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Abstract

Trucking companies (carriers) are increasingly facing combinatorial auctions conducted by shippers

seeking contracts for their transportation needs. The bid valuation and construction problem for carriers

facing these combinatorial auctions is very difficult and involves the computation of a number of NP-hard
sub problems. In this paper we examine computationally tractable approximation methods for estimating

these values and constructing bids. The benefit of our approximation method is that it provides a way for

carriers to discover their true costs and construct optimal or near optimal bids by solving a single NP-hard

problem. This represents a significant improvement in computational efficiency. We examine our method

both analytically and empirically using a simulation based analysis.
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1. Introduction

Combinatorial auctions are those in which the auctioneer places a set of heterogeneous items
out to bid simultaneously and in which bidders can submit multiple bids for combinations or bun-
dles of these items. Further, bids can be structured and described with sophisticated logical rela-
tionships so that bidders can make conditional bids that properly express their preferences for
different collections of items. An economically efficient price discovery mechanism, combinatorial
auctions have received significant attention from computer scientists, operations researchers and
economists in recent years. Our research investigates how sets of bids should be constructed in
such an auction so as to optimize the efficiency of the auction from the perspective of an individ-
ual bidder. While combinatorial auctions have been used with apparent significant benefits in a
variety of industries, of primary interest to our research is the procurement of contracts for freight
transportation services.

In freight transportation service procurement, shippers (typically large manufacturing com-
panies or retailers) sell service contracts to carriers (trucking companies, for example) based
on negotiated transportation rates and service level agreements. These contracts are for the
provisions of transportation services between specific origin–destination pairs (called lanes).
An important factor contributing to a carrier�s transportation costs (and therefore its rates)
are the empty movement costs associated with each loaded move. As a result, carriers place
a higher value on groups of lanes than on the sum of individual lanes if they can reduce
their empty movement costs by combining these lanes into a tour. In recent years, shippers,
aware of these characteristics of trucking operations, have begun to sell contracts to carriers
in a single combinatorial auction instead of requesting quotes for each lane or small
groups of lanes separately. This practice has reportedly resulted in significant benefits to
shippers.

However, it is well known that the bid valuation and construction problem for carriers fac-
ing combinatorial auctions for the procurement of freight transportation contracts is very dif-
ficult and involves the computation of a number of NP-hard sub problems. Several recent
researchers have pointed out the computational difficulties of the bidders� valuation problem
in these auctions (see for example Parkes, 2000). Contrary to the assumption in classic auction
theory that bidders know their values or costs a priori, bidders in a combinatorial auction have
to devote resources to discover their true values and to develop bids. In this paper we propose
computationally efficient approximation methods for estimating these values and constructing
bids.

The paper is organized as follows: we first review research and practice related to combi-
natorial auctions and their applications in the freight transportation industry. This is followed
by a definition of the bid construction problem and a discussion of the logical relationships
between bids. We then investigate situations in which bidding carriers do not have any pre-
existing commitments to other contracts, and we propose an optimization-based approxima-
tion method to solve this problem and examine some important features derived from this
method. We further extend that strategy to circumstances where prior commitments exist
and present experimental results from the examination of our methods in a simulation based
analysis.
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2. Literature review

In recent years, there has been a surge of interest in the design and use of combinational auc-
tions across many applications (De Vries and Vohra, 2003). In these auctions, multiple items are
traded simultaneously in a single auction. In these auctions, each item is treated as an independent
unit and bidders are allowed to construct bids for combinations of these items. Combinatorial
auctions are especially suitable for situations in which complementarities and/or substitution ef-
fects exist among different combinations of items and in which bidders have complicated prefer-
ences for bundles rather than for individual items. The procurement of trucking services is a
typical example.

A significant proportion of costs in trucking operations is due to the repositioning of empty
vehicles from the destination of one load to the origin of a subsequent load. Traffic lane opera-
tions exhibit strong interdependencies, that is, the cost of serving one lane greatly depends on
the opportunity to serve other lane(s). Specifically, the cost of serving a set of lanes together
may be less than, equal to and more than the cost of serving them by separate carriers. For exam-
ple, a lane from Miami to New York is not related to a lane from Los Angeles to San Francisco;
as a result, it does not make a difference if they are contracted to two carriers separately or to a
single carrier. However, a lane from Los Angeles to Las Vegas is complementary to a lane on the
return trip from Las Vegas to Los Angeles which makes the combined operations more cost-effec-
tive. As a result, carriers have complicated synergies over combinations of service contracts. This
‘‘economies of scope’’ property makes combinatorial auctions a particularly suitable resource
allocation mechanism for trucking service procurement (Caplice, 1996). In a conventional pro-
curement method, shippers either request a quote for each separate lane, or a pre-specified set
of lanes. Carriers lack the ability to fully leverage the economies of scope property and tend to
bid high in order to cover additional empty movement costs. As a result a higher procurement
cost is incurred.

Recently, large shippers have started to experiment with combinatorial auctions with the inten-
tion to give carriers flexibility in bidding and eventually to reduce their procurement costs. Sears
Logistics may have been the first to use combinatorial auctions to procure truckload trucking ser-
vices. Ledyard et al. (2002) reported that in 1995, Sears Logistics Services conducted a multi-
round combinatorial auction to sell contracts serving over eight hundred lanes and involving a
cost of nearly two hundred million dollars per year. Using their ‘‘combined value auction’’, Sears
Logistics Services reported a 13% savings that reduced its transportation procurement cost by $25
million per year. The Home Depot conducted a one-shot, sealed-bid combinatorial auction to
procure services for its truckload shipments in 2000 (Elmaghraby and Keskinocak, in press). In
that application, the lanes that were auctioned-off accounted for about 52000 moves, approxi-
mately one fourth of all the inbound moves to stores within Home Depot�s network. Over 110
carriers were invited to participate and a majority of them submitted bids. The authors reported
that ‘‘the new bidding process is a big success’’ and ‘‘Home Depot intends to continue to use this
new bidding process’’, but no specific savings figures were disclosed.

Additional applications of combinatorial auctions in the procurement of freight transportation
contracts include those employed by Wal Mart Stores, Compaq Computer Co, Staples Inc., The
Limited Inc. and many others (Elmaghraby and Keskinocak, in press; Caplice and Sheffi, 2003).
For a recent review of the state of the art in the application of these auctions in this industry see
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Sheffi (2004). For a recent review which includes other types of auctions used in the trucking
industry see Nandiraju and Regan (in press).

While auctioneers can potentially reap huge benefits from the use of combinatorial auctions,
several difficult problems emerge. The winner determination problem, the problem of assigning
winning, non-conflicting bids to bidders with maximal benefits, has received the most attention
in the research related to combinatorial auctions. It can be formulated as a variant of either
the set covering problem or the set partitioning problem or the set packing problem depending
on whether it is a forward auction (revenue maximization) or reverse auction (cost minimization)
and depending upon auctioneers� constraints. In all cases these are NP-complete problems. Both
exact and approximation algorithms have been studied in the past for the winner determination
problem, mostly from a re-discovery of past algorithms for the set packing (covering, partitioning)
problem. A detailed review of formulations and algorithms for the winner determination problem
can be found at De Vries and Vohra (2003). While some variants of the winner determination
problem are well solved, when additional side constraints such as those identified by Caplice
and Sheffi (2003) are added, the problems become even more complex. In response to these com-
plexities, recent research has focused on conducting simpler unit auctions for the trucking appli-
cation in which the shippers predefine mutually exclusive and collectively exhaustive bid sets a
priori or by developing approximation algorithms tailored to the more complex formulation of
the problem (Song et al., 2004; Song et al., in press).

An important question in the design of combinatorial auctions is the bidding language, or syn-
tax that is specified by auctioneers for bidders to express their logical preferences over combina-
tions of bid items. A ‘‘good’’ bidding language should be both expressive so that bidders are able
to state their synergies on their desired combinations of items and simple so that bidders can
understand and use it conveniently. Nisan (2000) formally introduced eight combinational bids
including or extending three basic types. These are: atomic bids in which a bundle of items are
treated as a single indivisible bid; OR bid which is a collection of atomic bids in which the bidder
will serve any number of disjoint atomic bids for the sum of their respective prices; and, XOR bids
in which the bidder will serve at most one out of a set of atomic bids at the specified price. Sand-
holm (2002) identified how combination bids, called OR-of-XOR bids could be used to represent
all necessary relationships. Abrache et al. (2002) discussed the limitation of Nisan�s language and
proposed a two-level bidding framework and analyzed its impact on the formulation of the winner
determination problem.

In addition, a bidding language can be designed to induce bidders make a reasonable number
of bids so as to reduce the complexity of combinatorial auctions. Rothkopf et al. (1998) discussed
the restricted structures of bids under different scenarios in combinatorial auctions so that the
number of bids generated can be tractable. Most recently Day and Raghavan (2003) present a
method for generating tractable bid sets by imposing certain restrictions known as matrix bids
with order.

The auction mechanism design, the question of how to design auctions in order to induce bid-
ders to bid their true interests and achieve economic efficiency, has been a topic of interest in auc-
tion theory for many years. A new problem generated by combinational auctions is the threshold
problem. It is a variant of the free-rider problem and occurs when small bidders fail to coordinate
their bids to compete effectively with large but inefficient bids. This occurs because each of these
small bidders intends to bid less anticipating that other bidders will bid high so that they can be a
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‘‘free rider’’ (Cramton, 2002). Banks et al. (1989), Bykowsky et al. (2000) and DeMartini et al.
(1999) proposed new designs to avoid this problem in multi-item auctions. In addition, Parkes
and Ungar (2000a,b) discussed the design of iterative auctions to reduce the complexity of the
winner determination problem and analyzed their equilibrium conditions.

All of these research problems are from an auctioneer�s perspective. A classic assumption in
auction theory is that bidders know their true values or costs for the items they want to procure
prior to the auction or that value or cost is common across all participants but unknown due to
missing information (McAfee and McMillan, 1987). However, this assumption may not hold in a
combinatorial auction, especially when a large number of combinational opportunities exist and
when bidders have hard local optimization problems to solve. This causes a potentially hazard-
ous gap in combinatorial auction theory. Larson and Sandholm (2001) showed that the General-
ized Vickrey Auction protocol loses its dominant strategy property when bidding agents are
unrestricted but have limited computational resources. Conen and Sandholm (2001) observed
the existence of an exponential number of bundles that bidders may need to compute and there-
fore proposed an auctioneer agent that uses a topological preference structure to request only
necessary information, and as a result, reduces the number of valuation problems that bidders
need to solve. Further, they presented a method to make their design incentive compatible so that
bidders need only to compute their own preferences and not those of competing bidders. Jones
and Koehler (2002) developed a framework within which instead of specifying bids completely,
bidders present the auctioneer with a set of rules or constraints that the solution of the winner
determination problem must satisfy. Parkes (2000) acknowledged that market design alone can-
not fully simplify the bidder�s valuation problem, but argued that a well-designed auction could
improve the quality of the bidder�s decisions. Further, Parkes et al. (1999) introduced a bounded-
rational compatible auction in which a bidding agent makes bidding decisions based only on
approximate information about the value of a good, that is, lower and upper bounds on its true
value.

The bid construction problem in freight transportation contract procurement may be even
harder than that solved in other combinatorial auctions. In the trucking industry, carriers not
only need to consider the economies of scope exhibited in delivery routes from new contracts, they
also have to find an efficient way to integrate these new contracts with their pre-committed con-
tracts. This, normally modeled as a vehicle routing problem, is itself NP-complete in most cases as
its solution typically requires the solution of variants of multiple traveling salesman problems.
The solution of this problem provides a carrier�s true costs for serving a specific set of new con-
tracts only. Research on solving vehicle routing problems is common. Extensive reviews of the
basic vehicle routing problem, time constrained routing and scheduling and dynamic and stochas-
tic routing and scheduling can be found in Fisher (1995), Desrosiers et al. (1995) and Powell et al.
(1995), respectively.

Combinatorial auctions have been the topic of active research during recent years. However, to
the best of our knowledge, there have been few attempts to address the bid construction problem
from the perspective of a bidder. Of particular interest are the following questions: How should
bidders determine their true values or costs for any bundle of bid items? What is the optimal way
to structure bids for different combinations of items? These questions are not easy to answer even
for simple cases. In fact, bidders face optimization problems and decisions no less complicated
than those of auctioneers. In this paper, we examine this bid construction problem in the context
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of freight transportation contract procurement and propose optimization-based approximation
algorithms to solve them.
3. Problem statement

Consider a trucking company bidding in a combinatorial auction for contracts to serve a set of
new lanes. We first define the relevant notation that will be used throughout this paper.

In a transportation network G(V,A), a lane is an origin destination pair that may include one or
more intermediate nodes. We use AB to denote an empty lane from node A directly to B used for
repositioning, AB to represent a new lane with delivery demand and AB to denote a lane with a
current contract. In addition, we use ACB to denote a new lane from A to B via intermediate node
C.

An atomic bid bj is a pair consisting of a set of new lanes Sj with a bid price pj. A route is a
sequence of nodes starting and ending at the same location that satisfies all operational con-
straints. A set of lanes can be constituents of this route and it is natural to generate an atomic
bid from these new lanes and to bid for them as a whole. We also use bi \ bj to denote the set
of lanes shared by bid bi and bj (in fact routes i and j).

A carrier�s costs and preferences over a set of new lanes and different sets can be strongly inter-
dependent. As described in Song and Regan (2004), we have the following definition.
Definition: Denote v(Si) as a carrier�s true cost of serving a set of new lanes Si if and only if these

lanes are awarded. We say two disjoint sets of lanes Si and Sj are:

• Complementary: if v(Si) + v(Sj) > v(Si [ Sj).
• Substitutable: if v(Si) + v(Sj) < v(Si [ Sj).
• Additive: if v(Si) + v(Sj) = v(Si [ Sj).

We give examples for each type of relationship. If a carrier bids for new lanes AB and BA, they
are complementary to each other since bundling them together as an atomic bid incurs minimal
empty movement cost. Now suppose there is another new lane BCA, then we can see that bids
fAB;BAg and fAB;BCAg are substitutable with respect to AB since serving all three lanes will incur
an empty movement cost in AB. Another example is when a carrier bids for new lanes BA and BCA
given a current lane AB, in this case BA and BCA are substitutable with respect to AB. Additive
relationships exist between any two bids with no common new or current lanes.

An OR-of-XOR bidding language as described in Nisan (2000) is used in this paper to express
these logical preferences, that is, a mixture of atomic, OR and XOR bids. It is observed that addi-
tive logical relationships can be efficiently expressed by OR bids, and substitutable logical rela-
tionships can be represented by XOR bids with the number of these equal to the number of
atomic bids.

Now in a combinatorial auction with these definitions, the bid construction problem is that of
evaluating a carrier�s relative preferences over different combinations of new lanes and of gener-
ating bids accordingly. Note that the resulting bids consist of three basic elements: the collections
of bidding lanes, a carrier�s cost for each collection, and the logical relationships between and
among these collections. Further, the following assumptions are made.
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Each participating carrier is given the details of each new lane. In this research we consider only
the truckload trucking problem in which the load must be moved directly to its destination before
the vehicle can perform any other tasks. We assume that repositioning a vehicle from the desti-
nation of one lane to the origin of another lane incurs an empty cost proportional to the distance
travelled and that each lane�s travel time is proportional to its distance. We also assume that
trucks are available at any location at the beginning of the auction and they can reside in any des-
tination of a lane. This implies that there is no central depot and that the carriers� capacity is
unlimited. This assumption is reasonable for both long-haul trucking operations and local and
regional operations in which carriers bid only for lanes in their domicile region. We further as-
sume that carriers do not consider future demands during the auction process. The auction we
consider is a one-shot first-price reverse auction and it is also assumed that carriers bid truthfully.
Finally, each carrier�s valuation is considered to be proprietary. Carriers do not know their com-
petitor�s bidding strategy or attempt to compute their valuations.

Under these assumptions, the carrier�s objective in such an auction is to find an effective strat-
egy for estimating their costs for combinations of new lanes and hence to construct bids in order
to win the lanes most profitable for them. As discussed in Song and Regan (2004), a complete enu-
meration of all bidding opportunities requires evaluating an exponential number of combinations
and the valuation on each of these combinations involves solving an NP-complete problem which
can be modeled as a vehicle routing and scheduling problem. This makes it infeasible and approx-
imation methods should be proposed to identify lucrative lanes and combinations. In practice,
even large carriers lack the optimization-based bidding decision support tools to aid them in pre-
paring bids. Instead, they struggle with these decisions and use simple straightforward methods
based on historical data and personal knowledge. In the following section, we propose optimiza-
tion based approximation methods for two different scenarios.
4. Bid construction in the absence of pre-existing commitments

In this context, carriers either do not have any pre-committed contracts of current lanes, or they
do not intend to integrate new lanes into their current operations. Hence, they are only interested
in the combination opportunities among new lanes. This is not unusual in practice as large carriers
will run dedicated sub-fleets assigned to individual (large) shippers. We first argue that a carrier
does not need to express its XOR bids explicitly under such a circumstance, given the constraints
defined in the winner determination problem. As such, OR bids are sufficient to express a carrier�s
preferences. This makes the size of bids manageable and reduces the complexity of the winner
determination problem. The reason is the following.

Suppose a carrier generated a number of atomic bids {b1,b2, . . .}, and that each bid contains a
subset of new lanes and/or empty lanes. If bi \ bj contains only empty links, then bi and bj are
additive and a carrier can commit to either or both of them if awarded contracts. If bi \ bj con-
tains a common set of new lanes, that is, bi and bj are substitutable with respect to that set of new
lanes, then a carrier can only commit to one of them even if he submits both, hence it makes
{bi}XOR{bj}. However, since the shipper�s winner determination problem restricts each new lane
to be assigned to one and only one bid, a carrier does not need to indicate this XOR relationship
between bi and bj in an explicit way.
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Observation 1: XOR logical constraints can be replaced with OR constraints without
increasing the bid size when carriers do not have any pre-existing commitments of current
lanes to protect.
Next we propose a strategy to generate bids for carriers in which combinational bids consisting
of bundles of new lanes are favored against single-item bids in which each bid only contains a sin-
gle new lane. The idea is straightforward: we make carriers construct bids in such a way that the
total operating empty movement cost is minimized. This essentially requires solving a truckload
vehicle routing problem. One important approach for solving vehicle routing problem is to for-
mulate vehicle routing problem as a set partitioning problem and to then use a column generation
method to obtain exact solutions (Desrochers et al., 1992; Bramel and Simchi-Levi, 1997). We fol-
low a similar approach due to some nice features of that formulation.

The first step of this bidding strategy involves using an exhaustive search algorithm to enumer-
ate all routes with respect to routing constraints and treat each route as a decision variable in the
set partitioning formulation. For example, a depth first search algorithm can be applied to find all
routes satisfying the following constraints:

1. A route visits each location at most once.
2. No two empty lanes can occur consecutively in a route (these would be replaced by a single

direct empty move).
3. Additional operational constraints such as maximum route distance or driver work rules.

In this process each new lane is duplicated such that it can be used as an empty lane by other
routes. And each route constitutes a candidate bid yj 2 -: the new lanes in this route form the set
of items bid for and its reservation cost determines the bid price and can be calculated based on
route length, empty movement cost and carriers� profit margin (Song and Regan, 2004). We asso-
ciate an empty cost ej with each bid yj that is equal to total empty movement cost of that route.
We feed these candidate bids as decision variables to a Set Partitioning Problem formulation of
the Bid Construction Problem (BCP-SP) as follows:

BCP-SP:
Min
XJ

j¼1

ejyj ð1Þ

s:t:
XJ

j¼1

bijyj ¼ ui 8i 2 I ð2Þ

yj ¼ 0; 1 ð3Þ

bij ¼
1 if new lane i is in bid j
0 otherwise

�

where yj is a binary decision variable of candidate bid in set J, if a lane involves multiple loads, yj
is an integer instead; i is a new lane in set I, and ui is the number of loads on that lane. The objec-
tive function minimizes the total empty movement cost under an optimal allocation of these
new lanes, the first constraint guarantees that each new lane will be served by exactly one route.
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Suppose the optimal solution to this problem is -
 ¼ fy
jg � -. Note the number of optimal
routes in a solution may exceed a carrier�s fleet capacity. However, this problem can be addressed
by restricting the number of routes selected to be equal to or less than the carrier�s fleet size. Also
note that in practice, large trucking companies regularly accept contracts for more routes than
they can serve and then sub-contract excess demand.

We observe that an optimal solution y
j to the BCP-SP problem has three important features:
first, each new lane i is covered only by one optimal bid y
j so that any two optimal bids are mutu-
ally exclusive of new lanes.

Second, combinational bids consisting of collections of new lanes are favored against single-
item bids when a complementary relationship exists between these lanes. For example, given
two new lanes AB and BA, a carrier could have three potential bids: {AB;BA}, {AB;BA},
{AB;BA}. Certainly the first bundled bid is optimal. This implies that a carrier should bid aggres-
sively for these bundles.

Finally, this formulation guarantees that even if only a subset of submitted bids -* =
{yp,yqjp 2 P,q 2 Q,P,Q � J} is awarded by the shipper, that subset will still form an optimal
solution to this carrier�s vehicle routing problem. The proof is given as below:

Proof. Now assume that after a carrier submits its bids in -* and the shipper solves the winner
determination problem to allocate bids, this carrier is only awarded a subset of -*, that is,
- 0 = {ypjp 2 P,P � J} � -*.Without loss of generality, we assume that this carrier will only lose
those new lanes m 2 M and that each lane contains at most one truckload. Denote the load on
lane i by ui, then the BCP-SP problem before auction can be rewritten as follows and its optimal
solution is {yjnp,q = 0, yp = 1, yq = 1}. The first set of constraints guarantees that each new lane
that eventually will be assigned to this carrier is covered by some candidate route. Constraint (6)
guarantees those new lanes not awarded to this carrier are also included in some routes since the
carrier bids for all lanes. These routes could be any one in yj, however, in the optimal solution,
only one of them will be selected.
Min
XJ

jnp;q
ejyj þ

XP
p

epyp þ
XQ
q

eqyq ð4Þ

s:t:
XJ

jnp;q
bijyj þ

XP
p

bipyp þ
XQ
q

biqyq ¼ ui 8i 2 I & i 6¼ m ð5Þ

XJ

jnp;q
bmjyj þ

XP
p

bmpyp þ
XQ
q

bmqyq ¼ um 8m 2 M & M � I ð6Þ

yj; yp; yq ¼ 0; 1 ð7Þ

bij ¼
1 if new lane i is in bid j
0 otherwise

�

After shippers assign bids, the formulation for the carrier�s routing problem is similar to this
except that some rows (lanes) and columns (bids) are eliminated. In addition, the decision variables
in the post-auction problem are just a subset of those in the original pre-auction problem due to the
fact that the same route search criteria are performed. Then we only need to prove that with the loss
of bids yq, the post-auction BCP-SP problem has an optimal solution of {yjnp = 0,yp = 1}.
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Recall the first feature of our bid generation strategy is that all optimal bids are mutually
exclusive of new lanes, hence if the carrier does not win bid yq, it loses all new lanes included in yq.
That is, bmq = 1 and biq = 0, "i 5 m. Therefore, since {yp = 1, yq = 1} is feasible to the pre-auction
BCP-SP problem, {yp = 1} also satisfy constraint (5) in the post-auction BCP-SP problem. Also
since those news lanes m 2 M considered in constraint (6) will not be awarded to this carrier after
auction as we assumed, constraint (6) no longer exists, and {yp = 1} is a new feasible solution to
the resulting BCP-SP problem.

Now we prove {yp = 1} is also optimal for the post-auction BCP-SP problem. Assume the
optimal solution to the new BCP-SP problem is fyp0 ¼ 1; p0 2 P 0 & P 0 6¼ Pg with an empty costP

p0ep0 <
P

pep. Then by adding yq, a new set of bids fyp0 ; yqg is a feasible solution to the original
pre-auction BCP-SP problem. Further, its total empty cost is

P
p0ep0 þ

P
qeq <

P
pep þ

P
qeq.

This contradicts the fact that {yjnp, q = 0, yp = 1, yq = 1} is the optimal solution. h

This last feature of our strategy is a very important and favorable one in that optimal bids con-
structed by this strategy always minimize a carrier�s empty movement cost regardless of the out-
come of auction. In addition the bid construction problem for each carrier is independent of its
competitors. And this is indeed a carrier�s true cost to serve this set of new lanes.
Observation 2: Optimal bids generated from outcomes of the BCP-SP strategy minimize car-
riers� operating costs even if only a subset of bids are awarded, hence these bids are optimal
regardless of its competitors� bidding strategies and the shipper�s bid allocation rule.
However, this bid construction strategy could omit some important bidding opportunities for
substitutable bids due to the strict constraint that bids contain mutually exclusive groups of new
lanes. Take the following example: assume there are three new lanes for bid: AB, BA and BCA.
Using the above strategy, a carrier will generate these optimal bids: {AB;BA}, {BCA;AB} with
a total empty movement cost equal to cost(AB). Now if this carrier loses BA in the auction, it will
automatically lose AB, moreover, there is a good chance that it will also lose BCA since that bid
incurs a high empty movement cost. In comparison, suppose that carrier makes an additional bid
{AB;BCA}, then even if BA is awarded to another bidder, it will have a very good chance to win
AB and BCA. To explore this kind of bidding opportunity for substitutable bids, we relax the first
constraint in the above BCP-SP formulation and remodel it as a Set Covering Problem:

BCP-SC:
Min
XJ

j¼1

ejyj ð8Þ

s:t:
XJ

j¼1

bijyj P 1 8i 2 I ð9Þ

yj ¼ 0; 1 ð10Þ

bij ¼
1 if new lane i is in bid j

0 otherwise

(
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The set covering problem has been well solved and many good algorithms are known to reach
exact solutions quickly. A detailed discussion of this problem is provided by Balas and Padberg
(1976). Observe that multiple equivalent optimal solutions can exist for this problem and each of
them constitutes a set of equivalent optimal bids. The most frequently used algorithm for integer
programming problems—the branch and bound algorithm or its variants, will stop searching
when any optimal solution is found. In order to explore the multiple optimal solutions, we pro-
pose to use a modified branch and bound algorithm to force the solver to search until all optimal
solutions are found.

Using this algorithm, the solution to the above example turns to be: {AB;BA}, {BCA;AB}. Note
that this solution also possesses the last two features of BCP-SP formulation, namely, bundles of
lanes are favored over single ones and the optimality of this method is guaranteed even if only a
subset of submitted bids are eventually awarded by the shipper. In addition, the single-item bid
{BCA;AB} was discarded in this solution—this might weaken carriers� competitiveness, however,
this can be easily modified using an augmentation step and this does not hurt the optimality of our
solution.
Bid Set Augmentation Rule:

For each pair of substitutable bids bi:{Si,pi} and bj:{Sj,pj}

Find their common shared new lanes Si \ Sj.
Replace Si \ Sj with the shortest empty lanes and form two new routes.
If that new route satisfies operational constraints

Make a new bid out of this route and add it to the bid set.
Else

Regroup remaining new lanes into a feasible route and bid.
End Loop
In summary, different logical relationships are treated with this optimization-based bid construc-
tion strategy. First, bids with additive logical relationships do not need special treatment; when a
set of lanes are complementary, a bid bundling these lanes is included and single-item bids are
discarded if not in the optimal solution; finally, substitutable bids are expressed with OR bids
and completed in the bid augmentation step. This bid construction strategy can be summarized
as follows:

Step 1. Augment the original network by adding duplicate empty lanes for each new lane.

Step 2. Search all routes satisfying the operational constraints.
Step 3. Feed these routes into the BCP-SC problem and solve it with modified branch and bound

algorithm.
Step 4. Construct optimal bids from the outcome of step 3.

Step 5. Check substitutable bids and use the Bid Set Augmentation Rule to detect additional bid-
ding opportunities.

We have emphasized that the computational burden faced by bidders is a serious issue. This
optimization-based approximation method reduces the complexity of the bid construction prob-
lem significantly. The reduction in the bid set size also simplifies the shipper�s winner determina-
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tion problem. Moreover, this discovers those sets of lanes that are most lucrative and critical to a
carrier�s operation and discards those with less importance or simply bids for them at a higher
price.
5. Bid construction in the presence of pre-existing commitments

In this section we extend the above bid construction strategy to the situation in which carriers
already have commitments to other contracts prior to the auction. It is common for carriers to
have contracts serving multiple customers. The addition of new lanes will normally be integrated
into a carrier�s current operations. As a result, carriers not only deliberate on their bidding plans
based on combinational opportunities among new lanes, but also need to consider how these new
lanes can fit into their current operations. This makes it a more complicated decision to construct
bid sets.

In such a context, two additional considerations have to be taken into account. First, new
opportunities emerge from a combination of new lanes and current lanes; second, carriers� pre-
existing routing plans might need to be protected. To explore new combination opportunities,
we need to search combinations of new lanes and current lanes as well as opportunities among
new lanes themselves during steps 1 and 2 in the bid construction strategy, and hence generate
more candidate routes.

Next, we introduce these new opportunities into the BCP-SC formulation as follows:
BCP-SC2:
Min
XJ 0
j¼1

ejyj ð11Þ

s:t:
XJ 0
j¼1

bijyj P ui 8i 2 I ð12Þ

XJ 0
j¼1

bkjyj P uk 8k 2 K ð13Þ

yj ¼ 0; 1 ð14Þ

bij ¼
1 if new lane i is in bid j

0 otherwise

(

bkj ¼
1 if current lane k is in bid j

0 otherwise

(

Note that now the set of candidate bids is J 0 and we have J � J 0, in addition to those bids in J
consisting solely of new lanes and/or empty lanes, J 0 also includes those bids with a combination
of current lanes and/or new lanes and/or empty lane. I is the set of new lanes and K is the set of
current lanes. The objective function still minimizes the total empty movement costs of serving
these new and current lanes. The first set of constraints guarantees that each new lane is covered
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by at least one bid and the second set guarantees the inclusion of current lanes in certain routes. In
an optimal solution, if a selected bid only includes current lanes and/or empty lanes, this is a rout-
ing plan for pre-existing commitments; if it also includes new lanes, these new lanes will constitute
an atomic bid. If we apply the same approach proposed in the last section to solve this problem,
we can still identify those optimal bids that are either additive or complementary, that is, bids do
not have overlap with respect to current lanes.

However, XOR bids can no longer be ignored. Substitutable bids with respect to current lane(s)
have to be examined and described with XOR logical relationships since the shipper�s winner
determination problem does not pose any constraints on any carrier�s current lanes. For example,

a carrier who bids for two new lanes {BA;BCA} and has a current lane AB could generate bids as

follows: b1 ¼ fBA;ABg, b2 ¼ fBCA;ABg, b3 ¼ fBA;ABg and b4 ¼ fBCA;ABg. We can see that its

valuations on BA and BCA are substitutable to each other with respect to current lane AB since the
cost of serving both is greater than the summation of the costs of serving either one of them indi-
vidually, and the first and second bids can not both be submitted to shippers using an inclusive
OR relationship since it will incur a loss if both bids are awarded. Hence we have the following
observation:
Observation 3: When valuations of two atomic bids are substitutable with respect to a com-
mon set of current lanes, carriers need to submit both of them under an XOR logical
constraint.
As a result, a carrier has to use a bidding language such as OR-of-XOR to describe its
preference structure. This makes the XOR logical relationship a critical decision in making
bids.

Occasionally, XOR bids generated using this method could have an adverse impact on the car-
rier�s bid decision. For instance, a carrier that has two current lanes {AB,BA} bids for a new lane

BCA, and generates two bids using the above bid construction strategy: b1 ¼ fBCA;ABg,
b2 ¼ fBCA;ABg. Suppose this carrier is awarded b1. As a result, this awarded bid conflicts with
this carrier�s pre-existing routing plan before auction: {AB,BA}. The carrier will incur a loss
under this flawed bidding strategy since it will offer a price that cannot cover the empty backhaul
cost. A more complicated situation occurs when the current routing plan includes a partial empty
movement cost, then the decision on whether to bid on a higher or lower price really depends on
the follow factors: the carriers� risk taking behavior; the new lane�s relative profitability; and rev-
enue and cost of current lanes relative to empty lanes.

In order to protect carriers� pre-existing routing one more condition must be added to the con-
struction of bid sets based on atomic bids obtained from solving the BCP-SC2 problem:
Bid Substitution Condition: Suppose bi is a route consisting solely of current lanes with zero
or relatively small empty movement cost and is in optimal solutions to BCP-SC2 problem,
then for any bid bj generated from solving BCP-SC2 problem, if bj \ bi5 /, bj has to be
substituted with a bid by replacing bj \ bi with an empty lane.
Still considering the above example, by exerting this condition, bid b1 ¼ fBCA;ABg shares a
current lane AB with pre-existing route {AB,BA}, hence this bid has to be replaced with bid

b2 ¼ fBCA;ABg.
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We summarize the bid construction strategy in the context of pre-existing commitments as
follows:

Step 1. Augment the original network by duplicating new and current lanes.
Step 2. Search all routes satisfying operational constraints.

Step 3. Feed candidate routes into BCP-SC2 and solve it with modified branch and bound
algorithm.

Step 4. Construct optimal atomic bids from outcome of step 3.
Step 5. Augment the bid set for substitutable bids using Bid Set Augmentation Rule.
Step 6. Develop XOR bids for any two bids with common current lanes by applying the rule defined

in observation 3.
Step 7. Identify and exclude ‘‘bad’’ bids, that is, bids that conflict with pre-existing routing plans by

using the Bid Substitution Condition.

In a combinatorial auction, each bidder or carrier intends to maximize their bidding choices by
submitting competitive bids. However, enumerating every possible combination is not computa-
tionally feasible. The simple experience-based bidding policies currently employed by most carri-
ers may generate incomplete or erroneous bids. Optimization-based approximation bid
construction methods can make bids manageable in size and competitive in quality. In the next
section we use simulation-based experiments to analyze the performance of our method.
6. Empirical analysis

In this section, we examine the performance of our proposed bid construction method relative
to a complete enumeration strategy. The experiment consists of simulating procurement auctions
under various conditions. We assume that two bidding agents representing two carriers compete
for a set of new lanes in a combinatorial procurement auction hosted by a shipper. The shipper�s
objective is to minimize its procurement costs while carriers compete for lanes most profitable to
them.

In each iteration, two combinatorial auctions are run in parallel. Conditions are the same in
these two auctions except that in the first auction both bidders use complete enumeration to con-
struct bids, while in the second auction, the first bidder uses our proposed bid construction meth-
od to compete with the second bidder who continues to use complete enumeration. In the
complete enumeration method, a bidding agent will consider every possible combination of bid-
ding lanes and solves a vehicle routing problem to find the cost of each combination. It will then
submit a set of atomic bids, as a single XOR bid. This method is clearly optimal.

We use the relative gains between the first bidding agent in these two auctions to evaluate the
performance of our proposed method with relative to complete enumeration. We use this perfor-
mance measurement because the complexity of the bidding problem prohibits the development of
an alternative explicit measurement of performance or a closed form numerical analysis.

Due to the exponential number of combinations in the complete enumeration method,
we examine a set of small problems in our simulation. Specifically, in each case six nodes are
selected from the 30 most populated US cities. On average 20 O–D pairs are generated in the
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transportation network in each case. Each time a set of new lanes ranging from 4 to 10 are gen-
erated randomly (uniformly) among these OD pairs. Each carrier has a probability a of tendering
future demand on each link to anticipate its profitability which is uniformly distributed between
zero and one. Further, each carrier prices an atomic bid based on the same method used in Song
and Regan (2004):
Table

Bid se

Numb

Smart

Enum
p ¼ cið1þ bÞ þ cjaj
where ci and cj is the travel cost for new lanes and empty lanes respectively, and b is a carrier�s
profit margin that ranges between 4% and 6% as typically in industry. Each bidder bids their true
reservation prices and their only difference is the bidding strategy they adopt. The main program
is implemented with C++ and the modified branch and bound algorithm used in the proposed
bidding strategy is solved to optimal with an embedded CPLEX solver. As for the shipper, the
winner determination problem is also solved to optimality using standard integer programming
formulation and ties are broken by assigning the winning bids in an alternating manner. We
run 1000 iterations for each scenario and present the average results.

As in previous sections, we examine two scenarios separately: the first scenario does not include
any current lanes; in the second scenario, we examine two cases where the density of current lanes
is 20% and 40% respectively, i.e., the number of current lanes as a percentage of the total number
of candidate O–D pairs.

The results are very promising. In the first scenario where no current lanes are considered, as
shown in Table 1, the ‘‘smart agent’’ that used our proposed bid construction method has far less
atomic bids than the agent using complete enumeration. Note the latter will generate a total of
2N � 1 atomic bids where N is the number of new lanes. However, with a much smaller bid
size, the smart agent is still competitive relative to the enumeration bidding agent. As Fig. 1
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Fig. 1. Percentage of new lanes won by each bidding agent.
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demonstrates, though the smart bidding agent wins a smaller percentage of new lanes than the
enumeration agent, the difference is small considering the large gap between their bid sizes. For
example, when there are 10 new lanes for bidding, using our proposed bid construction method,
the carrier wins almost 46% of new lanes on average—only 4% less than that if a complete enu-
meration method is used. Note that each bidding agent in the first auction wins 50% of the new
lanes since the agents are identical and they use the same bid construction strategy.

In order to compare whether each agent is bidding for the most lucrative lanes, we computed
the ratio between the empty distance traveled and the total distance traveled. Fig. 2 shows that
this difference is also relatively small.

We consider two cases in the context of pre-existing commitments. In the first case, in each iter-
ation of the auction the current lane density is 20%, that is, the number of current lanes relative to
the total OD pairs; and the second case has a current lane density of 40%.

When carriers have to consider pre-existing commitments, they will generate more atomic bids
in our proposed bid construction method. The number of bids increases with the increase of the
number of current lanes. However, as Table 2 shows, that number is polynomially related to the
number of new lanes and still significantly less than the complete enumeration of all
combinations.

In both cases, the smart agent won less new lanes than the complete enumeration agent. Still,
that different is considerably small with respect to their bid size as shown in Fig. 3. The difference
in their respective empty movement costs follows the same pattern as in Figs. 4 and 5. When there
are more new lanes or current lanes, bidding agents have a chance to win more new lanes and are
provided with more opportunities to reduce their empty movement costs. It is also noticeable that
the difference between two bidding agents� empty movement costs decreases with an increase in
new lanes.
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Table 2

Atomic bid set size by different bidding agent with current lanes

Number of new lanes 4 5 6 7 8 9 10

Smart agent (20% lane density) 5 8 10 14 20 25 34

Smart agent (40% lane density) 8 12 17 23 31 41 52

Enumeration agent 15 31 63 127 255 511 1023
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Fig. 3. New lanes won by agents under different current lane density.
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Fig. 4. Empty movement costs with carriers having 20% current lane density.
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Finally, it should be noted our proposed bid construction method is much faster than the com-
plete enumeration method in terms of computation time. While a case of 10 new lanes can take up
to several minutes for complete enumeration, it is less than a second for our method to generate
bids using a Pentium III machine. For problems of reasonable size, complete enumeration is
clearly not feasible while using our method we are able to routinely generate more than 1500
atomic bids for 100 new lanes in less than 3 min.
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7. Conclusion

In this paper, we investigated the bidding problem in combinatorial auctions for the procure-
ment of freight transportation contracts from a bidder or carrier�s perspective. We recognized the
complexity of this problem and the lack of bidding decision support tools for carrier operations.
As a result, optimization-based bid construction strategies were proposed. Our analysis proved
that the proposed strategy is optimal for carriers in terms of operational efficiency in the absence
of pre-existing commitments and near optimal when pre-existing commitments are in place.

A simulation-based experiment was designed to examine the performance of our proposed bid
construction method relative to complete enumeration. The results are promising. While the num-
ber of atomic bids generated by our method is significantly fewer than that of complete enumer-
ation, the performance of our method in terms of number of new lanes won by each of them and
the empty movement costs after auction is quite good. The quality of our bids is quite close to that
of the complete enumeration method.

Most research in auction theory to date is based on the assumption that bidders or carriers
know their own values or costs a priori and that they construct their bids accordingly. However,
this assumption does not hold in combinatorial auctions where bidders have hard valuation prob-
lems to solve. In particular, a bidder needs to consider an exponential number of combinations in
the worst case and needs to compute many NP-hard sub-problems. In this paper, we proposed a
bidding strategy in which carriers are capable of constructing bids in an optimal or near-optimal
way and in which this NP-hard problem is only solved once.

Though specifically aimed at the carrier�s bidding problem in combinatorial auctions for the
procurement of trucking contracts, we believe it is a general problem in combinatorial auctions
and our methodology can be extended to broader fields where similar properties exist among
bid items in combinatorial auctions.

There are several extensions of this work waiting to be performed. The first involves an evalu-
ation of the performance of our proposed method to the policy-based methods that are currently
deployed in practice. Unfortunately, the proprietary nature of large carrier networks, commit-
ments and risk taking behavior makes such an analysis difficult to undertake. Another extension
would properly account for the significant dynamics in the operations of both shippers and car-
riers. The shipper, while presenting a fixed number of loads on each lane, is in fact simply present-
ing an estimate of the volume that will be available to move. The carrier is simply presenting a
price for moving whatever loads materialize if that carrier has sufficient capacity available when
those loads materialize. Explicit consideration of the stochasticity of demand and supply might
lead to more robust and stable contracts.

For the purposes of this research, we assume each lane contains at most one truckload unit and
cost is the only factor. More sophisticated cases where multiple and divisible units exist on one
lane and/or where multi-attribute contracts are considered are challenging and interesting re-
search topics. The combinatorial auction considered in this paper is a one-shot auction and bid-
ders do not know their competitors� information, however, in a dynamic auction, information is
released iteratively during the auction. It is interesting to examine how bidders should generate
bids in such a setting. Most recently Kwon et al. (2003) designed an endogenous bidding strategy
in which bidders generate packages iteratively during the auction. Finally, it is a natural question
how these bidding methods can be extended to more general applications. The bidding problem in
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combinatorial auctions is a new research arena and there are many new and complex problems
that attract interest from researchers in a variety of fields.
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