

Because the objective function is concave and the constraints are linear , the
Karush-Kuhn-Tucker condition is necessary and sufficient for the optimality in this
problem. Now, let’s consider the seller’s best response for a given (). We also denote
the best response of the seller in the spot market as s; and s; in the high and low
market states respectively. By Lemma 3.4.4, for any Q € [0,; — B¢], s, = %
and s; = % If Q € [ay— e, ap—pel, sp, = a+ﬁc and s; > c. Let (Q*, s%, sf) be
an equilibrium, it must satisfy the optimality conditions for both the seller’s problem

and the buyer’s problem.

If Q* € (0,q — Bc], the conditions are

N ap + fBe— Q*

R (A0.1)
o = W (A.0.2)
dri(Q"|m)

i 0 (A.0.3)

Equations (A.0.1) and (A.0.2) imply Q* < oy — Bs] < aj, — Bs). Equation (A.0.3)

implies %Q*W = —7m+p(s; —c)+ (1 —p)(sf —c) = 0. Thus, the system (A.0.1),

(A.0.2) and (A.0.3) requires, for a given m > 0, a market equilibrium Q* € (0, oy — 3¢
must satisfy —m + ()2—’6; = 0. At the endpoints Q = 0 and Q = «o; — fc,

4 (0,m) = =14+ =57~ El@)—fe ) > 0and ] (oq—fc,m) = —7r+p(a’2l—g°”) < 0. Such condition

holds if and only if 7 € [ (ahﬁal),Ea) ﬁc) Q* =E(a) — fc — 20m.

If Q* € (y — fBe, ap, — Bcl, the conditions are

st = W (A.0.4)
s; > ¢ (A.0.5)
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dry(Q*|m)

= 0 A.0.6
s (A06)
Equations (A.0.4) and (A.0.5) imply Q* < a;, — (s}. Equation (A.0.6) is %Q*W =

—m+p(s; —c) = 0. Thus, the system (A.0.4), (A.0.5) and (A.0.6) implies, for a given

_|_p(a’h ﬁ’; Q") _ 0

At the endpoints Q = a; — fc and Q = o, — fe, 1, (a — fe|m) = —71 + p(ag—gal) >0

m > 0, a market equilibrium Q* € (a; — fe, ay, — fe] must satisfy —m

and 714 (ap — fe|r) = —m < 0. Such condition holds if and only if 7 € [O, pmg—?”),
Q" = ap — fc— pr/p.
If Q* = 0, the conditions are

* ap + ﬁc - Q*
a + fe— Q"
= A.0.8
S 2ﬁ ( )
dri(Q*|m)
— < 0 A.0.9
A (A09)
Such condition holds if and only if = > %ﬁfﬁc
Based on the above analysis, we summarize the results as follows.
1. If m € <0, p(ag—;a’)} , then the equilibrium (Q*, s}, s;) in the subgame is
Q" =a, — fPc— 2’%, sy = % and s; > ¢. Note Q* € [y — (¢, ay, — Bc).
2. Ifr € (p(agﬁ_o"), E(O‘;ﬁ_ﬁc} , then the unique equilibrium in the subgame is (Q*, s}, s7),
where Q* = E(a) — fc — 207, s; = %;_Q*, and sf = % Note Q* €
0,y — Bc).
3. If > E(a) B¢ then the unique equilibrium is (Q*, s7,s7), where Q* =0, s} =
—a’gf <, and sf = —ah;gg <.

4. If 7 =0, then (Q*, s}, s;) satisfies Q* > ap, — (¢, s} > ¢, and sf > c.

Note, at the breakpoint 7= = b O”), Q* = E(a) — Bc — 207 = ap, — fe — fo
Also, there are no overlaps among the intervals defined above. Therefore, for any

given 7 € (0, +00), Q* is unique. O]
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Proof of Theorem 3.5.1 Let Ry () = Ry(w)/N. Since N > 0, the optimization
problem is equivalent to maximize Rl(w) with the nonnegative constraint. Without
confusion, we useR; (m) as R;(7) in the following proof for simplicity.

For 7 € [0, Ma;—f”), by Lemma 3.5.1, Q = o, — B¢ — 2’%. The corresponding

spot prices s;, = % and s; can be any value no smaller than the marginal cost.

It holds that

Ri(m) = = (Oéh—ﬁc— 25%) +p(04h—ﬁc—Q)2

4
= W(ah—ﬁc—@>
p

The derivative of function R;() in this interval is % = ay — fc— %T”. At =0,

% =a,—fc>0. At ™= p(ag—;'”), R, (7)) = a; — e > 0. Therefore, the optimal

solution is not in this interval.

For € |Mea el E@)fel () — E(a) — fe— 26m. It holds that

Ri(m) = w(E(a)— fc—20m) + plan = fe = @Q)* + (1 = p)an = fe = Q)°

4p
o2
= w(E(a) - fe— )+ T
The derivative is %75”) = E(a) — Bc — 207. At 7 = p(o‘g—gal), function Ry(w) is

continuous and R)_(7) = R}, (7) = a;—Bc > 0. At the end point 7 = %ﬁ_ﬁc, Q=0
dRi(m) __
and dn 0.
For m > @8 ) — 0 and Ri(r) = R, (%ﬁ) Therefore, function Ry ()

28

is a continuous concave function on [0,400). Since at the endpoint © = E(%ﬁ_ﬁc,
dR; (m)
dm

= 0, the optimal option price can be any value in [%ﬁ_ﬁc, oo> In this price

range, the result is the same as if the buyers do not enter into contracts at all. O
Proof of Lemma 3.5.2 To simplify the notation, we first divide R;(7) by N
without changing the problem. Let Rs(m) = 7Qa(w) and Rp(m) = 7Qp(w) +

E(G2(Qp(m),a))/N. Note that from the proof of Theorem 3.4.1, Ra(m) is a piece-

wise function on [0,%) and [p(ahﬁfal), E(a)ﬁfﬁc]. For = > E(a)ﬁ*ﬁc, Ra(m) =
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Ry (W) = 0. Similarly, from Theorem 3.5.1, Rp(w) is a piecewise function

on [0, p—(aggal)) and [p(aggo"), E(O‘Q)ﬁ_ﬁc . For 7 > —E(Ogﬁ_ﬁc, Rp(m) = Rp (—E(Ogﬁ_ﬁc)

Therefore, based on the positions of the breakpoints, there are two cases.

Case 1: p(ahﬁ ) > E(a)ﬂ Be oy — oy > al%ﬂc.

Let the optimal option price in the contract market only setting be 7% and the

optimal price in the contract market and spot market with full participation setting

p(an—pc)

be mg. By Theorem 3.4.1, 3y = ==

. By Theorem 3.5.1, 75 can be any value

larger or equal to M. Note 7% < M, the optimal solution 7* should only fall

26 2
n [p(ah—ﬂc) E(a) p(on—pc) E(a)fﬂc}
5 2 2 ]

. Since both R4 () and Rp(m) are concave on [
Ry () is also concave in this interval. Thus, the first order condition is necessary and

sufficient for optimality.

Since (agﬁal) < T be) Qp(m) = E(a)—Be—20m for any 7 € [p(aggﬁc), E(aggﬁc}.

In this interval, it holds that

i) = (1= (o0 = o= 07) 2 [r(B(0) ~ e 5+

The derivative of the objective function is

dzl:r):(l—)\) (ah—ﬁc—zﬁ%)—i-)\( (o) — Be —2p7)

ap—PBc)+A(E(a)—Bc)
28[ 152 +1

The optimal price 7* must satisfy de(” ) = . Therefore, 7* = (1=A)(

and &) _ (=p)@=Fe) ~ Hence, in this case, the equilibrium 7* increases in A.

dX 26p (1 ,\+>\)
. plapn—or) _ E(a)—pBc ou—pPe
Case 2: 3 < =55 <:>Oéh—Oéz<lT-
. a—pfc ; x _ E(@-Bc _x _ E(a)=Bc
Case 2.a: «ap, —a < ’7. In this case, 7} = 55 TB = — a5 thus
™ = %ﬁfﬁc and does not change as A changes.
Case 2.b: a‘fﬂc <ap—o < O‘Z;BC. In this case 7 = a’gfc. Let 73 = E(az)/gﬁ ,

which is also a local maximizer of R4(7) in the interval [p (O"‘ﬁ_al) , Ele)—p c]. Denote

B
the intervals [, = (p(o‘h_ﬁc), p(o‘h_‘”)> and I, = <P(04h—0¢z)7 E(a)—ﬁc)‘

23 JE] B 28
If 7* € I, ™ = (1_A)(°"2‘ﬂ_[ﬁgi(/\]f(’\)_ﬁc). From the results in Case 1, we can get
P

that 7* increases in A if * moves in this interval. If 7* € Iy, 7% = 7l = E(%ﬁ_ﬁc
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Thus, 7 = E(Ogﬁ_ﬂc. Note 7* can’t be the breakpoint w, since at this point the

ap—fBc

right derivative is strictly larger than the left derivative. Note for A =0, 7* = A

and for A\ =1, n* = %ﬁ*ﬁc Thus, it is easy to see the result holds.

Next we will show that that when X increases from 0 to 1, the optimal solution
7(A) can only jump from one interval to the other on the right and can never jump
to the left. The proof is similar to that in Lemma 3.4.6. First, we will show at for a

fixed 7, as A increases, d%fﬂ) increases. Without confusion, let f(m, \) =

dRy ()
dm °

For 7 € I, it holds that

flmA) = (1=X) (ah — Be — 2’%) + ME(a) — e — 207)

of(m,\) 20w

For 7 € I, it holds that

f(m,A) = E(a) = fe—206m

of (m, A)
)\ =0

Let m()\) and 7,(\) be the local maximizers in I; and I, respectively. For a given
A, m = argmax{R;(m), Ry(m,)}. Suppose at \g, 7* = m,.. We will prove that as g
increases to 1, 7 can never fall back to I;. Suppose at the smallest \; such that

A1 > Ao and the optimal price becomes 7; again. This can happen only if from Ag to

A, R (W) >0 and R|_ <w> < 0 always hold. Note that

B /m()\) de (7‘(‘) 0

(ap—ap) dm
B

plap—oy)
B8

Ra(m(N) - Rim () = [ N (x|

dm

decreases in A\. Thus, this provides a contradiction. Therefore, we can see that as A
increases from 0 to 1, 7(A) increases from 7% to 7. O

Proof of Theorem 3.5.2 To simplify the notation, we first divide Q*(\) by N
without changing the problem. Based on the proof of Lemma 3.5.2, we can divide

this proof into two cases according to values of the breakpoints.
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Case 1: p(ahﬁ_a’) > E(a)ﬁ e ey g — oy > —O‘Z;BC.

In this case, the equilibrium price is 7 = (k»@;ﬁ—@iﬁ(a)—ﬂ ). The total con-
p

tracting quantity in equilibrium is Q* = %. It holds that
d"(A (V) _ 9@\ (N) | 0@ (A m*(Y)) dr(A)

dA O\ on* dA
. pr 5657( )
- T T (1- )p A
where dw;)(\ ) = ;lﬁpf T ] Substitute W*( ) into above equation, we can get
d@"()) _ _(1=N(ow — ) + AE(e) = o) | (1 =p)(a = )1 = A)
d\ 2(1—A+p)) 2(1—X+p))°
_ (o= B0 =N =p) = (1= A+ p)
2(1—A+p))°
< 0

Therefore, in this case, the total number of contracts transacted decreases as A in-
creases.

. plop—o) E(a)—Bc a;—fc
Case 2: hﬁ U< 35 @ah—al<lT.

Case 2.a: «j, — oy < 2=2¢ In this case, 7" = E9=5¢ anq

VP 2

Q" = (1=N(E(a—pc— ")+ AME(a— pe—2p7") = (1—=\)pn"

dQ* . E(a) —pBe
o -0t = — 5 <0

Thus, Q)* decreases in \.

Case 2.b: 22 < q) — oy < 2 ﬁc In this case, 7 € [p(ahiﬁc% E(a)iﬁc].

VP 28 B
If m* € [p(aggﬂc), p(a’gal , then using the results in Case 1, we can get that Q*
decreases in A if 7* moves in this interval. If 7* € [p (ahgal), E(a;g ﬂc], ™ =T =
%ﬁ*ﬂc and 7 = %ﬂ*ﬂc By using the results in Case 2.a, we can see that Q*

decreases in A in this interval. When 7* jumps from interval I, to I, both Q A7)
and Qp(7*) decrease. Therefore, Q* also decreases as A increases. n

Proof of Theorem 3.5.3 To simplify the notation, we first divide G(\) by N
without changing the problem. Based on the proof of Lemma 3.5.2, we can divide

this proof into two cases according to values of the breakpoints.
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Case 1: p(ahﬁ_a’) > E(Cgﬁ_ﬁc Sap— o > O”%BC. It holds that
plan — Be = M1 = p)(an — ))? N Ap(1 = p)(an — a)?

G 43(1 — X+ Ap) 43

Let x = ap — Be, y =a, —ap and 2 = a; — Be. Note v = 2z + .

dG(\)  p(1=p)l(z = A1 =p)y)(x — (2= A+ Ap)y) — (1 = X+ Ap)*y’]

)\ 43(1 = A+ Ap)?

Substitute z = z + y into above equation, we get deE\)‘) = 4;(’?:/\’2’11)2 >0

Case 2: Rlan—o) o El@—fe ap — oy < —O";ﬂc.

g 23
Case 2.a: ap —a < al\;}fc. It holds that 7* = %ﬂ’ﬂc and
Gy = (E@ =507 w1 —p)lan - ary
4 4
60 _ pl-plen-af _
dA\ 403 43
Case 2.b: al\;,?c < ap — o < O”%ﬂc. By similar arguments in the proof of

Lemma 3.4.6, G()\) is a continuous function of A\. The optimal option price 7* may
move from the local maximizer in one interval to another. In this case, G()) is the
same at both local maximizer. Also, Lemma 3.5.2 says 7* increases as \ increases.

Therefore, we only need to show that G(\) increases in A if 7* moves in each interval.

For * € [0, W), the results in Case 1 hold. For 7* € [p(ahﬂ_al), E(Ogﬁ_’gc , the
proof is the same as Case 2a.
Therefore, G()) increases as A increases for all cases. O
Proof of Theorem 3.5.4 To simplify the notation, we first divide V(\) and
W(A) by N without changing the problem. This proof is also based on the proofs of
Lemma 3.5.2 and Theorem3.5.2. Consider the following two cases.
Case 1: p(o‘hﬁ_al) > E(agﬁ_ﬁc &S oap — o > alfﬂc. Let 7*(\) be the option price in
equilibrium. It holds that

plon— B+ (1—p)or— B? L [Br1- At ) | A?
W) = 2 2 p i
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Note that w + % = G()). Since by Theorem 3.5.3, ( ) >0, it follows

dvg/\) = ;dG(’\) < 0. Therefore, V(A) must decrease in \.

. plap—oy) E(e)—Bc a—fc
Case 2: 3 < =55 <:>ozh—oq<’T.

Case 2.a: o —ay < ‘”fﬁc It holds that 7* = E(a)ﬁ Be and

W) = play — Be)? +;15—p)(0q—ﬁc) _% ﬁﬂ_*2+0'2(1 —63)\/4)

W) _ dG(\) _ o2 dV(N) _ dW()) _ dG())
Thus, d/\ = >0 Since —3 =5 o = o o ——>O

Case 2.b: O”%fc <ap—o < ‘”;ﬁc. If 7* jumps from one interval to another, both

W(A) and V' (\) decrease. Therefore, monotonicity doesn’t hold. O
Proof of Lemma 3.5.3 Consider @ € [0, C/N], which implies v = 1. It is easy to

show that if the capacity is less or equal to C, the optimal solution is determined by

an=C/N a=C/N
B g

In the high demand state, for @ € [C'/N, oy, — fBc], v = C/(NQ) < 1 and all the

the capacity constraint, s; = and s; =
contracts are exercised since ) < C'/N < «p — (. There is no transaction on the
spot market at all.

In the low demand state, for Q € [C/N, o, —fc], v = C/(QN) < 1, no transaction
takes place on the spot market by similar arguments. For @ € [« — (¢, oy, — (],
fraction v of all buyers have () contracts and exercise only «; — Bc. The remaining
fraction 1 — « of the buyers have no contract and will purchase from the spot market

according to the spot price. The seller’s problem is reduced to

max  Ry(s)|Q,ar) = (si—¢)N(1—7)(as —Bs;)"

S1

st. N[yl —pPc)+(1=7y)(q—pBs)T] < C

It can be shown the unconstrained optimizer («; + f¢)/2 is not feasible. Thus, the

Na=pe)+(1-7)au=C/N
B(1—)

optimal spot price is determined by the capacity constraint s; =
m
Proof of Lemma 3.5.4 Let s, and s; denote the spot prices in the hight demand

state and the low demand state respectively. In the proof of the Lemma 3.5.1, it
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has been shown that the objective function 71 (Q|7) = r1(Q|r)/7 is concave in @ for
any given s, > ¢, §; > ¢ and 7. Therefore, the Karush-Kuhn-Tucker condition is
necessary and sufficient for optimality. Suppose (s, s/, @*,7*) is an equilibrium in
the subgame for a given 7. It must satisfy equation (3.5.16) — (3.5.19).

For @ € [0,C/N], v =1, 5, = w and 5, = # Thus, Q < ap — Bs), =
C/N and Q < oy — 8s; = C/N. If Q* = 0, Equation (3.5.16) - (3.5.19) are

df;l(gﬁ) = —m+p(s,—c)+ (L —p)(s;—c) < 0  (A0.10)
S = w (A.0.11)
o= _5C/N (A.0.12)

Such condition is satisfied if and only = > w If Q* € (0,C/N], then it

must hold that

dA *

mii%lw) = rapsi— )+ (1—p)(si—c) = 0 (A.0.13)
— C/N

5 ar, @C/ (A.0.14)
— C/N

5 a—Cf (A.0.15)
B

which implies 7 = w

For any Q* € (C/N, «; — fc|, there is no transaction on the spot market. It must

hold that
di, (Q"|m)
= 0 A.0.16
5 (A0.10)
s > ; @ (A.0.17)
st > A _ﬁQ (A.0.18)
With above spot prices, T — 74 (E(a)—Bc—Q*) /3. Tt implies p(ay, —)/8 <

aq
m < (E(a) — Bc — C/N)/B. Under this condition, Q* = E(a) — B¢ — fr and v* < 1.
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Similarly, for Q* € (o — Be, o, — Be], (QF, 57, s7,7*) must satisfy

di (Q*[m)
0 - 0 (A.0.19)

s> an ; Q"

o = Yla—Po)+ {1 -7~ C/N

: BL—=77) '

(A.0.20)

(A.0.21)

In the low demand state, since () > «; — fBc¢, the buyer doesn’t purchase on the spot
market if he has @) contracts already. Therefore, %Qﬂﬂ) = -7+ w. It
implies 0 < 7 < W‘ Under this condition, Q* = ay, — B¢ — fr/p with v* < 1.

The results are summarized as follows.

1. If € [O,’W), then Q* = oy, — B¢ — B /p and v* < 1.

2. If m e [p(a’gal), E(a)fﬂﬁﬁcﬂv), then Q* = E(a) — fc — Bm and v* < 1.
3. If = w, then any @ € [0, C/N] is optimal and ~* = 1.

4. Ifﬂ>w,then@*:0and7*:1.

O

Proof of Theorem 3.5.5 For 7 > w, Ry(m) = w For
ap—o E(a)—pBc—C/N C(E(a)—Bc—C/N

e & % 0 El) % / ), E[G2(Q(7), )] = 0. Thus, Ry(7) < C(E(@)=fe=C/N) )g /N)

and the optimal option price 7* can’t fall in this interval. For 7w € [O, ’W),

Ry(7m) = nC + E[G2(Q(7), @)]. By Lemma 3.5.4 and Lemma 3.5.3, it holds that

E[G2(Q(7), )] = (1 —=p)(si —c)(1 —=7)(au — Bs;)N
(1 —p)(ay — Be = C/N)[C/N — y(oy — Bc)|N
Bl —7)
C(oy — e —C/N)
6

<

The last step follows from a; — B¢ > C/N and 1 — p < 1. Since 7 < p(ahﬁial%

Ri(7) = nC + E[G5(Q(7),a)] < C[p(araz)zazfﬂcfc/N] — C(E(a)*gcfc/N).
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Therefore, the optimal option price can be any value in [w, oo) and

Rl(ﬂ*) _ C’(E(a)—gc—C'/N). O

Proof of Theorem 3.5.6 For 7 < W’ NQ(m) > C. Therefore, v < 1

and all contracts are exhausted. In this case, Ri(m) = nC and R;(m) strictly in-

creases in w to 7 = S ON gy 1> w, Q(m) = 0 and Ry(m) = 0.

B
For 7 € [E(a)_%c_cm, E(a/)g_ﬁc>, Q(r) = E(a) — fBc — O and Ry(w) = NnQ(w) =
N7m(E(a) — e — pBm). Note at w and w, Ry(m) is continuous. For
T [E@*@“C/N, E%*BC), it holds that

de (7'(')
y = N(E(a) — fec—207) (A.0.22)
T

At = W, the right derivative R (7) = 2C /N —(E(a)—fc) < 0. Therefore,
T — E(a)—,Bc—C/N' 0

B

Proof of Lemma 3.5.5 For a given option price 7, let (Q%, Q%,sr,s) be an
equilibrium in the subgame, which must satisfy Equation (3.5.27 ) — (3.5.30). This
proof proceeds as follows. First, based on function @ 4(7), we divide our proof into
two major cases. Second, according to the value of )\, each case is divided further
into several subcases. In the end, we will show that for a given 7, the best response
for each type B buyer Q%(7) is constant for all A € (0,1).

Noting type A buyers do not participate in the spot market, the optimal con-
tracting quantity as a function of 7 for type A buyers is the same as contract market
only case, which is characterized in Lemma 3.4.2. Function Q4(7) is a piecewise

function of 7 on [0, +00). For 7 € [O, w» Qa(m) =y, — fe— PBr/p > ay — Pe.

For = € [p<ahﬁ—az>7 E@ﬁ_gc), Qa(r) = E(a) — fc — fr < ay — fe. For 7 > Eel-de,

Q4(m) = 0. Based on this, we can divide the proof into two cases.
Case 1: 7w¢ [0, W)
In this case, Qa(7) = o, — e — B /p > oy — fe. For v = 1, the the optimal spot

prices in Period 2 can be the unconstrained optimizer if (Qp is small or determined
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by the capacity constraint if Qp is large. Define Q%, QL and Q% as follows. Let Q%

be the critical value that v becomes less than 1 for any Qp > Q%, i.e.,
(1-XNQa+XQ3 = C/N

If Q% > 0, the following situation could happen. For small value of Qp, the un-
constrained optimizer s, = % is feasible in the high demand state. As Qg
increases, the capacity constraint becomes tight and the optimal price is solely de-
termined by the capacity constraint. As long as v = 1, s, = [(1 — N\)Qa + Aoy, —
C/N]/(BA), which doesn’t depends on @p. Similarly property holds in the low de-

mand state. Let Q% < Q% be the breakpoint such that for any Qp < Q%, v =1 and

aptBc—Qp )

the optimal spot price in the high state is the unconstrained optimizer, s, = %

Similarly, let Q% be the breakpoint for the low state. Noting type A buyers only ex-

ercise oy — (B¢ < Q4 contracts, we have

(1—A)QA+A(M) - %
2 | C A —
& Qp = Xlﬁ—(l—A)QA—(ahTﬁc)}

(1 —A)(Ozl —ﬁC)-{-)\(

2 (C Aoy — fe)

I R ]

o — fBe+ Qp ¢
2 N

Since C/N < (o — Bc¢)/2 and Q4 > a; — e, Q% < 0 and QL < 0. Note Q% > 0 if
and only if (1 = A\)@a < C/N, which implies 7 > § <ah — fe — ﬁ) = 7. Since
C/N < (o — fe)/2 and Q4 > a5 — B¢, Q% < oy — Be. Price m < play, — oy) /B if

only if A > 1— m Thus, according to A, we can further divide Case 1 into two
subcases.

Case l.a: AN>1— m S € [O,’W).

Case l.a.1l: 7 € (m,p(o‘hT_o”)]. Under this condition, Q% > 0. For any Qp €
(0,Q3], s, = LAQaRA=CIN o ) = NP CIN 1§ O+ € (0,Q3] (v = 1),

190



it must satisfy QQBW 0. If @3 = 0, then d” 0‘ < 0 must hold. Note

dri(Qp|m)

o = —mplsn =)+ (=)= o

plan — a)
B

> -7+

> 0

Therefore, Q% ¢ [0, Q%].

For Qp € (Q%,a; — fc|, v < 1. In the high demand state, all the capacity is
exhausted under contracts. Therefore, Qg > a;, — sy for all Qg in this interval.
However, the low demand state is different depending on the value of s;. Noting
s; > cand Qp > oy — fe, we obtain for s; € [¢, (ay — Qp) /M),

dri(Qp|T) _ 7[—7r

o, +5lon e = Qs) + (1= p)(si — )

B
p(ah - Oél)

[ B

> 0

For s, > (ay — QB)/0,

dri(Qp|m)
dQp

Thus7 QE ¢ (Q2B7al - ﬁC]
For Qp € (oq — Be, o, — Bc], v < 1.

dri(Qp|m)
dQp

v {—WJr %(ah—ﬁc—QB) + — Lo —5C—QB)} > 0

1
B

P (an — pe - QB>]

4‘”&

Therefore, the optimal contracting quantity can only fall in this interval, Q% = o —

pe— pr/p = Qa(r).

Case 1.a.2: 7 € [0, m;]. Under this condition, Q% < 0. Follow the same arguments,

B

Nl & m < 0. Forany 7 € (0,952 ) @, (m)(1-2) > C/N

we have Qp = a,—fBc¢—p71/p = Qa(n). Note that at ) is continuous on [0, plan=oy )
Casel.b: A< 1—

and Q% < 0. By previous results, we have Q% = o, — B¢ — O7/p = Qa(m).
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. plan—ay) E(a)—fc)
Case 2: 7 € ( 3 5
In this case, Q4(m) = E(a) — Bc— Br < oy — Be. Define Q%, QL and Q% the same
as those in Case 1. Since Qa(7) < oy — fe, all the Q(m) contracts are exercised in

both the high demand state and the low demand state. Thus, Q% is different from

that in Case 1:

Qb = 3|5 (- Neam - 2
Substituting Qa(r) = E(a) — fc — B, we obtain
@ = 3|5 - - NE@ - e - pm - 22 =]
Q% = 3|5 - 1= NE@ - e s - 2]
@ = 3|y - 0~ VEE@ - s ]

Note that Q% < QL. According to the positions of Q%, QL and Q% on [0, oy, — Bc),

we can find the following breakpoints of 7:

I C
R = oy [ NE@ -5 - 5
1 B C
- —— _|Z — M\ E(a) — _ =
M= G | A+ (- V() - 50 -
1 B C
e = ——— | =(ap — 1—N(E(a) — - —
Re= o [aten 80+ (L= V(@) - 50 -
= - 80+ (- N (E@) - ) - &
TV A @) =P~y
1 ) C
Te = =3 _5(041 —2Bc+ ap) + (1 = N (E(a) — fBe) — N}
L e = 80)+ (1 - V(Bla) - o) - &
= —_— —_ C — J— —_ —
Depending the value of o, and oy, there are two cases, m, < m, < 7. < Mg < T < 7
and 7, < m < g < . < m < 7. Compare those breakpoints to p—(ahﬁ’al) and
E(oz)ﬁfﬁc7 we can find the breakpoints for A. Define A\, =1 — m7 Ny = N(azl—clﬂc)’
A = —N((fhc_ﬁc), A = N(al—ﬁc Ae = Wi_wc), and Ay = m The relationship
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between the breakpoints in () and 7 is as follows.

Q%
Q5
Q5
Q%
Q%
Qs
Q5
Q5
Qb

AN VAN VAN VAN VAN VAR VAR V4

IN

0 & n >
0 & 7 >
0 & 7 >
ap— fBe &
ap — fc &
ap— fBe &
ap — fPe &
ap— fPe &
ap — e &

Tq

T

Te

Since C' < O, m; > w for all i € {a,b,c,d,e, f}.

we obtain the following relationship between 7 and .

Ta

T

Te

Tq

Te

Tf

>

IN

IN

IN

IN

<

p(Oéh - Oéz)

&

E(a) — e

=

A

<

IN

IN

IN

IN

IA

IA

Td

IN

f

IN

Td

IN

Te

IA

Te

IN

f

Also note 7, < w Thus,

According to above breakpoints, we divide Case 2 into 5 subcases:

Case 2.a: A\ <A <A <A< N < A

Case 2.b: Ay < Ac <Ay <A < A < A\

Case 2.c: \f <A < Ag <Ay <A< N\

Case 2.d: Ay <A <A < Mg < Xy <A,
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Case 2.e: Ay <A <A <A< A < A
We only present the proof for Case 2.a. here. The proof for the other cases is
similar. Consider Case 2.a,

For A € [0, \f], W <My < mp < W < Mg < W < mp < E(O‘%ﬂc
W < T < mp < g <M < T < 7p < %75@ holds. Consider the former

casew<7ra<7rb<7rc§7rd<7re<7rf§%fﬁc. For 7 € [m,%],it

or

holds that Q% > aj, — B¢, k = 0,1,2. Note we only need to consider Qp € [0, a;, — 3c].

dri(Qgplm)

0D is a concave function of QY. Let dr(@plm)

For any given (sp,s;,7), dQB

h(QB, sk, s1,7). Substituting the best response 5,(Qp), 5(@p) and function ¥(Qp)
into to h(Qg, s, s1,7) and define h(Qp) = h(Q5,3,(Q5).5(Q5),7(Qp)). It is easy
to see that A(Qp) = MQp,5,(Q5), 5(Q5),7(Qp)) is a decreasing function in Qp on
[0, o, — Bc]. For [0,01 — Bc], h(Qp) = —7 + E2Z=C8 For Qp € [y — fe, o, — B,

23
hMQp) = —7 + %5493). Since m > Ty, hMQp) < 0 for any Qp € [0, — .
Therefore, Q3 =0 for 7 € [ﬂ'ﬁ W} For 7 € [me, m¢), it holds that 0 < a; — e <

Q% < Q% < ap — Be < QL. Since only Qp € [0, o, — Bc] is interesting, we do not
need to consider QL. It is easy to see that h(Qg) = Qg 5,(Q5),5(Q5), F(Qp)) is
a decreasing function in Qg on [0,Q%]. For [0,a; — (¢, h(Qp) = —7 + E(O‘);#
For Qp € oy — Be,Q}], h(Qp) = —m + B8 For Qp € [Q%, an — fd,

hMQp) = N[(l—/\)cCQAJr/\QB} -+ w . Note h(Qp) is continuous at Q2% and
a; — (Be. Since ™ > T, iL(QB) < 0 for any Qp € [0, ap, — fec]. Therefore, Q5 = 0 for
7 € [m.,ms). Follow the same arguments for 7 in the other intervals, we can obtain
the results. The proof for the latter case p(o‘hT_o”) Ty < Ty < Tg ST < e <y <
w is an analogy.

The proof for A in the other intervals proceeds in the same way: From the value
of A\, we can obtain the breakpoints of m. Considering 7 in the different intervals,

we can compare the breakpoints Q%, QL and Q% to 0, a; — fc and «ay, — Sc . By

investigating H(Q B) on [0, a, — Bc|, the equilibrium Q% can be obtained.
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The proofs for Case 2.b — 2.e are similar and are not included here. The results

are summarized as follows.

1. If r e [O, W) then Q% = ay, — fc — Bm/p. Note v < 1 in this case.

2. If r e [p(ahﬁ_al), E(a)_%C_C/N>, then Q3 = E(a) — fc — pr. Note v < 1 in this

case.

3. If 7 = Ele)=feC/N

3 , then any Qp € [0, %] is optimal. In this case, v = 1.

4. If 7> w, then Q% = 0. In this case, v = 1.

O
Proof of Theorem 3.5.7 The proof proceeds as follows. First, we will show that

for 7 €

£ (ahﬁfa’), E(o%fﬁ c}, ™ = w is the local maximizer. Second, we will

show that for all 7 € [0, %), Ry(m) < Ry(7*).

It has been shown in Lemma 3.5.5, at m = w, Qp € [0,C/N]. Ry(m) =

C(E(@)—=Bc=C/N)
B

(a)—Bc—C/N

. Form>E 5 E(a)—Bc—C/N

, ¥ = 1. As 7 slightly increases from 3 ,

it is shown in the proof of Lemma 3.5.5, the optimal spot prices first active at the
capacity constraints in both demand states. For large A, the capacity constraints are
always active at stage 3. For smaller A, the optimal spot prices in the low demand
state and the high demand state may become inactive as 7 increases. After that, the
return in Period 2 stays constant. Note that R;(7) is continuous in .

Using the same notation in the proof of Lemma 3.5.5, let m, and 7. be the smallest
option prices such that the optimal spot price becomes the unconstrained optimizers
at the low demand and the high demand state respectively.

Henceforth, we divide R;(w) by N to simplify the notation. For large A\, m, >

E(agfﬁ £ and 7, > %ﬁﬁc Then Ry () is a strictly concave function on <E(a)7iffc/ N E(a/)éfﬁ c} :
It holds that
1 [C
Ra(m) = (1= Ar(B(e) = fe = fr) + 375 | 7 = (1= A)(E(e) = fe = fr)
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C

(1 = N(E(0) ~ fe — fm) = 1 + ME() - o)

It follows that for all = > w and A\ € (0,1),

dR () 2(1 — M) (E(a) — fc — fr — C/N)

= < 0
dm A -
For moderate A\ such that m < E(aﬁ)éfﬂ ¢ and m. > w . It holds that for
e w, |, R1(m) and %ﬁr) are the same as above. For m € <7rb, %_ﬁc},

it follows

Rim) = (1— Nm(E() - 5c—ﬁw>+m{9—<1—A><E<a>—ﬂc—ﬁw>]

[0 NE(@) — e m) = 5+ A - o] 4 LRI
dBi(r) _ (L=N[2(E(a) = fe=pr = C/N) = (1 =p)(w=B)] _ |

dm A

For small \, m, < (E(«) — Be)/B, me < (E(a) — Be)/f and m, < m.. It holds

that R;(m) strictly decreases in the two intervals (

E(a)—,@’c]
3 .

EI=DeCN | and (my, 7], and

becomes constant on (ﬂ'C,

Therefore, 7*

is the only maximizer in [E(O‘)_BC—C/N E(a)_ﬁc].

B B
For 7 € (p(ahﬁfo‘l), E(a)f%cfc/N], Qa(m) = Qp(r) = E(a) — Bc — B and v < 1.
Therefore, Ry(m) = Cm and R;(7) strictly increases in 7 to w
For 7 € [0, ’w» Qa(m) = Qp(r) = a — Bc— Br/p. This is equivalent to the

case \=land 7w € [0, W) It has been shown in the proof of Lemma 3.5.5 that

C(E(a)—Bc—C/N
Rl(ﬂ')< (()g /N)

Thus, 7* = w is the optimal option price for any A € (0, 1). O]

Proof of Lemma 3.6.1 Since the objective function is concave in ¢., the KKT

condition is necessary and sufficient for the optimality of this problem. Take the

derivative of the objective function, %{;lﬁ’@ = qc + a+¢ — c¢. At the endpoints
ge = 0 and g. = @, it holds that —d”gf"i’) = %‘z’ —cand —d”ﬁlca"b) = —% + %‘b —c.



Note that constraints ¢. < @) and g. > 0 can not be active at the same time.
Depending on whether ¢ is active at the constraints or not, there are three cases.
Case 1: If ¢ is not tight at any constraint, i.e., 0 < ¢& < @, then ¢ must
satisfy %{1‘1’@ = 0. Such condition holds if and only if ¢ = o + ¢ — ¢ and
0<a+¢—Pc<Q.

Case 2: If ¢f =0, i.e., ¢ is tight at the constraint ¢. > 0, then %q‘fw) < 0. Thus,
a+ ¢ — Bc < 0. Note that ¢ > ay, o + ¢ — Be < 0 is possible.
Case 3: If ¢ = (), i.e., g} is tight at the constraint ¢. < (), then W > 0, which

implies 0 < Q < a+ ¢ — Be.

The results are summarized as follows.

1. f a4+ ¢ — Pc <0, then ¢f = 0.

22 f0<a+¢—Pc<@Q, then g =a+ ¢ — Se
3. f Q <a+ ¢ — P, then ¢ = Q.

O

Proof of Lemma 3.6.2 By Lemma 3.6.1, it is easy to see that each buyer never
purchases more than ay, + ¢ — Bc. Thus, only Q € [0, ay, + ¢ — Bc] is interesting.

First, we will prove that 7, (Q|r) is a concave function of @ on [0, aj, +@— fc]. The

first term —=n(@) is linear, thus it is concave. For the second term, we first calculate

the two integrals. The first integral is

— ¢.(Q, an, ¢)c| do (A.0.23)

/¢ [_qc@,ah,qﬁ)? (00 +0)6:(Q. 0, 9)
-

26 g

Note that q.(Q, an, ¢) depends not only on @, but also on the realization of ¢ as
follows.
If ap, + ¢ — Bc <0, ie., ¢ < —ay, + Be, then ¢.(Q, an, ¢) = 0. Since a, < ¢ and

ap—Bc>0, —p < —ap+Bc <0< .
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Ifo S CYh"‘Qs_ﬁC S Q7 i'e'7 _ah+5c S ¢ S Q_O[h—i_ﬁca then QC(Qa Op, Qb) = ah+¢_ﬂc'
Since Q < ap+ ¢ — feand Q >0, —¢ < Q — ay, + fe < ¢.
If 077 + ¢ - BC Z QJ i'e‘7 ¢ Z Q — Op + 60) then qa(Qaahu d)) = Q

Hence,

—ap+Be Q—ap+pBe _
(4.0.23) :/ i 0d¢+/ : [(O"‘ﬂb ﬁc)?mp

¢ —ap+Bc 26
¢ Q*  (an+9)Q }
2t T Qcld
+/Q—ozh+ﬁc [ 25 " ﬁ QC ¢
3
— &+ pglan 3= G +3 - fe— Q)

The second integral is

/d) |:_QC(Q704I7¢)2 + (al + (b)QC(Q?al? QS)
203 B

To calculate the integral, we divide the interval [0, a; + ¢ — Bc] into two pieces,

— e(Q; au, d))c} do (A.0.24)

¢
[0,a; + ¢ — Bc) and [a; + ¢ — Be, oy + ¢ — Be]. For Q € [0,; + ¢ — Bc), by the same

arguments as above, we obtain

3
(A.0.24) = 55+ %(Oél +¢ = pe)(an+ ¢ — fe— Q)

For Q € [a; + ¢ — Bc, ay + ¢ — Bc], note Q — a; + Bc > ¢. It holds that

(A.0.24) = /__al+ﬁ60d¢+/_¢ [mﬁ(ﬁ_ﬁcqcz(ﬁ

$ a;+fc 25
_ (ot ¢ —pe)
60
Therefore, for Q € [0,y + ¢ — f3c), it holds that

n(Qlr) = —w@+£_[Q—3 Q

25 |65 +%(ah+5_ﬁc)(ah+a_50_Q)]

_ 3 _ _
12—; [g—ﬂ+%(alw—ﬁc)(azw—ﬁc—@}
@) __ pentd- G- QP (L-p)et - o=@
aQ 464 46¢
In this interval, %g‘”) decreases in (). Thus, r1(Q|7) is a concave function of Q.
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For Q € [y + ¢ — B, oy, + ¢ — Bc], it holds that

3
r(Qlr) = —7Q+ % [g_ﬁ + %(ah + ¢ — Be)(an + ¢ — Be— Q)
+1 —p [(Oél +9¢— 50)3}
20 6
Q) . plon+3-Be— QP
aQ "7 196
Also, in this interval, %g‘”) decreases in ). Hence, r1(Q|7) is a concave function of

Q.
Note that 7, (Q|n) is continuous at the breakpoint Qo = oy + ¢ — fc and left

derivative is equal to the right derivative,

P(Oéh - 061)2
46¢

Therefore, 71 (Q|n) is a concave function of Q on [0, aj,+¢@— 3¢c] and the Karush-Kuhn-

r-(Qolm) = Ti+(QO|7r) = 74

Tucker condition is necessary and sufficient for the optimality of this problem. The

ot ; dri(anto—PBelm) _ dri(u+¢—pBelm) _ plan—ai)?
derivatives at the three breakpoints are # = —m, # = -7+ W
and —d%g‘”) = -7+ —E(QZ‘E;&)Q, where E(a+ ¢ — c)? = p(an + ¢ — B¢)* + (1 —p)(a; +
¢ — fe)*.

plan—on?\  dri(er+3—Belr) dry (en+3—Bel) )

For 7w € [O, Zﬁal ), ! ldQ > Oand+ < 0. Thus, Q" €

(oq + ¢ — Be, o, + ¢ — Bc] and must satisfy
d * o _ *\2
n(@lm) _ _ planté—fe—Q)
dQ 40¢

s Q= ozﬁ?b—ﬁc—\/wpw

plon—a))? E(a+¢—Bc)? |  dri(ai+é—Beln) dr1(0]m) *
For 7w ¢ [ e 463 ], ) < 0 and a0 > 0. Thus, Q* €

[0, 07 + ¢ — Bc| and must satisfy

dr(@m) _ __ plow +¢— fe— Q") N (1 =p)(u+ ¢ = fec— Q")
dQ 43¢ 46¢

& QF = E(a)+ ¢ — Bc— /481 — 02
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E(at+¢—pc)®  dri1(0|m) *
For m > e ldQ < 0. Therefore, Q* = 0. O
Proof of Theorem 3.6.1 To simplify the notation, we first divide R;(7) by
N without changing the problem. By Lemma 3.6.2, each buyer’s best response at

stage 2 Q(m) is a piecewise continuous function of 7. Thus, the objective function

of the seller’s decision problem is a piecewise function of 7. The only breakpoint is

o = 2lan—a® A o Q(my) = Q(7g). Thus, R (r) is also continuous at 7.

484
For 7 € [O, %), Q(T) =y + ¢ — Bec— 45%. It holds that
_ 480
Ri(m) = 7 |ap+o—Be— ﬁp‘m
d
Rl(ﬂ') _ ah+¢ ﬁ _3 6@571—
dm P

In this interval, R;(7) is a concave function of m. At m = mg, the left derivative
R, _(m) = 2cy — 2ap, + ¢ — Be. Since oy, < ¢, R|_(m) > 0. Therefore, 7 > m.
For 7 > E@#8299° () = 0. It holds that Ry(r) = 0. Thus r* < S0’

For m € p(azgfl)Q, E(QZ%BC)Q], Q(1) = E(a) + ¢ — fc — \/4B¢m — o2, Tt holds

that
Ri(m) = = [E(a) + ¢ — Bc— /4B — 02}

de(ﬂ') . — — 26577
dr = E<O‘)+¢_ﬁc_\/4ﬂ¢ﬂ'_02_\/m

PR(r)  458(—3097 + 0?)
a4 — )P

At the breakpoint 7y, R} _(mg) = R, (m) > 0. Also at 7 = M R, (7)) =

459
—% < 0. We have already shown that the optimal 7* can only fall in this

interval. We now characterize the optimal condition. Note that if 7 > 3 ﬁ ¢, then

& < 0 and function Ry () is concave. Then, the Karush-Kuhn-Tucker condition

is necessary and sufficient for optimality. If 7 < Z=, then I () and function

35¢’ dr?
Ry (m) is convex. Depending the value of the new breakpoint m; = 3 B ¢, there are two
E(at¢—fc)?

cases. Note m; < 463
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Case 1: Bara0® > o2 Ty thig case, Ry (m) is concave on the whole interval

499 366
play—ap)? E(a+d—Bc)?
8¢ 43¢ )
Case 2: p(aZT_g’F < % In this case, the interval is divided into two pieces,
plon—ay)? U_2> [0_2 E(Oé-@—BC)Q] : . * .
[ B 35 and |3 FARTr . We will show that the optimal 7* falls in the

second interval, where R;(7) is concave. Thus, the Karush-Kuhn-Tucker condition is

plan—a)? o2

necessary and sufficient for optimality. If 7 € [ ), then R;(7) is convex.

466 7 3¢
dRy(7) - . . / dRy () plon—a)? o2
Thus, = increases in 7. Since R}, (mo) > 0, =~ > 0 forall 7 € [W’ %>
x> 0_27.
Hence, 7" > 307

Since in both cases, 7* falls in an interval on which R;(7) is strictly concave, 7*

is unique. Therefore, 7* € [p(aig_f’)Qa E(QZ%’B C)Q} and must satisfy the Karush-Kuhn-

Tucker condition:

dR1(7T*) . - [ AT s 26577* o
T = E(a)—i—(;ﬁ—ﬁc— 45¢7T —UZ—W = O

O

Proof of Lemma 3.6.3 Let ¢ = ¢. + ¢s. Denote the optimal solution as (g%, ¢})
and ¢* = ¢& + ¢;. First, we reformulate the objective function by considering the
constraint ¢. < Q).

If ¢* < @ and s > c, then the only optimal solution is ¢} = ¢* and ¢} = 0. Suppose
¢ < q* and ¢ > 0, then (g + ¢%,0|s, a, @) > ro(qF, ¢%|s, , ). Thus, ¢ and ¢ can
not be optimal. If ¢* < () and s = ¢, then there exists an optimal solution such that
¢ = ¢* and ¢ = 0. Note in this case since s = ¢, any (¢}, ¢¢) satisfying ¢* + ¢& = ¢*,
¢ €10,Q] and ¢* > 0 is optimal.

By similar arguments, if ¢* > @ and s > ¢, then ¢ = @ and ¢} = ¢* — Q. Suppose
¢ < Qand ¢ = q—qF > 0, then m(Q, ¢* — Qls,a, ) > ro(q’, ql|s, o, ¢). Thus,
g and ¢ can not be optimal. If ¢* > @) and s = ¢, then there exists an optimal
solution such that ¢& = @ and ¢ = ¢* — Q. Also since s = ¢, any (¢}, ¢¥) satisfying

9 +4q; =4 q. €[0,Q] and ¢; > 0 is optimal.
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Therefore, the problem can be reformulated as follows.

max  7y(q|s, @, ¢)
q

s.t. qg > 0

where 75(qls, a, @) is defined as follows. For ¢ < Q, 72(q|s, o, ¢) = —% + % — qe.
For ¢ > Q, 7»(q|s,a,¢) = 25 + O‘W)q — Qc — (¢ — Q)s. Function 75(qls, a, @)
is concave on the two intervals and is continuous at ¢ = (). In addition, at the
breakpoint, ¢ = @, the right derivative is less or equal to the left derivative because
s > c¢. Hence, 75(q|s, a, ¢) is a concave function of ¢ and the Karush-Kuhn-Tucker
condition is necessary and sufficient for optimality. Solving above problem, we obtain
the following results.

If o4+ ¢ — Be <0, then %{IW) < 0. Hence ¢* = 0, i.e., ¢ = ¢ = 0. Note that
—¢ < —ap, a+ ¢ — Bc < 0 is possible.

If a+¢—pBc>0ands=c, then any ¢ and ¢} satistying ¢ + ¢} = o + ¢ — (e,
¢ €10,Q] and ¢ > 0 is optimal.

If0<a+¢—L0Gc<@Qands > c then %Z’a’@ > 0and 7, (Qls,a,¢) < 0. Thus,
q* € (0,Q] and must satisfy %‘;’a’@ = 0. We obtain ¢* = ¢ = a+ ¢ — fc > 0 and
qs = 0.

fo<@Q<a+¢—0c, Q>a+¢—Fsand s > ¢, then 7,_(Q|s,a,¢) > 0 and
75, (Q|s, o, ¢) < 0. Thus ¢* = ¢ =Q and ¢} =0 .

fOo<@Q<a+¢—PFs<a+¢—PBcand s > ¢, then 7, (Q|s, o, ¢) > 0. Thus,
¢ > @ and must satisfy qu—\sa@ = 0. We obtain ¢* = a+ ¢ — s, ¢¢ = @ and
G =ato—ps—Q. 0

Proof of Lemma 3.6.4 The objective function is

o ol
Ry(s|Q.a) = % / Q.0
_ NG9 [P oy
- T /_¢<a+¢> Bs — Q)*do
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Note that if s > O‘J%_Q, Ry(s|Q, ) = 0. Also, at s = ¢, Ry(c|@,a) = 0. Thus, only
5 € [c, W%Q] is interesting. Depending on the value of (), there are two cases.
Case 1: Q > a+ 9 — fe, ¢,(Q,a,0) = (a+ ¢ — fs — Q)* =0 for any ¢ € [~5, 9.
Thus, Rs(s|@,a) =0 for any s > c.

Case 2: Q < a+ ¢ — fBc. Since s < M%Q, Q—a+fs < ¢ Also —a > —o,
Q—a+pBs > —¢. Thus, Q —a + 3s € [~p,¢]. For ¢ € [-6,Q — a + B3],
(@ 0,6) = (a+¢— s — Q) = 0. For ¢ € [Q—a+fsd] Qa0 =
(a+¢—Ps— Q)" =a+ ¢ — (s — Q. Therefore, it holds that

_ Q—a+ps b
Ry(s|Q.a) = %[/(ﬁ 0d¢>+/Q_ (a0 s-0)s

- %@—c)ma—ﬁs—@z

dR , N - -
2(5|Q O{) _ __(a+¢_Q_/63)(a+¢—Q—|—260—3/63)
ds 4¢
Solving —dRQ(;lQ’a) = 0, we obtain s; = Wg’% and s9 = M%Q Notec < 51 < s9.
For s € [c, s1], % > 0. For s € [s1, 59], % <0. At s=cand s, = M?Qv

Ry(s|@, ) = 0. Therefore, from ¢ to s;, Ra(s|@,«) increases in s to its maximum.
Then, Ry(s|@, ) decreases in s to 0 at sy. Hence, s* = 51 = % ]

Proof of Lemma 3.6.5 As there are infinitely many buyers, each small buyer’s
decision doesn’t influence the seller’s decision in Period 2. Thus, a single buyer takes
the spot prices as given. Denote the spot price at high market state as s; and the
spot price at low market state as s;. Denote each buyer’s best response at stage 4 as
7.(Q, s,a,¢) and ¢s(Q, s, o, P).

First, we prove that for any given m, s, > ¢ and s; > ¢, r(Q]mr) is a concave
function of @, VQ > 0. Note that, each buyer will never choose Q > oy, + ¢ — Sc.

Thus, only values of Q on [0, o, + ¢ — (] are interesting. We prove the concavity of

r1(Q|m) term by term. The first term —7() is linear, thus it is concave. The second
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term is the expected return from Period 2. First, let’s calculate the following integral:

¢ S, o S, 2
7m(Q) = / [_@c(@ an, &) + 0:(Q, 5, 0, 0))

-3 20
+ (ah + ¢) (QC(Qa S, Op, ¢) + QS<Q7 S, Op, ¢))
g
_ QC(Q7S7ah7¢)C ‘;qs(Q,S,ah,¢)Sh ng5

Note that ¢ < s;,. Depending on the value of ay, + ¢ — sy, there are two cases.

Case 1-H: 0 < a, + ¢ — sy, < o, + ¢ — fe. For Q € [0, ap, + ¢ — Bsy), it holds that

—ap+Bc Q—ap+Bc _ 2
w@ = [ oao [

? ap+Pc 26

G ¢><@g TO=5) - ﬁc)] dop

Q—ap+PBsh, Q2 (ah + ¢)Q }

_x LR THR d

i /C;—ah+ﬂc |: 26 " p wej e

3 (o + ¢ — Bsn)?
* /Q—oc;ﬁ-ﬁsh |: 26
+(ah + QS)(Oéhﬁ“‘ ¢ - ﬁsh) . QC _ (ah + §Z5 — ﬁsh — Q)Sh:| de

(an + o— Bsn)?
6

This term is a concave function of ) in this interval. For Q € [ay+¢—Bsp, an+o—Bc),

— Qs 0) (ah + 8~ Sfs— ofo- %Q) "

it holds that

B —ap+08c Q—ap+pBec (ah + ¢ o 66)2
w@ = [ e [

¢

+(ah+¢)<aﬁh+¢_ﬁc) —C(&h+¢—66):| d¢
¢ _Q_2 (Oéh—i-(b)Q _ ]
+/Q—ah+ﬁc|: 26 " ﬂ QC d¢
3
— G+ pglan+ 3= f(an+3 - fe- Q)
dgn(Q)  (an+ ¢ —fc—Q)*
aQ 23

deceases in Q on [ay, + ¢ —

Since the buyer will never choose Q > a4, + ¢ — fc, dgc’l‘—g?)

Bsnh, an+@— Bc]. Therefore, g, (Q) is also concave on this interval. At the breakpoint
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Q = o, + ¢ — Bsy, gn(Q) is continuous and it holds that

Bl o

Thus, g,(Q) is concave on [0, ay, + ¢ — 3]
Case 2-H: o, + ¢ — (3s;, < 0. Following similar arguments, we can show that g;,(Q)
is also concave on [0, oy, + ¢ — fc].

Calculate the integral for the low demand state:

v 8, S, 2
a(Q) = / {_(Clc(Q, co, @)+ qs(Q, 8,04, 0))

-3 203
+ (al + ¢> (qc(Qv S, O, ¢) + qS(Qv S, a, ¢)>
5
Qs o d)e + 0. Qs 0)Bs]
B

Since s; > ¢, ay + ¢ — fBs; < a; + ¢ — Be. Similarly, there are two cases.

Case 1-L: 0 < a;+ ¢ — 85, < oy + ¢ — Be. For Q € [0, 04 + ¢ — 3s;), it holds that

—ag+Be Q—ay+pc _ 2
w@ = [y [T tme 2R

P —oy+pe
PO NI oo ] a
QertB 1 Q2 (4 +9)Q }
- /Q—ozh-i-ﬁc |: 26 " ﬁ QC d¢
3 _(Ozl +¢_ﬁsl)2
+/Q—al+55l |: Qﬂ
OO OB) _ g0 (o1 g o @]
- 3
= Q(s1—¢) (az +6— %le - %ﬁc - %Q) + ou ¥ q?jﬂ =

Note ¢;(Q) is concave on this interval. For Q € [ay + ¢ — (851, q + ¢ — Bc), it holds

that

B —ay+0c Q—ay+pSc (al 4 ¢ o BC)Q
0@ = [ owe [l

_i_(al"f_gb)(aé—'—gb_ﬁc) _C(al+¢_60):| do
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¢ _Q_2 (Oéz+¢)Q_
+/Q—al+6c|: 25+ ﬁ Qc d¢
3
— G+ g5l 3= B+ F - fe- Q)
a9(Q) _ (ou+3—fe—QP
Q 2

Since Q < oy + ¢ — fBc, this term is also concave on [a; + ¢ — Bs;, aq + ¢ — fcl.

For Q € [y + ¢ — Bc, oy, + ¢ — Bc], it holds that

B —a;+083c b (Oq +¢— ﬁc)2
Q) = /— viot /—oqwc { 26 } @

%
(au + ¢ — Be)?
60

dgi(Q)
dQ

Note ¢;(Q) is concave on each interval. At the breakpoints Qo = a; + ¢ — 3s; and
Q1 = a; + ¢ — Be, gi(Q) is continuous and

B(si — )’

gf—(Qo) = 91,+(Q0) = 9

92—(@1) = gl,-i-(Ql) = 0

Thus, ¢,(Q) is concave for any @Q € [0, ay + ¢ — Bcl.
Case 2-L: a; + ¢ — 3s; < 0. Following similar arguments, it can be shown that g;(Q)
is concave on [0, oy, + & — Bc].

Therefore, r,(Q|r) is a concave function of Q on [0, oy, + ¢ — Bc] and the Karush-
Kuhn-Tucker condition is necessary and sufficient for the optimality of this problem.
Let (Q*, s, s;) be an equilibrium, it must satisfy the optimality conditions for both
the seller’s problem in Period 2 and the buyers’ problem. Note the buyers’ problem
has linear constraints, 0 < Q < ay, + ¢ — fe.

If Q* € (0,a; + ¢ — Bc), the equilibrium conditions in the subgame are

g - e g;ﬁc - (A.0.25)
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s = al+$+2ﬁc_Q*
;=

(A.0.26)

(A.0.27)

30
dr(Q"|m)
Q
Equation (A.0.25) and (A.0.26) imply Q* — aj, + s} < ¢ and Q* — oy + Bsf < ¢.
Thus,
d * — 1 1
) —rt L= 0 (on - @ g - )

+ 53 (si =0 (al+¢—Q _§5Sh_§ﬁc>
Substitute (A.0.25)(A.0.26) into (A.0.27). The system is reduced to

Q) _ . SEla+d—fe—Q

d@ 3683¢

S Q= E) 45 e 0T o

At the endpoints Q = 0 and Q = oy + ¢ — fc,

dri(0[m) S5E(a + ¢ — (c)?
QT 3000

where E(a + ¢ — 8¢)? = p(ay + ¢ — B¢)? + (1 — p)(oy + ¢ — Be)?,

5p(a, — ay)?

ri-(e+¢—per) = —m+ 36590

5E (a4p—3c)?

Note if 7 < 22en—a)® thendrlglﬁ)>0 ¥Q € (0,00 + ¢ — fe). If w > E

368¢

36086 ’

dr(Qm) - 0, VQ € (0,a; + ¢ — Bc). Thus, to satisfy the equilibrium condition,

aQ
S

5p(an—ar)®  5E(at¢—pBe)?
3686 7 3609

If Q* € [ay + ¢ — Be, ap + ¢ — Bcl, the conditions are

« _ Op +$+250—Q*
sy = 35
s; > ¢
dr(Q"|m) _
dQ N
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Equations (A.0.28) implies Q* — ay, + Bs} < ¢. Thus,

d % _ 1 1
—Tl(d% ™) = —T+ 2%(82 —o)(ap+o—Q" — 5682 — §ﬁc)

The system is reduced to

drl(Q*’ﬂ-) _ 5_p o _0O*\2 _
a0 T+ 36ﬁ5(0¢h+¢ fe— Q") 0
S @ = oo o[

At the endpoints Q = oy + ¢ — B¢ and Q = ay, + ¢ — fc,

5p(an — ay)?

M +¢—pBdr) = —m+ 3600

ri_(an +¢ = Belr) = -

Note if 7 > 5p(ah*°‘l)2, d“égl”) <0,VQ € [y + ¢ — Be,ap + ¢ — Bc]. Thus, to satisfy

368¢
the equilibrium condition, 7 € [O, %].
If Q* = 0, the conditions are

= b O

g = T gﬁﬁc @ (A.0.31)
= b O

g o= ot ¢+35f’c @ (A.0.32)

nOm) (A.0.33)

dQ -

The system implies

SE(a + ¢ — fc)? <
3606¢ -
5E(a + ¢ — Bc)?
363¢

=

If Q* = oy, + ¢ — Bc, the conditions are

s, > ¢ (A.0.34)

s = ¢ (A.0.35)
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dri(ap, + ¢ — Bc|m)
40 =

0 (A.0.36)

The system implies —7m > 0 = 7 = 0.

The results are summarized as follows.

1. f r e <0, 5(0‘;6;%)2), an equilibrium is (Q*, s}, s}), where Q* = ay, + ¢ — Bc —

, 5= 0@# and s > c. Note that Q* € (a;+¢— B¢, ap+o— Be).

368¢m
5p

5(an—oq)? 5E(a+¢—0Bc)?
2. Ifnr e [ 3605 3690

E(a) + ¢ — Bc — 4/ —36?” — 0% s = —O‘h+$§2ﬁﬁ‘:_Q* and sy = —O‘l+$‘22;’3_62*. Note

>, the unique equilibrium is (Q*, s}, s7), where Q* =

that Q* € (0,a; + ¢ — Bd].

5E(a+p—L3c)?
3. I > T

and sy =

, the unique equilibrium is (Q*, s}, s;), where, Q" = 0, s} =

ap+9o+28c

oy +o+20c
38 :

36

4. If 7 = 0, an equilibrium is (Q*, s}, s}), where, Q* > aj + ¢ — B¢, s; > ¢ and

s; > c.

It should be noted that for any given 7 > 0, Q* is unique. O]
Proof of Theorem 3.6.2 To simplify the notation, we first divide R;(7) by N
without changing the problem. For a given 7, denote a single buyer’s best response at
stage 4 as ¢.(Q, o, ¢) and ¢5(Q, , ¢). Let the equilibrium spot prices in the subgame
be s;, and s; for the high demand state and low demand state respectively. The seller’s

problem is

max Ri(r) = 7Q(r) +E[G2(Q(r), )] /N

s.t. T > 0

where

o Apsi—eo) [ (1—p)(si—c) [*
E[GQ(Q(W)7O‘)] - N[T/(p QS(Q7ah7¢>d¢+ 25 /¢)QS(Qualu¢)d¢]
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For 7 € [o, %) it holds that

plan + ¢ — Q(w) — fe)?
2769

Q) = an+ 5 pe |22

dRy(m) — 11 [3683¢r
dr O‘”‘b_ﬁc_ﬁ\/ 5p

Ri(m) = 7Q(m)+

Thus, R;(7) is concave on this interval. At the endpoints 7 =0 and 7 = %,
dR,(0 —
1(0) = ap+o—p0c > 0
dm
5plan — op)? - 1
R/ —_— = — —_ — — > 0
1_< 3650 o+ ¢ — fe 10(0% )
* 5p(an—au)?
Therefore, 7* > W.
5p(ap—a;)?  5E(a+¢—pBc)? .
For 7 € [ 32@1 ' 3600 }, it holds that

plag + ¢ — Q(m) — Be)® + (1 — p)(cu + ¢ — Q(m) — Be)?

Ri(m) = 7Q(m) +

276¢
— 366¢
Q) = E(@)+6— fo— | 2T g2
d _ = 1863
Ry(m) E(a) + 3 — fe [3606m ggfm
dm b} 925 36,85¢>7r g2
dR(m) _ 10843¢ (250% — 333¢)
dm? 95 <36€$7‘l’ _ 02)3/2
At the endpoints 7 = % and 7 = 5E(a;££ﬁc)27
Splan, — oy)? 5play, — ap)? _ 1
- (W = A 3606 - al+¢_ﬁc_ﬁ<ah—@l>
R (SE(Q + Q_b: 50)2) _ E(a+ a —_ﬁc)Q
. 3600 10(E(a) + ¢ — Bo)
Also, note that R1<7T) 1s continuous at m = % and T = 5E(a3;i£ﬁ6)2' Thus,
5p(§§[§§l)2 s < SE(O‘;%&)Q" It m < %, dzdR,fz(ﬂ) > 0. Depending on the value of

502

3309’

there are two cases.
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Case 1: 522 < wlen—a) mpey Ry (m) is concave on this interval.

3366 — 36839
. 502 5p(an—oy)? : o it : : 5p(an—a)? 502
Case 2: 303 > 3608 The interval is divided into two pieces, [ 3605 33 Bé)
502 5E(at¢—pc)? : 5plan—ai)® 502 : dRi(m) -
and [3355’ 3650 } Since on [ 3655 ,33@) Ry(m) is convex, =3 increases

502 dRi(m)
33847 dm

in w. Therefore at m = > (. The optimal price 7* falls in the second piece
on which R;(7) is concave.

Since in both cases, 7* is in an interval on which Ry () is strictly concave, 7* is

unique. Therefore, 7 € [5p (en—an)® SE(a+d—_fo)* } such that

368¢ 36836
dR1 (7T*) _ 0
dm
— 363+ 1883¢r*
& E(a)+ ¢ — fe— pom — 02— 5?7? 0
g 25 —3655‘15”* — 02

O

Proof of Theorem 3.6.3 Similarly as before, we refer the buyers only purchase
under contracts as type A buyers and the buyers participate in both markets as
type B buyers. It holds that Ry(m) = ANRa(7w) 4+ (1 — A)NRg(w), where R4 (7) and
Rp(m) represent the profit from per type A buyer and per type B buyer respectively.

In the proof of Theorem 3.6.1, we have shown that R4(m) is piecewise concave on

[O, p(o‘h—io‘l)z) and [ Sh a’)z, E(até—fc) ] In addition, Rp(m) is piecewise concave on

4B¢ 4B¢ 48¢
[O, %) and [SP 32551)2, 5E(a;;q;¢ﬁc) } as shown in the proof of Theorem 3.6.2.
First we will show that the optimal option price 7 > p(aZT—gz)? Let my = p(O‘ZT_gl)?
In the proof of Theorem 3.6.1, it has been shown that dRA( ) >0 at . For deﬂ( ),
it holds that
dRp(mo) - 9p
— = Eao)+¢—Fc— (a, — p(0.8+p) +
dr (@) (an =) |Vl )5 p(0.8+p)
> (14 ) — ) — (oo — ) | VplOB 1 ) + ——
= PICr — Q1) — (Op — O pLu. p
501/p(0-8 + p)

Since 1/p(0.8 + p) <08+pand\/—7) < 0.18, ¥slm) ~ (4 —a)[14+p—(0.8+

(0.84p
p+0.18)] > 0. Thus, 7* > .
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5E (at+-¢—L3c)? 5E(at+p—Bc)?
BT PR Let — 3665

rem 3.6.2 has shown dRBfrm) < 0. For R ( ) , it holds that

Next we will show 7* < = 7. The proof of Theo-

Ralm) g 5o g B0+ E— Bef 6o
dm 2\/5E(a + 6 — fc)? — 902
_ 5(B(a) 13— B
< )+ e T 5= )
- Efo) 7 e —?(E@Ha—ﬁcwM(E(a‘>’+5_60)

Since 0 < (E(a) + ¢ — Be)?/4, LA < (E(a) + ¢ — Bc)(1 - V/5/2 — 1/(8V/5)) < 0
Thus, 7* < 7.

Consider the following cases:

op—Q 2
Case 1: 33B¢ > 5p(3gﬂ$l) < p<1/12.
Case 2: 3%(765 < 5p((§g[;£z) and 3‘;¢ > p(aZT—gl)Q. This holds if and only if 1/12 < p <
1/4.
Case 3: _$ ”(QZT%”N@])Z 1/4.
o plan—a)? -

We will show 7* > 6 3 for all cases. Since 363 < 5, Case 3, the result
follows. For Case 1 and Case 2, it has been shown that dRA (W) >0 at 3‘; 5 For (m%ﬂ()a
it holds that

dRg(m —
j;( ) = E(a)+ ¢ — fec— (ap — ) (\/1.4+6/ﬁ)
> (O‘h_al)[l_<\/ +6/\/_>/4} > 0

Therefore, 7* > 22— 35¢ Let my = max {7‘(’0, 3ﬁ¢} It holds that 7* € (g, m), on which
Ry (m) is concave. The KKT condition is necessary and sufficient for optimality.

for any 7 € (my,m). Let x = Bom

Next we will show that dRE;(”) > dBa(m)

- dm

dRp(m) - dR ()
dm - dm

6x — o2 7.922 — o2
& - > 0

Vidr — 0?2 /722 — o2

& 8204443 + 3.68642%0% — 0.64x0* > 0
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Note z > 0. Solve 8.294423 + 3.68642%0% — 0.64x0* = 0. We obtain two roots

dRp(m) > dRa(m
dm

and zo with x5 < 0 and x; ~ 0.1335. Since 557@ > €, > =

dR1 ()
dm

) for any
7 € (m,m1). On this interval, for a fixed , increases in . It follows that 7*(\)
increases in A.

Note Q*(\) = NAQp(7*(N)) + (1 = N)Qa(7*(N))], where Q4 and Qp denote the
contracting quantity per type A buyer and per type B buyer respectively. Without
confusion, we divide Q*(\) by N to simplify the notation, which doesn’t change the

problem. It holds that

Qa(m*(\)) = E(a)+ ¢ — Bc—\/4Bom* — o>

Qp(m*(\)) = E(a)+ ¢ — Bc—\/7.28¢1* — o2
dQ*(\ d *(N\)) dr*(A
O Q) - QUi+ o) ar ()
= \/4f¢r* — 0% — \/725@257T —o? —i—)\dQB )dwd)(\ ) +
1 22l () dr (1
drm* d)\
= < 0
The last step follows by dQAdW ) <, dQB( “A) <0 and dTr > 0. O

Proof of Theorem 3.6.4 This proof is based on the proof of Theorem 3.6.3. It
holds that

Rar ) = (8043 e~ /1m0
R(r(\) = = (E(a) + G- Be— m) +
% [(1 — D)l — ) + \/maT] v

To simplify the notation, we divide the seller’s surplus G(A) by N, which doesn’t
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change the problem.

GA) = (L1 =XN)Ra(m™(N\)) + ARp(7"(N))
dG(\ d((L = N Ra(m*(N)) + ARp(m*(\)) dr*
dm dm* d\

~—

— Rp(r*(\) — Ra(m*(N) +
= Rp(m*(\) — Ra(m*(N)

A=V RA@ W) +ARB(@"(N) _ ().

dm*

The last steps follows by

dRp(m) dRA
dm

It has been shown in the previous proof that ) > Oforallt € (79, 1),

5E(at+¢—pc)’
3655

Case 2, my = . We will show that Rp <36¢> R4 <35¢) > (. Since 7* > ﬁ and

() _ dRA< >0, Rp(w* (V) = Ra(m*(\) > Ry () = Ba (355 = 0. The result

where ™ = and my = max {71'0, ;75} Note 7* € (mg,m ). For Case 1 and

follows. For Case 3, my = m. Similarly we will show Rp(mp) — Ra(m) > 0, which
completes the proof.
Case 1 and Case 2: In this case, p < 1/4 and 7y = % Let m3 = %, it holds that

2

Ra(ms) = ;—E[E(aﬂa—ﬁc—\/m]

Rp(m) = % [E(a)+5—ﬁc—\/1.402]
0.3 ( - )15 1.5 15
+276$[1p£ T AV }

Rp(rs) — Ra(ms) = 2 [ \/_+\/_]

_5
o [A=p)** _ p? 15
el o e S R
52
> O[T+ VR +
of [(1-1/4" (1/4)+ .
7 [ s Y L]
0.033607
339
Case 3: In this case my = my. At 7, it holds that
Y
Ru(m) = % [E(a) + & — Be—pla, — )]
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Ro(ro) = 20 T(0) 4 3 e — \/plO8 T p)(en — )] +

45¢
E%iﬁﬁf@u—pX1—mn+sm1—m p@8+p%+@®8+pﬁm}
Ri(m0) — Ra(m) =~ % [—\/p(O.S +p)(8p + 11.8) + 8p* + 15p + 4]

Since —+/p(0.8 + p)(8p+11.8)+8p*+15p+4 > O for all p € (0,1), Rp(my) — Ra(mg) > 0.
Therefore, ¢ — Ry (7*(A\))—Ra(7*(\)) > Rp(ms)—Ra(ms) > 0for all cases. [

dm

Proof of Lemma 3.6.6 The result in (1) is obvious. We only prove (2). To simplify
the notation, we first divide Ry(s|Q4,@p,«) by N and drop the arguments Q4, @p
and a. Let so be the optimal price without considering the capacity constraint and
5 be the price at which the capacity constraint is tight. Since D(Q4,Qp, s) strictly

decrease in s, § is unique. Let s = max{c, §}.

If Qg > a + ¢ — Bc, then Ry(s) = AA)(s=Nat6-Fs)* g optimal price s* =

49
+¢+2 : :
max {%ﬂﬁc, §} is unique.

Now we prove the case Qp < a + ¢ — Bc. Note Ry(s) is a piecewise function.

Ry = As=Aletd—8s— QP+ 1= a+d—As)]

49

For s > MT_QB,

M1L—=9)(s =)+ —Bs)°

R2 S = —

() 7P

Case 1: O‘*i}gwc < O‘+$[;QB. In this case, sy € 0‘+$+§SC*QB, a+§g2ﬁc]. Since
—deZS(S) < 0 at a+$ﬁ_ Qs dpjs(s) > 0 at @# and %ﬁ is quadratic, equation
% = 0 only has one root in this interval. Such root is sg. Thus, s* = {sg, s} and
is unique.

Case 2: a+§;2ﬁc > a%ﬁ_QB. For s > °‘+¢ﬁ+250, dR;S(S) < 0. For s < %’
—deS(S) > 0. Hence, sy € (a+$+§gc_Q3, °‘+¢;ﬁr%c). In addition, % > 0 for all

¢— $+2
s€ “*%QB,Mﬁgﬁﬂ.
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. a+¢+28c—Q a+¢o+25¢ dR2(s) . _ a+¢+28¢
Case 2.a: For s ¢ [ 36 £ 35 }, - =0 In this case sg = 35

Thus, s* = {so, s} and is unique.

Case 2.b: For some s € [w%w‘:_QB, ‘”%_QB}, dRZ(S) < 0. Since 21 g quadratic

35 @
and dRz dR2(s) o (y at a+¢+§gc Q5 and a+¢ @5 equation dR;S( = 0 has two roots s; and
sy with s; < 53, 812 € [a+¢+§gc QB7 a+¢ﬁ QB]

Case 2.b.1: s> %;256 In this case, s* = s and is unique.

Case 2.b.2: sc (sl, M] In this case, s* = atot26e and s unique.

33 30
Case 2.b.3: s < s;. In this case, s* = argmax{Rg (%) ,Rg(sl)}. Only if
Ry (%) = Ry(s1), then both s; and a+¢§gzﬁc can be s*. Simply R» (%gzﬁ"’) —
Ry(s1). We obtain equation (3.6.23). O

Proof of Lemma 3.6.7 To simplify the notation, we first divide Ry(s|@, «) by N
without changing the problem. First, recall that by Lemma 3.6.4, the optimal price

to the problem without the capacity constraint is sy = % The objective

function is

¢
Ry(slQ.0) = (s—0) / 0Q.5,0,0)0F(9)

- ﬁ(s—f:)<a+$—62—ﬂs)2

dR>(s|Q, @)

1 _ —
. — E(g+¢—@+250—353)(oz—i—qb—@—ﬁs)

If there is no capacity constraint, the optimal solution sy € [c, W%Q} . At s=cand

s = M%Q, Ry(s|Q,a) = 0. From s = ¢, Ra(s|@, a) keeps increasing to sg, where it

reaches its maximum. Then, Ry(s|@, ) decreases to 0 at s = W%Q
Now let’s look at the capacity constraint:
¢
N [ 0(Qs.0.0) + (@ s.0.0)iF ) < C (A037
—¢

The LHS of the capacity constraint

N e
= [/ (0:(Q, 5,0, ) + ¢5(Q, 5, ¢, §))dp
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—a+Gc Q—a+pc
= ﬁ[/ 0d¢+/ (a+ ¢ — Be)do

é —a+fc
Q—o+ps ¢
+/ Qd¢+/ (v + ¢ — Bs)do
Q—a+fc Q—a+fs
N

- 5 [2s* — 2Bs(a+ ¢ — Q) + (a + ¢)* — 2Q¢] (A.0.38)

If this constraint is tight at s, then

4% (625 — 2s(a+ B — Q) + (a + B — 23 = C

Solve above equation. We get

sy = %{oﬁ@—@?\/(oz+5—6c—Q)2—(a+$—ﬁc)2+450/1\7}

Note that s, = % {OH—E—Q—F \/(&4—5—50—@)2 — (a+$—ﬁc)2—l—4$C’/N] >
@, thus Ry(s|@,a) = 0. Also, LHS of (A.0.37) decreases in s, if s < s7. Let’s
consider the case when the capacity is small, such that at sg, the capacity con-
straint might be violated. Instead of sy, the optimal solution is determined by the

capacity constraint such that s* > sy and at s* constraint (A.0.37) is active. For

se (30; a+<§*Q)’ dRz(;LQ@)

threshold, 7, such that the condition holds.

< 0. Therefore, s* = s;. We now characterize the capacity

S1 > So

5o+ 3 — Be— Q)
9

< (a+é—PBe)* — —— (A.0.39)

LethO,wegeting%gﬁc)z,thenslZsoforanyQZO. Let C < Cy =

w, then the condition holds in both high demand state and low demand

99
state, i.e., both $1(Q, ap) > s0(Q, ap) and s1(Q, ;) > so(Q, o), VQ > 0. ]
Proof of Lemma 3.6.8 As there are infinitely many small buyers, each buyer
doesn’t take the seller’s decision in Period 2 as the consequence of his decision in

Period 1. Thus, in each buyer’s problem, the spot prices s, and s; are given. In

Lemma 3.6.5, we have proved that for any given 7, s, > ¢ and s; > ¢, r1(Q|7) is a
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concave function of @, VQ € [0, a;, + & — fc]. Note since C' < %ﬁ and ¢ > ay,
C/N < a;+ ¢ — pe. Tt follows r1(Q|r) is a concave function of Q, VQ € [0,C/N].
Therefore, the Karush-Kuhn-Tucker condition is necessary and sufficient condition
for optimality.

Let (Q*, s, s;) denote an equilibrium for a given 7. By Lemma 3.6.7,

sy =

{aﬁa—@*— \/(O‘h‘f‘a_Q*_56)2_<O‘h+5_6c>2+4§_bo/]\]]

*

Sl -

= =

et 5- Q" =yl 6 - Q= 5ot — (ar+ - ot +45C/]

Note that s; < w, ie. Q* —ay— Bs, < ¢ and sF < W’ ie. QF —a; —
Bsn < ¢. The market equilibrium (Q*, sy, s7) for a given m must satisfy the following

conditions.

If Q* € (0, ]QV), then

5= 3| +8-@ - Vit o- 0 - s — (a6 porsaeN
s %[alw @ = lar+3 =@ = o (er-+5 - o+ 45C/
dry(Q*|m)
dQ N
where

d % _ 1 1
—Tl(d% ) = —7mT+ %(82 —¢) (ah +¢—-0Q" — 5582 — 556)

"‘12_51)(3? —) (Oél +o-QF — %ﬂsl - %BC)

Above system is reduced to

—4557?—1-1[‘3(@%—5—50)2—43% = 0

If Q* =0, then

5= gt 3= =i+ 5@ = poR - (-t 5 - g+ 450/
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= g laa-@ -Vl Q - g0 (a5 s+ aae/N
dr1(0]m)

< 0
dQ -

Above system is reduced to

—4@57‘(-{—[[3(0&—1—5—50)2—43% < 0

If @* = C/N, then

*

Sp = %{aﬁ&—@*—\/(ah+<_b—62*—ﬁc)2—(ah+5—ﬁ0)2+450/N]

*

s = % [az%—@* — (i +3—Q — Bey - <az+$—ﬂc>2+450/N]
dri1(C/N|r)

dq = 0

Above system is reduced to

—455W+E(0&+$—50)2—$ > 0

In summary, for any given 7, buyers’ optimal contracting policy is as follows.

E(a+9¢—0B0c)2—4¢C/N

If m < v , then Q* = C'/N.
If v > E(a+$—ﬁc2;—4$C/N, then Q* = 0.
If = E(a+$—i;);—450/ N, then any @ € [0,C/N] is optimal. O

Proof of Theorem 3.6.5 To simplify the notation, we first divide Ry(s|@, ) by
N without changing the problem. In addition, denote the equilibrium spot prices in
the subgame for a given 7 as s, and s;. And denote a single buyer’s corresponding

equilibrium response at stage 2 as Q(m) and at stage 4 as ¢.(Q(7), «, @), ¢s(Q(7), o, @).

The seller’s problem is

max  Ry(m)

s.t. 0

A
2
2
A
Q
~
=

(A.0.40)



where

o p(Sh—C) ¢
R = Q)+ [ @), an oo
e ey IR (A041)

By Lemma 3.6.3, Lemma 3.6.7 and Lemma 3.6.8,

Ri(r) = 7Q(x)+ %(sh —¢)an+ 0 — Q(x) — Bsn)’
%(sl — o)+ 6 — Q) — Bs))?

Let mg = E(atd=pe) ~A9C/N ¢ o o, it holds that

o
Q) = C/N

sho = %[aﬁ%—@—\/(ozh+?b—Q—ﬁc>2—(ah+$—ﬂc)2+450/N]
5 = %{amta—Q—\/(al—l—a—Q—ﬁc)Q—(al—l—g_b—ﬂc)2—|—450/N]
For m > m,

Q(m) = 0

Sp = %{ah—i—a— 450/N]
s = %{al—l—a— 450/1@
dR1<7T) .

dm =0

At the breakpoint 7y, Q(7) € [0,C/N]. For C' is small enough, it can be shown

that Ry (mp) strictly increases as Q(m) decreases. Let

wn = (o +6—Be— QP — (an+— e + 45C/N
v = (@ +6—Be—QP—(a+— Bo) +46C/N
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Take the derivative of R;(m) with respective to @ at my. We obtain

dR — _
;C(;O) — ﬁ (_th2 + (ah + ¢ — 60 — Q)(yh — 28, + 2¢ + (C(h + ¢ — ﬁc — Q))) -+
1-— — _
ﬁﬁp (—2u® + (1 + ¢ — Be — Q) (yr — 281+ 2c + (u + & — fe — Q)))
A sufficient condition for dR;—grO) <0is C < %g_ﬁc)z =C..

Therefore, if C < C.., Ri(my ) < Ri(my) < Ry(m), for all # > my. Thus, any option
price higher than g is optimal. O]
Proof of Lemma 3.6.9 Since Q < C/N < oy + ¢ — fc,
/¢ {_qc@,ah,(ﬁ)? . (on+ 0)a(Q n, 9)

Q. an, ¢>c} do

—3 20 16}
_ [ QT (o, + ¢ — Be)? ’ {—Q_Q (cn +0)Q ]
B /—¢ Od(b " /—ah+ﬁc Zﬁ d¢ " /62—ah+50 26 " 5 QC
3
G+ g+ 3= o)+ 5 - Be— Q)
Similarly,
r 20 3
3
G+ ylen+ = o)an+ 5 e Q)
Therefore,
3
n@n) = -m@+ L {?—ﬁ + 5o+ 8 — 0c) e + 3 — e - @)]
_ 3 _ _
+12—5p [?—5 + %(m + ¢ — fe)(a + ¢ — fe — Q)}

Differentiate 74,

dr(Qlr) = —7r+ig_b[p(a;fl—a—ﬁc—Q)Q—l—(l—p)(arl-a—ﬁC—Q)z}

dq 43
. E(a—{—g_b—_ﬁc— Q)?
46¢

Since Q < C/N < oy + ¢ — e, %8'”) decreases in ). Hence, r1 is a concave function

of @ on [0,C/N]. The Karush-Kuhn-Tucker condition is necessary and sufficient for

optimality.
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The derivative at the end points @) = 0 and Q = C'/N is

dr,(0|m) oy E(a + ¢ — Bc)?
dQ 466
dri(C/Nlm) __ Ela+ ¢ — Bc—C/N)?
dQ B 46¢

Therefore,

E(a+¢—03c)? *
LI > EOH00 ey g = 0.

2. It < E(a+$;é%_c/m2, then Q* = C/N.

3. If 7 € [E(O‘J“a;[;%_C/N)Q, E(QZ%BC)Q], then %Q*"T) = 0, thus, Q* = E(a) + ¢ —

Bc —\/4pom — o2

[
Proof of Theorem 3.6.6 To simplify the notation, we first divide Ry(m) by N

without changing the problem. By Lemma 3.6.9, R;(7) is a piecewise function.

a+o—LBc— 2 1(m
For 7 < EeteBe O Q(w) = C/N, Ru(r) = wC/N and ¥4 = C/N.
For m > %ﬁﬁcy, Q(m) =0, Ry(m) = 0.

For m € [E(a+$—fﬁ%—0/N)27 E(QZ%&)Q} , Q(m) = E(a) + ¢ — e — /43¢ — o2,

R(m) = = [E(a) + ¢ — Be—\/4Bom — 02} (A.0.42)

E(a+8—Be—C/N)?
156

E(OHFa:ﬁC)Q
453¢ ’

At the breakpoints my = and m =
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For 7t < E(a+$—Bc—C/N)® dRi(r) _ C’/N, > E(a+¢—pBc—C/N)?

. In addition, for = >

48¢ 7 dm 46¢
E(a+é—pc) — : s o [E(a+8—Bc—C/N)* E(a+¢—pc)?
TR Ry(m) = 0. Therefore, the optimal solution 7* € [ 50 153
We will show that if C'/N is small, then 7* = E(até—fe—C/N)

4p¢

E(a+¢—Bc—C/N)? E(a+¢p—pc)?
For 7 € [ 153 , 153 },

dRy(m) 1 b — Be o — 02 — (6801 — o2
U _ m{@@m 5e)\/ 153 (659 >}

Lot /A7 = . Snce > EEELOIN? Log 240)

484
dR1 (7'(') .
dm =0
32 — o?
S + (E(a) + ¢ — Bc)z — 5 = 0 (A.0.43)

Solve equation (A.0.43). We obtain the two roots:

1 — —

Ty = 3 {E(a) +¢—pPect \/(E(a) + ¢ — fe)? — 302] (A.0.44)

Note that 02 = p(1 — p)(ap — )* < M. Thus, 302 < M < (E(a) + ¢ —

Eat-fe-C/N)? E(atd—ge)?
43¢ ’ 459

v € [E(a) + ¢ — fc — C/N,E(a) + ¢ — . If C/N < L(E(a) + ¢ — Bc), then

Bc)?, x1 are well defined. Since 7 € [ }, the corresponding
the corresponding = € [2(E(a) + ¢ — 8¢),E(a) + ¢ — Bc]. Since C < G, C/N <

%(E(oz) + ¢ — Bec) holds. Note x5 < %(E(a) + & — Bc). Therefore, del;w) <0,
v g |EletioBe OINP Elotoopo?

c- - _ E(at+¢—Bc—C/N)? u
48¢ ’ 48¢ 48¢ '

Proof of Theorem 3.6.7 First, we prove G(0) < G(1). Note that

} . Hence, 7*

[E(a+ ¢ — Bc— C/N)?]

- [45<E<a> 1 Be- \/450/N>}

Since C' < min{Cy, C.}, C < %g—ﬁc)? Thus, /450/]\, < E(a)+2$—ﬁc and

R

H~

G(1) > % 26(E(a) + 6 — 50)]
G(0) = % [E(a+ 3 — fc— C/NY?]
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Therefore, G(0) < G(1).
Next, we will prove V(0) < V(1). It holds that

V) = C [—E(”a_ﬁf C/Ny &
43¢ 1264 N2

+%<0‘h + ¢ — fBe)(an + ¢ — Bc— C/N)

(1-p)
43¢
_ ¢ [L(E(Q) 43— fe—CIN) +
ABoN
C? [3(E(a) + ¢ — Bc) — 2C/N |
1286N

+

<m+a—@wm+a—ﬁwwWNﬂ
02
123pN2 }

V) = — [plon+8— Bsu)® + (1 — p)au + & — Bsn)?)

12636
where s;, = % [ah +¢— \/%] and s; = % {ozl +¢— \/%]. Thus,
N
V) = = 4o/
C3/? —3/2 C -
V(1) -V(0) = 25N [8¢> V7w [3(E(oz) + ¢ — fe) — QC/N}

Note that C/N < C,/N = % C/N < 4¢ < ¢. Also, aj, < ¢. Thus

w
~
—~

a)+¢—fc)—20/N < 8¢

—0.5

Since both G(1) > G(0) and V(1) > V(0), total social surplus W (1) > W(0). O

Proof of Lemma3.7.2 First we will show that (sg, s¢) is an equilibrium. Suppose
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seller 1 lowers the price to s < s, then her return at this stage is Ra 1 (s, so|@Q1, Q2, @) =
(s —)(C — Q1) < Ro1(s0, 50|Q1, @2, ), which can not be optimal. If the Seller in-

creases the price to s > g, then for s < (o — C' — Q1) /13,

Ro1(s,50|Q1,Q2,0) = (s—c¢)(a—pFs—C— Q) (A.0.45)
ABza(s, Sz’fl’ @29 _ 98t Be—C - (A.0.46)

where Ry (s, so|Q1, Q2, ) is strictly concave on the interval. For s > (a—C'—Q4)/0,
Ro1(s,50|Q1,Q2,¢) = 0. Note Ra1(s,s0|Q1, @2, ) is continuous on [sq, +00). For

C < (a—pc)/3, dRQ’l(S’SSLQI’QQ’a) < 0 for s € (sg, («—C —Q1)/f] and any Q; € [0, C],

i = 1,2. Therefore, Ry1(s,s0|Q1, @2, ) < Ra1(s0,50|@1,Q2, ) in this case either.
Hence if C' < Cy, (0, So) is an equilibrium.

Next we will show (s, s9) is the unique equilibrium in the subgame. Suppose the
equilibrium price is (s;, s;) other than (sg,sg) with s; < s;. Clearly s; and s; can’t
be less than sy. Suppose sy < s; < s;, seller j will lower the price slightly below s;,
which would result in a better revenue for her. The two sellers would undercut each
other and both reach sy eventually. ]

Proof of Lemma3.7.3 Since all the contracts are exercised in stage 4, it holds

that
87‘1(@1,@2|7T1,7T2) ]E(Oé) _ﬁC_QC
= —m + A.0.47
501 ™ 5 (A.047)
87’1(@1,@2|7T,7T2> E(Oé) —6C— 20
= —7y+ A.0.48
00, ™ 5 (A.0.48)
Therefore, the results follow. O

Proof of Theorem 3.7.1 By previous results, the buyer’s contracting quantity
for one seller is independent from the other seller’s option price. Therefore, if m; <
(E(a) = Bc —2C)/B, Rui(m, ;) = mC < C(E(a) — e —2C)/B. For m; > (E(a) —
Be—2C) /3, Qi(m;, m;) = 0 and Ry ;(m;, ;) = C(E(a) — fc—2C) /3. For m; = (E(a) —
Be—2C) /06, Qi(m;, m;) € [0,C]. It still holds that Ry ;(m;, 7;) = C(E(a) — fc—2C) /5.

Therefore, any option price 7 > C(E(a) — B¢ — 2C) /5 is optimal. [

225



REFERENCES

“The ocean shipping reform act: An interim status report,” tech. rep., Federal
Maritime Commission, 2000.

“The impact of the ocean shipping reform act of 1998,” tech. rep., Federal Mar-
itime Commission, 2001.

“America’s ports today,” tech. rep., American Association of Port Authorities,
2006.

ALLAZ, B. and ViLa, J. L., “Cournot competition, forward markets and effi-
ciency,” Journal of Economic Theory, vol. 59, no. 1, pp. 1-16, 1993.

ANUPINDI, R. and BASSOK, Y., “Supply contracts with quantity commitments
and stochastic demand,” in Quantitative Models for Supply Chain Management
(S. TAYUR, R. GANESHAN, M. M., ed.), Boston, MA: Academic Publishers,
1999.

BACHELIER, L., “Théorie de la speculation,” Ann. Sci. Ecole Norm. Sup.,
vol. 17, 1900.

BAKKER, S. H., vAN HaM, J. C., and KUIPERS, B., “e-shipping,” (Espoo, Fin-
land), Conference No 6 European Strategies in the Globalising Markets; Trans-

port Innovations, Competitiveness and Sustainability in the Information Age,
May 2001.

BARNES-SCHUSTER, D., BAssOk, Y., and ANUPINDI, R., “Coordination and
flexibility in supply contracts with options,” Manufacturing and Service Opera-
tions Management, vol. 4, no. 3, pp. 171-207, 2002.

BrAck, F. and SCHOLES, M., “The pricing of options and corporate liabilities,”
Journal of Political Economy, vol. 81, 1973.

BROTCORNE, L., LABBE, M., MARCOTTE, P., and SAVARD, G., “A bilevel
model and solution algorithm for a freight tariff-setting problem,” Transportation
Science, vol. 34, no. 3, pp. 289-302, 2000.

BURNETAS, A. and RITCHKEN, P. “Option priceing with downward-sloping

demand curves: The case of supply chain options,” Management Science, vol. 51,
no. 4, pp. 566-580, 2005.

CACHON, G., “Supply chain coordination with contracts,” in Handbooks in
Operations Research and Management Science: Supply Chain Management
(GrAVES, S. and DE KoK, T., eds.), Amsterdam, The Netherlands: North-
Holland, 2002.

226



[13]

[14]

[21]

[22]

[26]

Cao, C., Ang, J. S. K., and YE, H., “Cargo mix and shipment planning
problem with uncertainty,” in 2005 International Conference on Services Systems
and Services Management.

CHEUNG, R. K. and CHEN, C. Y., “A two-stage stochastic network model
and solution methods for the dynamic empty container allocation problem,”
Transportation Science, vol. 32, no. 2, pp. 142-162, 1998.

Coase, R. H., “The nature of the firm,” FEconomica N. S., vol. 4, no. 16,
pp. 386-405, 1937.

COHEN, M. A. and AGRAWAL, N., “An analytical comparison of long and short
term contracts,” IIFE Transactions, vol. 31, no. 8, pp. 783-796, 1999.

CraINIC, T. G., GENDREAU, M., and DEJAX, P., “Dynamic and stochastic

models for the allocation of empty containers,” Operations Research, vol. 41,
no. 1, pp. 102-126, 1993.

DENG, S. and Wu, D., “Pricing tradable capacity options,” 2007.

Dixit, A. K. and PINDYCK., R. S., Investment under uncertainty. Princeton,
NJ: Princeton Univerisity Press, 1994.

DoNOHUE, K., “Efficient supply contracts for fashion goods with forecase updat-
ing and two production modes,” Management Science, vol. 46, no. 11, pp. 1397—
1411, 2000.

EpPEN, G. D. and IYER, A. V., “Backup agreements in fashion buying - the

value of upstream flexibility,” Management Science, vol. 43, no. 11, pp. 1469—
1484, 1997.

ERHUN, F., KESKINOCAK, P., and TAYUR, S., “Dynamic procurement in a

capacitated supply chain facing uncertain demand,” Submitted to IIE Transac-
tions, 2005.

Fisk, C. S., “A conceptual framework for optimal transportation systems
planning with integrated supply and demand models,” Transportation Science,
vol. 20, no. 1, pp. 37-47, 1986.

FLorREZ, H., Empty-Container Repositioning and Leasing: An Optimiation
Model. PhD dissertation, Polytechnic-Institute of New York.

Friesz, T. L., GOTTFRIED, J. A., and MORLOK, E. K., “A sequiential
shipper-carrier network for predicting feight flows,” Transportation Science,
vol. 20, no. 2, pp. 80-91, 1986.

GREEN, R., “The electricity contract market in England and Wales,” The Jour-
nal of Industrial Economics, vol. 47, no. 1, pp. 107-124, 1999.

227



[27]

[28]

[29]

[30]

[31]

[32]

HIRIART-URRUTY, J. and LEMARECHAL, C., Conver Analysis and Minimiza-
tion Algorithms. Springer-Verlag, 1993.

HurLEY, W. and PETERSEN, E. R., “Nonlinear tariffs and freight network
equilibrium,” Transportation Science, vol. 28, no. 3, pp. 236-245, 1994.

KAMRAD, B. and SIDDIQUE, A., “Suppply contracts, profit sharing, switching,
and reaction options,” Management Science, vol. 50, no. 1, pp. 64-82, 2004.

KiwierL, K. C., “Proximal level bundle methods for convex nondifferentiable
optimization, saddle-point problems and variational inequalities,” Mathematical
Programming, vol. 69, no. 1, pp. 89-109, 1995.

KLEIN, B., CRAWFORD, R. A., and ALCHIAN, A. A. “Vertical integration,

appropriable rents, and the competitive contracting process,” The Journal of
Law and Economics, vol. 21, pp. 297-326, 1978.

KLEINDORFER, P. R. and Wu, D. J., “Integrating long- and short-term

contracting via business-to-business exchanges for captital-intensive industries,”
Management Science, vol. 49, no. 11, pp. 1597-1615, 2003.

KLEYWEGT, A. J., SHAPIRO, A., and HOMEM-DE-MELLO, T., “The sam-
ple average approximation method for stochastic discrete optimization,” Siam
Journal on Optimization, vol. 12, no. 2, pp. 479-502, 2001.

Kreps, D. M. and SCHEINKMAN, J. A., “Quantity precommitment and

Bertrand competition yield Cournot outcomes,” The Bell Journal of Fconomics,
vol. 14, pp. 326-337, 1983.

LAFFONT, J. J. and TIROLE, J., Theory of incentives in procurement and reg-
ulation. MIT Press, third ed.

LARIVIERE, M. A., “Supply chain contracting and coordination with stochastic
demand,” in Quantitative Models for Supply Chain Management (S. TAYUR,
R. GANESHAN, M. M. ed.), Boston, MA: Academic Publishers, 1999.

LeE, H. and WHANG, S., “The impact of the secondary market on the supply
chain,” Management Science, vol. 48, no. 6, pp. 719-731, 2002.

LEMARECHAL, C., NEMIROVSKII, A., and NESTEROV, Y., “New variants of
bundle methods,” Mathematical Programming, vol. 69, no. 1, pp. 111-147, 1995.

Levi, M., KLEINDORFER, P., and Wu, D. J., “Codifiability, relationship-
specific information technology investment, and optimal contracting,” Journal
of Management Information Systems, vol. 20, no. 2, pp. 77-98, 2003.

LeviTAN, R. and SHUBIK, M., “Price duopoly and capacity constraints,” In-
ternational Economic Review, vol. 13, no. 1, pp. 111-122, 1972.

228



[41]

[42]

[43]
[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]
[52]

[53]

[54]

[55]

MAJD, S. and PINDYCK, R., “Time to build, option value, and investment
decisions,” Journal of Financial Economics, vol. 18, 1987.

MENDELSON, H. and TunNca, T. I., “Strategic spot trading in supply chains,”
Management Science, vol. 53, no. 5, pp. 742-756, 2007.

NOCEDAL, J. and WRIGHT, S., Numerical Optimization. Springer, 1999.

OSBORNE, M. and PircHIK, C., “Price competition in a capacity-constrained
duoply,” Journal of Economic Theory, vol. 38, no. 2, pp. 238-260, 1986.

PELEG, B., LEE, H. L., and HAusMAN, W. H., “Short-term e-procurement
strategies versus long-term contracts,” Production And Operations Management,

vol. 11, no. 4, pp. 458-479, 2002.

PENALOZA, E., BROOKS, M., and MARCHE, S., “Electronic commerce and the
strategic management of deep-sea container shipping companies: An exploratory
survey analysis,”

SMALLWOOD, J. and MIRCHANDANTI, P. B., “Competitive Pricing and Capacity
Allocation Decisions in a Container Shipping Market.” |, 2002.

SPINLER, S., HUCHZERMEIER, A., and KLEINDORFER, P. R., “Risk hedging
via options contracts for physical delivery,” OR Spectrum, vol. 25, no. 3, pp. 379—
395, 2003.

STOPFORD, M., Maritime Economics. 11 New Fetter Lane, London: Routledge,
1999.

TrIANTIS, A. and HODDER, J. E., “Valuing flexibility as a complex option,”
Jounal of Finance, vol. 52, no. 2, pp. 549-565, 1990.

TRIGEORGIS, L., Real Options. Cambridge, Massachusetts: MIT Press, 1996.

TsAy, A., NAHMIAS, S., and AGRAWAL, N., “Modeling supply chain contracts:
A review. s. tayur, r. ganeshan, m. magazine, eds.,” Quantitative Models for
Supply Chain Management, 1999.

Tunca, T. and ZENIOS, S., “Supply Auctions and Relational Contracts for
Procurement,” Manufacturing and Service Operations Management, vol. 8, no. 1,

pp. 43-67, 2006.

WAN, K. and LEVARY, R. R., “A linear-programming-based price negotiation
procedure for contracting shipping companies,” Transportation Research, vol. 29,
no. 3, pp. 173-186, 1995.

WiLrLiams, J., “Futures markets: A consequence of risk aversion or transaction
costs,” Journal of Political Economy, vol. 95, no. 5, pp. 1000-1023, 1987.

229



[56] WILLIAMSON, O. E., The economic institutions of capitalism. New York, NY:
Free Press, 1985.

57) Wu, D. J. and KLEINDORFER, P. R., “Competitive options, supply contract-
Yy

ing, and electronic markets,” Management Science, vol. 51, no. 3, pp. 452-466,
2005.

(58] Wu, D. J., KLEINDORFER, P. R., and ZHANG, J. E., “Optimal bidding and
contracting strategies for capital-intensive goods,” Furopean Journal of Opera-
tions Research, vol. 137, pp. 657-676, 2002.

230



