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The principal purpose of thisresear ch isto quantify opportunity costs
in sequential transportation auctions. The focus of the study isa trans-
portation marketplacewith time-sensitivetruckload pickup-and-delivery
requests. Two carrierscompetefor servicerequests; each arriving service
reqguest triggersan auction in which carriers compete with each other to
win theright of servicing theload. An expression for evaluating opportu-
nity costsisderived. Theimpact of evaluating opportunity costsis shown
to be dependent on the competitive market setting. A simulation frame-
work isused to evaluate different strategies. Someresultsand theoverall
simulation framework are also discussed.

The principal focus of thisresearch isto quantify opportunity costs
in sequential transportation auctions. The focus is on a market-
place with time-sensitive truckload pickup-and-delivery requests;
for the sake of brevity this marketplace will be referred to as the
truckload procurement market (TLPM). In this study two carriers
competefor service requests; each arriving service request triggers
an auction in which carriers compete with each other to win the
right of servicing the load.

The motivation for this work arises from the growth of business-
to-business electronic commerce and from the increasing use of pri-
vate exchanges, in which acompany or group of companiesinvites
selected supplierstointeract in areal-time marketplace, compete, and
providetherequired services. High level sof competition characterize
this private online marketplace (1).

In the transport and logistics sector, a large number of online
marketplaces have emerged to cater to the needs of shippers and
carriers. A current review of freight transportation marketplaces,
business models, and market clearing mechanismsis presented by
Nandiraju and Regan (2). The current research focuses on the
sequential auction model, which is essentially dynamic. Carriers
participating in a TLPM face complex interrelated decision prob-
lems. One of them is the dynamic estimation of service costs.
As shown in thisresearch, opportunity costs are necessary to esti-
mate accurately future consequences of current decisions (bids or
prices submitted). The carrier that accounts for opportunity costs
can significantly improve profitability.
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LITERATURE REVIEW

The notion of opportunity costs and the magnitude of opportunity
costs for specific increments of production or different products
have been widely studied in production economics theory. As far
back as 1965, Millsindicated that uncertainty about future demand
causes uncertainty concerning opportunity cost for specific incre-
ments of production or products (3). Mills further suggests that the
expected or ex ante values of direct costs and opportunity costsare
more difficult to assess than is commonly supposed by economists
because of theinterdependence between temporal decisions. Steiner
suggests a method of analysis to include opportunity costs in the
analysis of logisticsinvestment decisions (4). Steiner indicates that
opportunity cost is defined as the sacrifice incurred in choosing one
alternative rather than another.

The concept of opportunity costshasbeen usedin avariety of trans-
portation areas. Zhang and Zhang utilize opportunity coststo analyze
the optimal concession of airport operations and facilities (5). Willis
et a. review the application of social opportunity costs to evaluate
highway projects (6). Ratcliff and Bischoff (7) use the concept of
contai ner weight opportunity coststo design acontainer-loading algo-
rithm. Polsby proposesthe utilization of opportunity costsin airport
peak-time pricing of arrival and take-off slots (8).

The concept of opportunity costs has also been used in auction
theory. Smith and Walker utilize different levels of opportunity
costs in experimental auction bidding to show that bidders behave
consistently with the conventional reward-and-decision model of
bidding behavior (9). Perry and Sakovics study asequential auction-
ing of two contracts (10). They find that with afixed number of sup-
pliers, the buyer paysahigher expected price than with asole-source
auction because the premium paid to the winner of the secondary
contract must also be paid to the winner of the primary contract asan
opportunity cost.

To the best of the authors' knowledge, there is no work on the esti-
mation of opportunity costsin the context of dynamic vehicle routing
problems. The closest line of research isthe onethat deal swith sequen-
tial auctionsfor transportation in which shipments (contracts) dynam-
icaly arrive at a marketplace. Figliozzi et al. present a framework to
study transportation marketplaces and explore the complexities of
sequentia auction bidding (11), evaluate the competitiveness of dif-
ferent vehicle routing strategies (12) in an auction marketplace, and
study the effect of bidding learning mechanisms(reinforcement learn-
ing and fictitious play) and auction settings (first- or second-price
auctions) on the performance of the transportation marketplace (13).
Figliozzi’ sdoctoral thesis (14) suggests a game theoretic equilib-
rium formulation of the decision problems faced by the carriers
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(bidders) and, in recognition of theintractability of that formulation,
proposes a boundedly rational approach to study carriers’ behavior
and bidding.

PROBLEM DESCRIPTION

The TLPM enablesthe sale of cargo capacity mainly on the basis of
price, yet it till satisfies customer level-of-service requirements. The
specificfocusof the study isthe reverse auction format, in which ship-
pers post loads and carriers compete for them (bidding). The auctions
operate in real time, and transaction volumes and prices reflect the
status of demand and supply.

The market is composed of shippers that independently call for
shipment procurement auctionsand carriersthat participatein the pro-
curement auctions (it isassumed that the probability that two auctions
will be called at the same time is zero). Auctions are performed one
at atime as shipments arrive to the auction market. Shippers generate
a stream of shipments, with corresponding attributes, according to
predetermined probability distribution functions. Shipment attributes
include origin and destination, time windows, and reservation price.
Reservation price is the maximum amount that the shipper iswilling
to pay for the transportation service. It is assumed that an auction
announcement, bidding, and resolution take placein real time, thereby
precluding the option of bidding on two auctions simultaneously.

Inthe TLPM two carriersare competing. A carrier isdenotedi € 3,
where 3 = {1, 2} isthe set of al carriers. Let the shipment, auction
arrival, and announcement epochsbe {t, t,, . . ., ta} suchthat t; <t;.,.
LetS={s, S, ..., Su} represent the set of arriving shipments. Let t;
represent the time when shipment § arrives and is auctioned. Arrival
times and shipment characteristics are not known in advance. The
arrival instants {ty, t,, . . ., ty} follow a Poisson arrival process. Fur-
thermore, arrival times and shipments are assumed to come from
a probability space (2, F, P), with outcomes { m;, ®,, . . ., Oy} .
Any arriving shipment s represents arealization at timet; from the
aforementioned probability space; therefore w; = {t;, s} .

When a shipment 5 arrives, a carrier tenders a price b, e R. After
each shipment offering, the carrier receivesfeedback y; regarding the
outcome of the offering. The information known at the time of the
offering for shipment 5 is hy = (ho, Y1, Y2, - . ., Yj-1), where hy denotes
the information known by the carriers at time to (with to < t;) before
bidding for shipment s;. Similarly, the information known at time't
withti_, <t<tish = (ho Y1, Y2 . . ., Yj-1). Theamount and quality
of feedback information received will depend on the particulars of
the market rules. The level of carrier competition is represented by
astationary “price” distribution & (which could be correlated with
the characteristics of the shipments). Thedistribution & representsthe
best price offered by the competition or the reservation price of the
shippers, whichever isleast. A central assumptionisthat thedistribu-
tion of shipment prices is not influenced by the actions (bids or
related to fleet management) taken by the carrier. If the carrier attains
theright to serve shipment s, then this carrier is paid an amount &;, a
valuethat isdetermined by using asecond-price auction mechanism.

The fleet status when shipment s arrivesis denoted z. Thereisa
state or assignment function such that the status of the carrier when
shipment s arrivesis z = a(t, h;, z_,) or in general z = a(t, h,, z) for
any t; < t<tj,;. The distance or cost incurred to serve the shipments
in the system from time t; up to time t by using assignment function
awithinitial statusz isdenoted d(a, z, t). Let |; betheindicator vari-
able for shipment s, such that |; = 1 if the carrier secures the offer-
ing for shipment s and I; = 0 otherwise. The static marginal cost of
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serving ajust-arrived shipment § is estimated by using c(s)), which
is the difference between the costs that the carrier incurs to serve
all shipmentsin that carrier’s system plus s and the costs that the
carrier incurs to serve all shipment in the system without .

Quantifying Opportunity Costs

Thecarrier pricing thelast shipment s at timety isin asituation strate-
gicaly similar to aone-item second-price auction because (a) the car-
rier’s reward depends on the realization of the price distribution for
shipment s, which is &; (b) the reward & is independent of any
action taken by the carrier; and (c) the carrier attainstheright to serve
shipment s if by <&.

In a one-item second-price auction, the value of the item (to a
particular bidder) is a weakly dominant strategy. This value, the
cost in a reverse auction, is the bid that maximizes the bidder’s
expected profit (15). [In an auction thereisaseller and several buy-
ers; in a reverse auction there is a buyer and several sellers. The
value that the buyers assign to theitem (auction) isreplaced by the
cost that the sellers assign to the item (reverse auction).] With this
logic applied but to areverse auction, the cost of the shipment isa
weakly dominant strategy. This cost isthe price that maximizesthe
carrier’ sexpected profit. Therefore, the price for s that maximizes
the carrier’s expected profit is by = c(sy).

The carrier pricing shipment sy_; is not in asituation strategically
similar to that of the carrier pricing shipment s, because the submit-
ted price by, affects the future status of the carrier at time ty and
therefore may affect the profit obtained for shipment sy. Although the
carrier's strategy space is the same at times ty_; and ty, the carrier’s
privateinformation isdifferent at timest,_; and ty. At timety the car-
rier knows that bid by will not have an impact on future profits (last
arriving shipment); at timety_, the carrier knows that bid by_, may
have an impact on the cost of serving shipment s, the value of by,
and future profits.

After submission of by_4, there arejust two possible outcomes: the
rights for shipment s_; are acquired or the rights are lost. Defining
Tin (Sl 1) @s the expected profit from shipment s, conditional on
the previous outcome,

m(sul1ha =1 = Boy[By({&-Le(sl, =1]11)]

=1 if&>by|l,=1

and

ly=0 if&<by|l,,=1

or

i (Su[ls = 0) = By [ B ({8 [o(s0) 1 = O]},

ly=1 if&>hi|1,,=0

and

l,=0 if&<by|l,,=0

If the future expected profits are incorporated into the expression

that estimates the optimal myopic bid for shipment s, the expected
profitsare
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é){[i_c(sw1)]|N1"'"N(SN [T :1)|N1} O

+ (S ] he=0) (1-1,,)
The price by,_; that maximizes Expression 1 is

[‘t-:_ C(S\H)] Iyt my (Su | = 1)|N1} @
+my(sy ] lya=0)(1-1,,)
ifE>b and lya=0 if&<b

b:_l € argmax ﬁz){
beR,l,,=1

The profit my(su| 1n1) conditional on the outcome of the previous
auction does not depend on the realization of the price function &y ;.
Integrating Equation 1 over the distribution of &, the expected value
of Equation 1 for any pricebis

[E-c(5)]P(E)d(E)+ | my(sy | 1ha =D P(E)d(E)

b

o—3

J s 1= 0p(E)ae = [ls-cls.

+my (S\l | IN—lzl)_TCN (SNl IN—lzo)] p(g)d(é)
+nN($\‘ | IN_1=O)

Since the last term, nN(sN| I\.1 = 0), isaconstant, the bid value that
maximizes the expected profits maximizes

J[Q—C(SH)+11N (¢ ha=1)=mu(s] 1y = O)] p(§)d(&)

b

A bid lessthan c(sy.1) — i (Su | Iva = 1) + (S| In.2 = 0) isnot optimal
since for some realizations of &y_; the revenue obtained for winning
the auction does not cover the expected costs. A bid greater than
C(Sner) — Ton(Sul It = 1) + mn(Sy et = 0) is not optimal since it
reduces the likelihood of winning shipment s, ; for some profitable
realizations of £y_;. Therefore, aweakly dominated strategy isto bid
asfollows:

C(SN—I)_TCN (%||N71=1)+TEN (SN||N71=O) (©)

Opportunity Costs

Theintuition behind Expression 3isfairly straightforward. Thefirst
term represents the static marginal cost of serving shipment sy, as
if it were the last shipment to arrive. The other two terms are linked
tothefuture and are best interpreted together asthe opportunity cost
of winning a shipment. Three cases can be distinguished depending
on the value of the difference my (Sl In.1 = 0) — (Sl It = 1):

1. my(sul It = 0) = (sl Ing = 1) > 0. Having to serve sy,
decreases the future profits since the carrier is better off without
serving Sy.1. The carrier must hedge against the expected decrease
in future profits by increasing the static marginal cost by the posi-
tive difference. Thisincrease may be due not only to theincreasein
the probability of deadheading but also to the carrier’ s operation at
or near capacity levels. In thelatter case (in which because of capac-
ity restrictions, serving the current shipment may preclude serving
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shipment s in the future), the term my(sy| z4.1) in Expression 3
is zero.

2. Tu(Sul s =0) — my(Su | 1nes = 1) = 0. Having to serve s, does
not change future profits. The carrier must not hedge any value.

3. mn(sullng = 0) — mu(sul s = 1) < 0. Having to serve sy
increasesfuture profitssincethe carrier isbetter off serving sy_;. The
carrier must bid more aggressively for shipment s,_;, decreasing
the static marginal cost by the negative difference. This last case
may seem counterintuitive at first glance. However, if avehicleis
located in a sink area (in which alot of trips are attracted and few
are generated) and s,_; originatesin asink and goes to a source (in
which a lot of trips are generated and few are attracted), it is
absolutely plausible that future expected profitswith sy_; are greater
than without sy_;.

COST ESTIMATION METHODS

The exact or analytical estimation of Expression 3 may be quite
involved since it entails taking conditional expectations over arrival
time and shipment characteristics distributions conditional on pre-
vious auction outcomes. Two numerical methods to approximate
Expression 3 are presented in this section and later eval uated by using
simulation. These two approaches are the static fleet optimal (SFO)
method and the one-step-look-ahead (1SLA) method.

SFO Method

This carrier optimizes the static vehicle routing problem at the fleet
level. Themargina costistheincrement in empty distancethat results
from adding s to thetotal pool of trucks and loads yet to be serviced.
Communication and coordination capabilities are needed to feed the
central dispatcher with real-time data and to communicate altered
schedulesto vehicle drivers.

If the problem were static, this technology would provide the opti-
mal cost. Likethe previous approach, it does not takeinto account the
stochastic nature of the problem. This technology roughly stands for
the best that a myopic (ignoring the future but with real-time infor-
mation) fleet dispatcher can achieve. A detailed mathematical state-
ment of the mixed integer program formulation used by SFO method
isgivenby Yang et . (16).

1SLA Method

Asinthe previous approach, this carrier optimizesthe static vehicle
routing problem at the fleet level. This procedure provides the sta-
tic cost for adding 5. In addition, this carrier tries to assess whether
and how much winning § affects future profits. The estimated cost
inthisapproachis

C(sj)_nN(S\l | IN—1:1)+1TN(SN | IN—1:0)

Unlikethe previous method, in this method the 1SL A carrier takes
into account the stochasticity of the problem to estimate the oppor-
tunity costs of serving § asif there were just one more arrival after s
(onestep look ahead). Limiting the foresight to just one stepinto the
future hastwo advantages: it considerably eases the estimation and
it provides afirst approximation about the importance of opportunity
costsin a given competitive environment.
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In this discussion nN(sN| In1) is estimated with simulation. To esti-
mate these two terms, it is assumed that the carrier knowsthetrue dis-
tribution of load arrivalsover timeand their spatial distribution Q (itis
not discussed in this research how the carrier has acquired this infor-
mation). Thistypeof carrier aso hasan estimation of the endogenously
generated prices or payments &; here this type of carrier estimates
the price function as a normal function, whose mean and standard
deviation are obtained from the whole sample of previous prices.

EVALUATION SETTING

The TLPM marketplace enables the sale of truckload cargo capac-
ity mainly on the basis of price yet still satisfies customer level-of-
service demands (in this case hard time windows). Shipments and
vehicles are fully compatible in all cases; there are no special ship-
ments or commodity-specific equipment. From the carrier’ spoint of
view, the ratio between shipment time window lengths (TWLs) and
servicetime duration (or trip length) affects how many shipments can
be accommodated in avehicl€ sroute; in general, the more shipments
that can be accommodated, thelessthe deadheading (or average empty
distance) will be. Three different ratios of TWL and shipment ser-
vice duration are simulated. Theseratios are denoted short, medium,
and long, areferenceto the average TWL. The different TWLsfor a
shipment s, where ld(s) denotesthe function that returnsthe distance
between a shipment origin and destination, are

e Short. TWL(s) = 1[Id(s) + 0.25] + uniform[0.0, 1.0],
e Medium. TWL(s) = 2[ld(s) + 0.25] + uniform[0.0, 2.0], and
e Long. TWL(s) = 3(Id(s) + 0.25) + uniform[0.0, 3.0].

The shipments to be auctioned are circumscribed in a bounded
geographical region. The simulated region is a 1-by-1 square area.
Truckstravel from shipment originsto destinationsat aconstant unit
speed (1 unit distance per unit time). Information concerning the ori-
gin and destination of the shipmentsis not known by the carriersin
advance. Shipment originsand destinationsare uniformly distributed
over theregion. Thereisno explicit underlying network structurein
the chosen origin—destination demand pattern. Alternatively, it can
be seen as a network with an infinite number of origins and destina-
tions. (Essentially each point in the set [0, 1] x [0, 1] has an infinite
number of corresponding links; each and every link possesses an
equal infinitesimal probability of occurrence.)

This geographical demand pattern creates a significant amount of
uncertainty for fleet management decisions such as costing ashipment
or vehicle routing. Since the degree of deadheading is unknown, any
fleet management decision should hedge for this uncertainty. Ship-
ment service times are taken into account to simulate dynamic truck-
load pickup-and-delivery situations (dynamic multivehicle routing
problems with time windows). It is assumed that no significant time
is spent during al pickups and deliveries, however, vehicles are
assumed to travel at a constant speed in aEuclidean two-dimensional
space. Vehicle speedsare aunit; the average shipment lengthis=0.52.
Carriers sole sources of revenue are the payments received when a
shipment isacquired. Carriers' costs are proportional to the total dis-
tancetraveled by thefleet. It isassumed that all carriershave the same
cost per mile. The market iscomposed of shippersthat independently
call for shipment procurement auctions and carriersthat participatein
them (it isassumed that the likelihood that two auctionswill be called
at the sametimeis zero).

Auctions are performed one at a time as shipments arrive at the
auction market. In this research different demand—supply ratios are
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studied. Arrival ratesrange from low to high. At alow arrival rate,
all the shipments can be served (if some shipments are not served,
it isdueto avery short timewindow). At ahigh arrival rate carriers
operate at capacity and many shipments have to be rejected. It is
assumed that the auction announcements are random and that their
arrival process follows a time Poisson process. The expected inter-
arrival time is normalized with respect to the market fleet size. The
expected inter-arrival times are % arrivals per unit time per truck,
% arrivals per unit time per truck, and % arrivals per unit time per
truck (low, medium, and high arrival rates, respectively).

Inall casesit isassumed that acarrier bidsonly if afeasible solu-
tion has been found. If serving s unavoidably violates the time win-
dow of a previously won shipment, the carrier simply abstains from
bidding or submitsahigh bid that exceedsthe reservation price of 5.
Allocations follow the rules of a second-price reverse auction. Fur-
thermore, it is assumed that carriers submit their best estimation of
the service cost. The alocation rules are as follows:

e Each carrier submitsasingle price;

e The winner is the carrier with the lowest bid (which must be
below the reservation price set as 1.41 units; otherwise the auction
isdeclared void);

e Theitem (shipment) is awarded to the winner;

e Thewinner ispaid either the value of the second-lowest bid or
the reservation price, whichever isthe lowest; and

e The other carriers (not winners) do not win, pay, or receive
anything.

Inthisresearch adiscrete-event simulation framework isemployed.
Simulations are used to compare how different opportunity cost
approximations perform under different market settings (in the cur-
rent case limited to arrival rates and time windows). All figuresand
data presented are obtained with carrier fleet sizes of two and four
vehicles. The results obtained reflect the steady-state operation
(1,000 arrivals and 10 iterations) of the simulated system. These
results are obtained with an adequate warm-up period, in al cases
set to 100 arrivals (a warm-up length more than adequate for the
fleet sizes and shipment time windows considered).

ANALYSIS OF RESULTS

Figures 1 to 3 compare the profit performance of the SFO approach
versusthe 1SLA approach with different arrival ratesof low, medium,
and high. All threeillustrations also include 90% significant intervals
around themeans. A general trendin eachillustration isthat profit lev-
elstend to decrease as time windows grow. As the routing problems
becomeless constrained, there are more possibilitiesfor competition,
and prices and profits follow adownward trend.

When 1SLA and SFO are compared (thelatter isused asabase), the
more sophisticated method does not outperform the less sophisti-
cated method acrossthe board with medium and long time windows.
Profitwise, the 1SL A carrier obtainshigher or equal profitscompared
with SFO carrier, yet no clear pattern emerges from Figures 1 to 3.
Figure 4 compares the performance of the 1SLA method versusthe
SFO method in terms of the number of shipmentsserved. Theresults
obtained for theless sophisticated carrier (SFO carrier, Figure4) are
used as the baseline. Regarding shipments served, the 1SLA carrier
tends to serve fewer shipments when the time windows are short.
However, the 1SLA carrier tendsto serve more shipmentsfor medium
and long time windows. Arrival rates affect these differences.

The key to understanding the relative performance of the 1SLA
and SFO technologies is in the average payment received by each
carrier. Figure 5 compares average payment for the SFO approach
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versusthe 1SLA approach with high arrival ratesand including 90%
significant intervals around the means. Clearly, carrier 1ISLA man-
ages to obtain higher profits with fewer shipments served (high
arrival rate, short time windows, Figures 3 and 4) because average
payments are significantly higher (Figure 5).

The difference in pricing shipments is derived from the term
Ton(Sul s = 0) — u(Sul v = 1). Aspreviously mentioned, thisterm
measuresthe opportunity cost of winning the current auction. Results
indicate that the 1SLA carrier tends to set bid values more aggres-
sively (bids lower) when the time windows are not short and the
arrival rateisnot too high. The 1SLA carrier tendsto bid less aggres-
sively (bids higher) when the time windows are short and the arrival
rate is high. There are two distinct forces operating in the market:
timewindowsand arrival rates. Anincreasein arrival ratesincreases
the bid values (therefore the opportunity cost has increased). A
decrease in TWLs increases the bid values (therefore the opportu-
nity cost hasincreased). SFO outperforms 1SLA in only one setting;
however, thisresult is not statistically significant (Figure 2).

CONCLUSIONS

The principal focus of this research was to quantify opportunity
costs in sequential transportation auctions. An expression to evaluate
opportunity costs was derived. It was shown that the impact of eval-
uating opportunity costs is dependent on the competitive market set-
ting. A simplified approach (1SLA) to estimate opportunity costswas
developed and applied successfully. It was shown that the estimation
of opportunity costsin an online marketplace provides a competitive
edge. However, theexact cal culation of opportunity costs can bequite
challenging.

In summary, this research was successful (a) in recognizing that
different market settings (arrival rates, time windows) affect the
value of estimating opportunity costs, (b) in developing an expres-
sion to estimate opportunity costs, and (c) in enhancing the under-
standing of the interaction between routing and pricing problemsin
a competitive marketplace.

REFERENCES

1. Zhu, K. Information Transparency of Business-to-Business Electronic
Markets: A Game-Theoretic Analysis. Management Science, Vol. 50,
No. 5, 2004, pp. 670-685.

2. Nandirgju, S, and A. Regan. Freight Transportation Electronic Market-
places: Survey of Market Clearing Mechanisms and Exploration of
Important Research Issues. Presented at 84th Annual Meeting of the
Transportation Research Board, Washington, D.C., 2004.

3. Mills, G. Uncertainty, Cost I nterdependence and Opportunity-Cost Pric-
ing. Journal of Industrial Economics, Vol. 13, No. 3, 1965, pp. 235-242.

4. Steiner, H. M. Opportunity Cost, Capital Recovery, and Profit Analy-
sisof Logistics Systems. Transportation Journal, Vol. 13, No. 1, 1973,
pp. 15-22.

5. Zhang, A. M., and Y. M. Zhang. Concession Revenue and Optimal
Airport Pricing. Transportation Research, Vol. 33E, No. 4, 1997,
pp. 287-296.

6. Willis, K. G., G. D. Garrod, and D. R. Harvey. Review of Cost-Benefit
Analysis as Applied to the Evaluation of New Road Proposals in the
UK. Transportation Research, Val. 3D, No. 3, 1998, pp. 141-156.

7. Ratcliff, M. S. W., and E. E. Bischoff. Allowing for Weight Consid-
erations in Container Loading. Or Spektrum, Vol. 20, No. 1, 1998,
pp. 65-71.

8. Polsby, D. R. Airport Pricing of Aircraft Takeoff and Landing Slots: An
Economic Critique of Federal Regulatory Policy. California Law Review,
Voal. 89, No. 3, 2001, pp. 779-816.

9. Smith, V. L., and J. M. Walker. Rewards, Experience and Decision
Costs in 1st Price Auctions. Economic Inquiry, Vol. 31, No. 2, 1993,
pp. 237-245.

10. Perry, M. K., and J. Sakovics. Auctions for Split-Award Contracts.
Journal of Industrial Economics, VVol. 51, No. 2, 2003, pp. 215-242.

11. Figliozzi,M. A., H. S. Mahmassani, and P. Jaillet. Framework for Study
of Carrier Strategies in Auction-Based Transportation Marketplace. In
Transportation Research Record: Journal of the Transportation Research
Board, No. 1854, Transportation Research Board of the Nationa Acade-
mies, Washington, D.C., 2003, pp. 162—170.

12. Figliozzi, M. A., H. S. Mahmassani, and P. Jaillet. Competitive Perfor-
mance Assessment of Dynamic Vehicle Routing Technologies Using
Sequential Auctions. In Transportation Research Record: Journal of
the Transportation Research Board, No. 1882, Transportation Research
Board of the National Academies, Washington, D.C., 2004, pp. 10-18.

13. Figliozzi, M. A., H. S. Mahmassani, and P. Jaillet. Impacts of Auction
Settings on the Performance of Truckload Transportation Market-
places. In Transportation Research Record: Journal of the Transporta-
tion Research Board, No. 1906, Transportation Research Board of the
National Academies, Washington, D.C., 2005, pp. 89-96.

14. Figliozzi, M. A. Performance and Analysis of Spot Truck-Load Pro-
curement Markets Using Sequential Auctions. PhD. thesis. School of
Engineering, University of Maryland, College Park, 2004.

15. Vickrey, W. Counterspeculation, Auctions and Competitive Sealed
Tenders. Journal of Finance, Vol. 16, 1961, pp. 8-37.

16. Yang, J., P. Jaillet, and H. Mahmassani. Real-Time Multivehicle Truck-
load Pickup and Delivery Problems. Transportation Science, Vol. 38,
No. 2, 2004, pp. 135-148.

The Transportation Network Modeling Committee sponsored publication of this
paper.



