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Abstract. We consider UMTS networks in which users request services other than telephony that last for long time intervals: e.g., video clips
that last for several minutes. The duration of network time-slots over which resource units are allocated is much shorter. This complicates
consistent reservation of resources over longer time scales, where consistent reservation is required to ensure that service quality is constant
throughout the entire service session. In this paper, we define an auction-based mechanism for nearly consistent reservation of the resources
of a UMTS (or GPRS) network by the users that value them the most, in order to satisfy the longer time scale requirements of their service
sessions. Each of these sessions has a fixed target bit-rate. The mechanism is based on a series of Generalized Vickrey Auctions and a set
of predefined user utility functions that we propose. Bidding is performed automatically on behalf of the users on the basis of each user’s
selection of one of these utility functions and his declaration of a total willingness to pay. We argue that under our mechanism the user does
not have a clear incentive of not performing a truthful selection of a bidding function according to his own utility. The utility functions we
define express appropriately the preferences of the users with respect to the resource allocation pattern in the cases where perfectly consistent
allocation cannot be attained. We also provide a mapping of these functions to the UMTS service classes. The effectiveness of our resource
reservation mechanism is demonstrated by means of experiments. It appears that most of the users either are served very satisfactorily or
essentially are not served at all. The mechanism is implemented at the network base station, and is applicable in practical cases of networks
with large numbers of users whose sessions last for many slots.
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1. Introduction

Multi-unit auctions have recently received considerable atten-
tion as an economic mechanism for resource reservation and
price discovery in networks. The case where users compete
for reserving resources consistently (i.e., without undesirable
fluctuations of the bit-rate) for large time scales remains an
open research topic. This is of particular interest for many
practical cases such as the provision of network services with
high duration. A prominent case is that of UMTS [5,11]: ex-
cept for voice, the duration of services that users generally re-
quest is significantly longer than a single time slot; e.g., news
downloading or video streaming of a certain bit-rate. Note
that the duration of such sessions depends on the application
and the content: the duration of video jokes can be one minute
(or even less), while that of a football match is approximately
90 minutes. In any case, however, the duration of such ses-
sions is much longer than that of network slots, over which
resource units can be reserved. Apart from UMTS, the prob-
lem of consistent resource allocation also applies to GPRS
technology including its enhanced version EDGE1 [9].

In this paper, we deal with how to satisfy the requirements
of large time scale services, each having a fixed target bit-
rate, by allocating resources nearly consistently to those users
who value them the most. Each user succeeding this enjoys
an almost constant level of quality of service throughout the

1 The unit of resource allocation and the definition of a time-slot depends on
the network technology. In UMTS, a 10 msec UTRAN frame constitutes
a slot, while resources are allocated in bits; see appendix. In GPRS and
EDGE, the unit of resource allocation is the radio block.

duration of his session. We assume that the population of
users generally varies over time, which further complicates
the problem. Our objective is to allocate resources efficiently.
That is, attain a high social welfare (i.e., total value induced
to the users), while providing proper incentives for rational
usage of resources. Note that demand fluctuations make it
impossible for a provider to publish fixed prices for the re-
sources, which would have been the way to attain efficiency
under steady demand. Since the mobile industry is extremely
competitive and spectrum is a scarce resource, efficient ex-
ploitation of spectrum is crucial for commercial providers. In
this paper, we propose and evaluate a mechanism attaining to
a significant extent nearly consistent reservation of resources.
This mechanism comprises: (a) a series of repeated General-
ized Vickrey Auctions, one per slot, and (b) certain bidding
functions for the user to choose from.

The repetition of auctions has been analyzed by econo-
mists. Nevertheless, most of the related work focuses on
comparisons of sequential and simultaneous auctions and the
problems that auction repetition imposes on incentive com-
patibility (see [2] and [3]). Closely related to our problem is
that studied by Crémer and Hariton in [1], who also recognize
that certain Internet applications require guaranteed capacity
over longer time periods than others. Thus, [1] deals analyt-
ically with the properties of a Vickrey-type mechanism for
accommodating such applications’ demand for a pipe. How-
ever, the assumptions in the models analyzed in [1] are con-
siderably different than ours. It is taken that each application
lasts for either one or two time slots, and that usage of the
pipe is dedicated entirely to a single application (as opposed
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to being shared at portions to be determined) by means of a
Vickrey-type auction in which at most two users participate.
Under these assumptions, the authors of [1] analyze the users’
bidding strategies, the revenues associated with the auction
mechanism, and for a special case they derive the optimal
revenues. Hence, it remains an open problem how to reserve
resources nearly consistently throughout the service duration
by means of auctions, particularly in practical cases with large
numbers of users whose sessions last for many slots. It should
be noted that Lazar and Semret [6] have employed the Vickrey
auction in bandwidth trading. However, they deal with “one-
shot” trading of bandwidth, although the process comprises a
series of Vickrey auctions until convergence is reached. Also,
Varian and MacKie-Mason [7] employ a Vickrey auction in
order to determine the price per packet in the Internet.

In this paper, we develop a new auction-based resource
reservation mechanism that is applicable for 2.5/3G networks,
i.e., networks based on technologies such as UMTS, GPRS
and EDGE. For simplicity reasons, we henceforth restrict our
discussion to UMTS, but we employ the general terms “slot”
and “unit” (of resource allocation) so as to keep the presenta-
tion of the material as general as possible; see appendix. Due
to the very short duration of each slot, it would be practically
impossible for each user to place a new bid per slot. Thus,
our mechanism comprises bidding functions; at the start of
his service session, each user selects such a function and de-
clares his total willingness to pay (for perfectly consistent al-
location of resources). The network performs bidding on be-
half of the user according to the aforementioned declarations.
Thus, all computation is performed at the network base sta-
tions, so that there is no need for extra communication with
the user terminals. The bidding functions of our mechanism
are directly related to certain utility functions that we intro-
duce. These appropriately express the preferences of the users
with respect to the resource allocation pattern in the cases
where perfectly consistent allocation is not attained. We also
provide a mapping of our utility functions to the UMTS ser-
vice classes. Furthermore, when dealing with auction mech-
anisms, user incentives is an important issue. We argue that,
under our mechanism, the user does not have a clear incen-
tive for not making truthful declarations when selecting his
bidding function. This property also provides users with the
incentive for rational usage of resources, according to their
actual needs. The definition of bidding functions and the
fact that users have to choose one of these constitutes an in-
tegral part of our mechanism for nearly consistent resource
reservation. The effectiveness of our mechanism is demon-
strated experimentally by analyzing the resulting resource al-
location patterns. It is seen that users with competitive bids
are served very satisfactorily while they are allocated patterns
that are in very good accordance to their respective prefer-
ences. On the other hand, users with non-competitive bids are
allocated very limited quantities of resources (if at all) at a
low charge.

An alternative to performing auctions sequentially (one per
slot) would be to run combinatorial auctions, thus allowing
users to bid for resources spanning several consecutive slots.

Such an approach should not be adopted due to the following
reasons: (i) the computational overhead is excessive, (ii) guar-
anteeing resources for the entire duration of the sessions cur-
rently served would render it impossible for the network to
serve users with higher value that would arrive later, thus re-
sulting in high connectivity delay, poor revenue and ineffi-
ciency.

The remainder of this paper is organized as follows: In
section 2, we present our auction-based mechanism. In sec-
tion 3, we define user utility functions capable to express
certain types of user preferences with respect to patterns of
inconsistent resource allocation. In section 4, we experimen-
tally assess the effectiveness of our mechanism. In section 5,
we discuss issues on user incentives. In section 6 we present
certain extensions of our mechanism. Finally, in section 7, we
provide some concluding remarks.

2. ATHENA: A new resource reservation mechanism2

Most of the complexity of the problem of consistent resource
reservation in UMTS lies in the fact that users demand ses-
sions spanning partly overlapping intervals with different du-
rations, which in general are much larger than the time scale ta
of a slot. The approach that we propose is to conduct a se-
quence of “mini-auctions”, each concerning reservation of re-
sources within one slot. Each mini-auction is a sealed-bid
Generalized Vickrey Auction (GVA) [4], with atomic bids
(i.e., bids that are either fully satisfied or rejected) of the type
(p, q), where q is the quantity of resource units sought in the
present slot and p is the price proposed for each such unit.
Henceforth, unless otherwise specified, we restrict attention
to services requiring constant bit-rates. For UMTS, since re-
sources are allocated in bits, if the service involves traffic of
a specific bit-rate m, then we have q = m · ta . (For each
such service session, one bid is placed per mini-auction; see
section 3.) As explained in [4], in a GVA, users with elastic
utility functions have the incentive to bid truthfully their will-
ingness to pay. This is a very attractive property, motivating
our selection of running a GVA in each mini-auction. Indeed,
most often efficiency comes together with incentive compati-
bility (i.e., the incentive for truthful bidding), since it is hard
to allocate the goods auctioned to the users that value them
the most if their bids do not reveal their true values for these
goods.

The rules of the Generalized Vickrey Auction [4] prescribe
that: (i) each user reports his valuation for a subset or for
all points of his demand function for the good auctioned,
(ii) units are allocated to the highest bids until demand ex-
hausts supply, (iii) each user is charged according to the social
opportunity cost that his presence entails. Formally, user’s
i charge equals µi(θ) = SW−i (0, θ−i ) − SW−i (θ), where
SW−i is the social welfare of bidders other than i, θ is the
set of the users’ reported valuations and (0, θ−i) is the effi-
cient outcome if i’s reported value were 0 while the reports

2 ATHENA: Auction-based THird gEneration Networks resource
reservAtion.
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by other users remain unchanged. Note that winners’ charges
are less than their respective bids. We illustrate this below,
by means of an example relevant to our case, namely with a
single atomic bid per user: Assume that six units of a good
are auctioned to five users, namely A, B, C, D and E. Users
A and B are interested in being awarded exactly four units,
while C, D and E claim exactly two. The vector of the per
unit (of good) valuation of users A, B, C, D and E, respec-
tively, is 〈9, 8, 6, 7, 2〉. As already mentioned, users have
the incentive to bid truthfully. The corresponding bids are
bA = (9, 4), bB = (8, 4), bC = (6, 2), bD = (7, 2) and
bE = (2, 2). By ranking them in decreasing order of price,
it follows that A is awarded four units, while D is awarded
the remaining two units. Note that B is not awarded any units
since his bid cannot be fully satisfied. Under our mechanism,
bids are atomic. Hence, if a bid is high enough to be “win-
ning” but the quantity demanded exceeds the residual supply,
it is declared as losing; the remaining units are allocated to
the lower bids that can be fully satisfied. Recall now that
the charge for each user equals the social opportunity cost his
presence entails. Thus, A pays according to the prices of the
highest losing bids after excluding his own bids, paying as
many such bids as the units he won. Hence, A is charged
8 · 4 = 32 and D is charged 6 · 2 = 12.

Our mechanism consists of a series of GVAs, one per slot.
However, in a realistic case of a UMTS network, these mini-
auctions will need to be run so frequently that it would not
be feasible for users to participate in all these mini-auctions,
neither manually nor automatically by means of an agent run-
ning in their respective terminal. Thus, since the user cannot
give his bid on a per mini-auction basis, we define utility func-
tions, pertaining to the various services. These functions are
provided by the network operator as bidding functions for the
user to choose from; they are scaled by the user’s total will-
ingness to pay, which is to be given by the user himself (as
part of his service request). This approach is similar to that
of 3GPP [12] regarding predefined QoS profiles. Then, the
network runs all mini-auctions by bidding on behalf of each
user, according to his respective selection of bidding function.
As explained later, the user does not have a clear incentive for
not selecting truthfully his bidding function.

Furthermore, note that since users do not bid themselves,
the details of the physical layer and the auction are hidden
from them: A user demanding a service selects among the
predefined bidding functions the one that better expresses his
preferences and declares a total willingness to pay Us . A ses-
sion that lasts for time ts is then created. Each user aims
at achieving constantly the bit-rate m pertaining to the se-
lected service by participating in a large number Ks of mini-
auctions, where Ks = ts/ta . (Recall, however, that the net-
work is bidding on each user’s behalf.) For example, if the
user wishes to watch his favorite music video clip lasting for
4 minutes, all he needs to declare is the title of the video,
a total willingness to pay Us , the desired quality level, and
the utility function type, as shown in figure 1. Requests are
sent from the user’s terminal to the UMTS base station over
the Random Access CHannel (RACH). The parameters ts , Ks

Figure 1. A UMTS cell and its served users.

and m = 2 Mbps are computed automatically by the network
and are transparent to the user. Note that a successful choice
of Us is very important for the resources to be allocated to the
user. Such a choice should be based on the user’s urgency to
receive the service, on the extent to which the content to be
transported is interesting to him, on a rough estimate of the
duration of the service, as well as on the user’s past experi-
ence from participation in ATHENA mechanism. It is plau-
sible, that future terminals may be equipped with software
providing some related assistance or recommendation to the
user.

3. User utility functions

Next, we define the utility functions offered by ATHENA
mechanism. Each user selects one such function as his bid-
ding function to be employed by the network. In section 5,
we argue that the user does not have a clear incentive not to
select his actual utility function as his bidding function.

In order to simplify bidding, the utility functions we define
below are expressed as sums: we assume that the user’s utility
(value) us for receiving a service is the sum of the sub-utilities
ui(xi; hi−1) obtained in each slot i, each of which depends on
the target bit-rate xi and the history hi−1 of resource reserva-
tion for this service session up to the present slot; that is,

us =
Ks∑

i=1

ui(xi; hi−1). (1)

The dependence on the history hi−1 implies that when there
are gaps in the resource allocation pattern, not only the quan-
tity of resources but also the way these are allocated can pos-
sibly make considerable difference to the degree of user sat-
isfaction. Thus, by selecting one of the predefined user utility
functions as his bidding function, each user declares his pre-
ferred form of allocation pattern for the cases where perfectly
consistent resource allocation is not possible. We consider
three cases, for all of which each user is only interested in at-
taining a certain fixed bit-rate m in each slot. (Different users
may have different values of m.) Thus, as explained in sec-
tion 2, the corresponding quantity q of resources required is
q = m · ta , for which the network offers (on the user’s behalf)
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an amount of money ui(m; hi−1), i.e., the bid (p, q) placed
is the pair [ui(m; hi−1)/(m · ta),m · ta].

Type 1: Users indifferent to the allocation pattern. This
is the simplest type, and pertains to “volume-oriented” users,
i.e., users whose utility solely depends on the quantity of re-
sources allocated, as opposed to the allocation pattern. Hence
the user’s total value Us is equally apportioned among the
various slots. That is,

ui(xi; hi−1) = 1(xi = m) · Us

Ks

, (2)

where 1(·) is the indicator function. Therefore, the lack of
information transfer due to the gaps in the resource alloca-
tion pattern results in proportional loss of user satisfaction.
An appropriate example of users belonging to this type is
those accessing news with a certain target bit-rate. Also, users
downloading information by means of FTP can be considered
as users of this type, provided that the FTP session is capa-
ble of resuming download when time-outs occur. This utility
function is suitable for the UMTS Background Class services
with m pertaining to the Maximum Bit-rate parameter of this
class [12]. Note that since users are “volume-oriented”, a rate
less than m would also be useful to them. That is, if a user
has the last winning bid and he can be awarded just a frac-
tion of the target bit-rate, it is both meaningful and efficient
to do so. This can be attained if the assumption of atomic
bids is relaxed. On the contrary, it is obviously inefficient to
assign to the higher value users a bit rate less than their max-
imum.

Type 2: Users sensitive to service continuity. This type
pertains, for example, to users that prefer watching consis-
tently half of a football match rather than watching several
shorter periods of the total duration 45 min. In general, it is
applicable to services where the degree of user satisfaction
depends heavily on both the volume of information transmit-
ted and the delay observed. Thus, users of this type prefer the
allocation pattern of figure 2(a) to that of figure 2(b), although
the total quantity of resources of the two patterns is the same.
In order to express this preference, we define the sub-utility
function as

ui(xi; hi−1) = 1(xi = m)
Us

Ks

· αd, (3)

where d is the distance between the current and the previ-
ous slots during which this user achieved reservations and
α is a discount factor such that 0 < α < 1. Recall
that hi−1 is the history of resource reservation for this ser-
vice session, and influences u(xi; hi−1) through the value
of d , which is monitored by ATHENA module. This util-
ity function is suitable for the UMTS Streaming Class ser-
vices [12].

Type 3: Users sensitive to the regularity of the allocation
pattern. This type pertains to users of services such as stock-
market information. Such users prefer the allocation pattern
of figure 2(b) to that of figure 2(a). Indeed, the former pat-
tern is more regular than the latter, in the sense that the to-
tal amount of resources allocated in small time windows has

(a)

(b)

Figure 2. Inconsistent resource allocation patterns.

smaller variation. In order to express this preference, we de-
fine the sub-utility function as

ui(xi; hi−1) = 1(xi = m)
Us

Ks

· αmax{0,�d}, (4)

where �d is the difference of the present and the previous
values of the distance defined above, and α ∈ (0, 1) is again
a discount factor. Note that αmax{0,�d} equals 1 if �d � 0
and thus the received quality of service improves or remains
constant, and it is less than 1 if the distance increases and
hence the quality deteriorates. This utility function is suitable
for users of the UMTS Interactive Class services [12].

Both Type 2 and 3 utility functions have certain features
in common: Us/Ks expresses the additional user satisfaction
per slot in cases of reservations in consecutive slots, while the
discount factor α and its powers express the dis-satisfaction
resulting from the gaps in the allocation pattern and thus the
diminishing willingness to pay of the user for a new alloca-
tion. For a user whose utility function is indeed that of Type 1
or Type 2 or Type 3, consistent allocation of resources would
result in utility Us . Also, for a user whose bidding is per-
formed according to one of these functions, neither the total
amount of money offered nor the total charge to be paid can
ever exceed Us , even in the case of perfectly consistent allo-
cation.

The aforementioned utility functions are not the only ap-
propriate ones to express the user satisfaction with respect to
the allocation pattern attained. What is important, is the fact
that the values of these utilities reflect correctly the prefer-
ences of each type of user. Thus, it can be easily seen that
for a user of Type 2 the utility value obtained from equa-
tion (3) exceeds that obtained from equation (4), despite the
fact that the same total quantity of resources is allocated in
the two cases. Moreover, for a user of Type 3, the reverse
inequality applies. Experimental assessment reveals the ef-
fectiveness of the utility functions presented above with re-
spect to the resulting resource allocation patterns; see sec-
tion 4.

4. Experimental assessment

In this section we assess experimentally the ATHENA mecha-
nism. For simplicity, we restrict attention to the resource allo-
cation patterns of users selecting bidding functions of Types 2
and 3 (see section 3). We have implemented special software
that simulates ATHENA. We have run numerous simulation
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experiments according to a detailed simulation model, speci-
fying: (i) the distributions of user arrivals, departures, and ser-
vice requests, and (ii) the mix of users in terms of the number
of users per type and the distribution of their total willing-
ness to pay. For example, a specific scenario ran comprised
500 mini-auctions, 50 “low-value” users of Type 1, 25 “high-
value” and 25 “low-value” users of Type 2 and 50 “medium-
value” users of Type 3. For each user, the total willingness
to pay is randomly selected according to a uniform distrib-
ution over the intervals [1, 100], [101, 200] and [201, 300],
depending on whether the user is of low, medium or high
value, respectively. The total quantity of resource units avail-
able at each mini-auction also fluctuates (due to the vary-
ing allocation of resources to phone calls and SMS/MMS)
in the simulation model, and is selected according to the uni-
form distribution over the interval [80, 120]. Finally, in each
experiment, the value of the discount factor α in user util-
ity functions [see equations (3) and (4)] was in the range
[0.91, 0.99].

Experiments confirm that when a user’s bids are always
higher (resp. always lower) than each mini-auction’s lowest
winning bid (i.e., “cut-off” price), then the allocation pattern
was perfectly consistent (resp. the user was allocated no re-
sources at all), as expected. Furthermore, experiments have
revealed that our mechanism has the important property that
the vast majority of the users’ resource allocation patterns ei-
ther are nearly consistent or comprise very limited quantities
of resources. Note also that the congestion level of the net-
work (i.e., total demand for resources), affects the percentage
of the population of users that receives very satisfactory ser-
vice. However, the congestion level has very limited effect
on the aforementioned bi-modal distribution of the resource
allocation patterns. “Intermediate” allocation patterns in gen-
eral arise rarely. (Such patterns are those that are not nearly
consistent and yet comprise a non-negligible percentage of
the total quantity of resources that would arise for the same
user in the case of consistent allocation.) The distribution of
allocation patterns for various congestion levels is depicted
in figures 3–5. The total percentage of users being allocated
intermediate patterns does not exceed 30%, while this per-

Figure 3. Distribution of resource allocation patterns with respect to the per-
centage of the total targeted resources that was attained under low network

congestion.

centage is typically considerably lower.3 In fact, intermediate
patterns mostly arise in cases of low congestion and they are
“harmless” in the sense that their associated charge is typi-
cally very low. Also, the higher the level of congestion, the
higher (resp. lower) the percentage of users allocated almost
no resources (resp. the percentage of users that receive very
satisfactory service), as depicted by the leftmost (resp. right-
most) bar of each of figures 3–5. Hence, ATHENA serves
as a “soft” call admission control mechanism actually block-
ing users with non-competitive total willingness to pay from
receiving service by the network, while leading to nearly con-
sistent allocation for the competitive users. This property is
due to the expression of the bidding functions, as explained
below.

Next, we discuss the placement of gaps in cases of nearly
consistent patterns. The most interesting such patterns arise
for users whose bids are often close to the cut-off prices of
the various mini-auctions, thus being vulnerable to entries of
new users and to the fluctuations of the total quantity of re-
sources available. Experiments showed the effectiveness of
our mechanism for such users with respect to allocating them
patterns according to the preferences expressed by their bid-

Figure 4. Distribution of resource allocation patterns with respect to the per-
centage of the total targeted resources that was attained under medium net-

work congestion.

Figure 5. Distribution of resource allocation patterns with respect to the per-
centage of the total targeted resources that was attained under high network

congestion.

3 This is the percentage of the resources allocated to each user with respect
to the total quantity of resources demanded by this user during his service
session.
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(a)

(b)

Figure 6. Screenshot (a) depicts the total available resource units (highest
bars), the aggregate demand for resources (line), and the allocation pattern
(lowest bars) of a user with Type 2 bidding function whose bids are in general
competitive. Screenshot (b) depicts this user’s bids (darker line) and the mini-

auctions’ cut-off prices throughout his service session.

ding functions. In particular, successful users with Type 2
bidding function receive almost consistent allocation of re-
sources for large time intervals (see figure 6) while those with
Type 3 bidding function receive more fragmented allocation
patterns, similar to those depicted in figure 7. Note also that
due to the expressions of these functions [see equations (3)
and (4)] when a gap starts in the resource allocation pattern,
then the bids of the user are reduced due to the discount factor
α. If the user is not competitive enough, then this discounting

(a)

(b)

Figure 7. Screenshots (a) and (b) depict the same type of information as in
figure 6 for a user with Type 3 bidding function.

prevails for several consecutive slots, the bids become very
low and the user essentially quits service. This is preferable
than this user receiving mediocre service with large gaps in
the resource allocation pattern. Note that in all experiments
the competition encountered by each individual user was a
stationary process. This would also apply to cases of real net-
works with large populations of competing users. Hence, in
general, a user is either competitive for almost all of his ser-
vice session or essentially he is not competitive at all. Due
to the expressions of the bidding functions of our mechanism,
non-competitive users essentially quit early enough, without
insisting in competing almost hopelessly.
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5. User incentives

A user participating in ATHENA in order to reserve resources
has to select one of the predefined utility functions as his bid-
ding function and declare a total willingness to pay Us , which
parameterizes this bidding function. In this section, we deal
with the issue of user incentives. Consider a user whose ac-
tual preferences are indeed expressed by one of the predefined
utility functions. Has such a user the incentive to truthfully
declare this particular function as well as the true value of his
total willingness to pay? Below, we provide considerable ev-
idence that this is often the case, although we cannot prove
formally that this applies always.

First, consider a user whose utility function is of Type 1
(see section 3). Then, his sub-utility ui(m; hi−1) from attain-
ing his targeted bit-rate m in a particular slot i equals Us/Ks ,
and is independent of the rest of the allocation pattern. Thus,
by the incentive compatibility property of the Generalized
Vickrey Auction, it can be established that the optimal bid for
this user is an amount of money equal to Us/Ks . In fact, this
is a dominant bidding strategy for the user in order to maxi-
mize the expected value of his net benefit. This is defined as
the utility resulting by the resource allocation pattern minus
the charge paid for it.

Consider now a user whose utility function is either of
Type 2 or of Type 3. The reservation of resources in one slot
brings both instant value (sub-utility) to the additive user util-
ity function as well as extra value to resources to be reserved
in the future by improving the overall allocation pattern. [This
improvement is due to the resulting reduction of the values of
d and �d in equations (3) and (4), respectively.] Therefore,
the value for this user from attaining his targeted bit-rate m

in a particular slot i is dependent on the rest of the resource
allocation pattern. Clearly, placing a bid less than the corre-
sponding sub-utility in a particular mini-auction is less ben-
eficial for this user than placing a truthful bid, because this
only increases the risk of losing without affecting the pay-
ment. It could be argued however that a bid higher than the
sub-utility should be submitted, due to the extra value that
a present resource reservation (which becomes more likely
by over-bidding) would bring to future ones. However, us-
ing techniques on sequential games, it can be proved that this
would not be the case for “extremely uncertainty averse” (i.e.,
extremely conservative) users, who (by definition) in cases of
choice/behavior under uncertainty maximize the net benefit
of the worst possible outcome. Note that this “maximin” be-
havior was proposed by [10] for situations of complete un-
certainty, and was adopted by several other researchers (e.g.,
see [2] and [8]). On the other hand, for a user aiming to max-
imize his expected net benefit, truthful bidding in each slot
would not be the optimal strategy. This may lead such a user
not to select his own utility as his bidding function, as an-
other of the functions may ex post turn out to be more prof-
itable. However, this does not seem likely to be the case for
the reason explained in the next paragraph. Finally, it can be
easily seen that if the user selects truthfully his bidding func-

tion, then he will also declare truthfully his total willingness
to pay.

So far, we have dealt with the incentives of users aiming
to optimize either their expected net benefit or the net benefit
of the worst possible outcome. Consider now a user whose
utility function is of either Type 2 or Type 3 and is interested
in getting the best possible service without exceeding his ac-
tual total willingness to pay. According to the experimental
results of section 4, if this user is indeed allocated a non-
negligible quantity of resources, then he will most likely be
allocated a nearly consistent pattern whose gaps will be in ac-
cordance to the pattern preferences expressed by his selected
bidding function. Therefore, this user will be better off by
truthfully revealing his utility function and total willingness
to pay.

6. Extensions of ATHENA mechanism

In section 3, we have defined utility functions suitable for
users seeking for strict guarantees, i.e., users whose bit-rate
has a single target-value. Below, we deal with extending the
utility function of Type 2 for the case of two alternative bit-
rates; Type 3 can be extended similarly.

Type 4: Extension of Type 2 for two alternative bit-rates.
We consider a user who is willing to watch video either
with the “high quality” bit-rate rhigh, or with just the “good
quality” bit-rate rgood, whenever the former is not feasible.
Watching the video consistently with either “good quality” or
“high quality” results in different degrees of user satisfaction;
hence, the total willingness to pay respectively equals Vgood
and Vhigh = Vgood + �V , where �V > 0. Figure 8 depicts
a typical allocation pattern arising when consistent resource
allocation with bit-rate rhigh is not possible. This pattern can
be viewed as the superposition of two allocation sub-patterns:
one with bit-rate equal to either 0 or rgood and another sub-
pattern with bit-rate equal to either 0 or rhigh−rgood. Since the
user is still sensitive to service continuity, but there are now
two possible bit-rates, we can extend the user utility function
of equation (3) as follows:

u(xi; hi−1)

= 1(xi � rgood)
Vgood

Ks

· αd1 + 1(xi = rhigh)
�V

Ks

· αd2 , (5)

where d1 and d2 are defined with respect to the length of
the gaps incurred in the two aforementioned sub-patterns.

Figure 8. A resource allocation pattern with two acceptable bit-rates.
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This utility function is suitable for the UMTS Conversational
Class [12], with rgood and rhigh corresponding to the Guar-
anteed and the Maximum Bit-rates of this class; however,
the lower bit-rate rgood is not guaranteed by ATHENA. Fur-
thermore, for each user of Type 4, there should be placed
two summable bids, i.e., (pgood, qgood) and (pextra, qextra), ex-
pressing his willingness to pay (per unit) for the basic bit-
rate rgood and his extra willingness to pay for the extra bit-
rate rhigh − rgood, respectively. However, the latter bid is
taken into account only when the former is a winning bid.
In general, the number of atomic bids to be given on behalf
of each user in each mini-auction equals the number of alter-
native bit rates, which in the general case may be higher than
two.

We have explained that ATHENA cannot provide strict
guarantees of quality of service (QoS) on an end-to-end ba-
sis. It might be desirable though to do so for a limited number
of high-value users, to be referred to as “gold” users. This
can be accomplished by means of allowing some ATHENA
users to declare an “infinite”, i.e., extremely high, willing-
ness to pay for the service requested. This option could be
made available for a limited number of users that are both
insensitive regarding their charges, and highly demanding re-
garding the QoS they experience. Apart from their usage-
based charge,4 the provider should charge these users an ad-
ditional high monthly premium in order for them to subscribe
to this service of strictly guaranteed quality. Since ATHENA
bidding module will be submitting the highest bids for these
users, they will always win at all the mini-auctions they par-
ticipate and receive perfect quality at their terminals. How-
ever, this option should be offered to very few users, the
exact number of which depends on the minimum total quan-
tity of resources available in all slots. Note also that the in-
troduction of this service option results in service differenti-
ation for the users, according to their type (namely “gold”
or “normal”). This can be generalized by introducing dif-
ferent prespecified options for the willingness to pay, each
corresponding to a certain class of users. Hence, ATHENA
would serve as a price discrimination mechanism enabling
DiffServ.

It is also possible to modify ATHENA so that it favors the
users already receiving service versus those initiating service
sessions. This should be done in a way that the primary objec-
tive of efficiency is not considerably affected. The idea is for
each user to gradually increase the value of α (towards 1) as
the user’s time in the system increases. This way it becomes
harder for new users to displace those that have already re-
ceived part of their service.

Finally, note that throughout the paper we have assumed
that a service session is served within the same cell for its en-
tire duration. However, handovers can also be easily accom-
modated: the selected bidding function of the session should
be passed to the new cell, together with the associated para-

4 Note that for these users too the usage-based charge equals the social op-
portunity cost as computed in the various auctions, which however may be
very high in times of congestion.

meters and the current values of distance d (for Type 2), d and
�d (for Type 3) and d1, d2 (for Type 4).

7. Concluding remarks

In this paper we presented ATHENA, an effective auction-
based mechanism for nearly consistent reservation of the re-
sources of a UMTS network by the users that value them the
most. The mechanism can deal successfully with long time
scale data, audio and video services in practical cases of net-
works with large numbers of competing users. It is based on
a series of Generalized Vickrey Auctions and a set of new
user utility functions expressing the user’s preferences with
respect to the resource allocation patterns. We also provide
a mapping of these functions to the UMTS service classes.
Finally, we have outlined several extensions of our mecha-
nism, mostly regarding the guarantees provided to the users.
Assessment of these extensions constitutes an interesting di-
rection for future research.

Appendix: Resources in UMTS and GPRS

In this appendix we define the slots and units of allocation
of our auction-based resource reservation mechanism when
applied in UMTS and GPRS networks. More related infor-
mation can be found in [5,9,11] and [12]. Figure 9 illustrates
the 10 msec WCDMA frame in UMTS. The entity that al-
locates the network resources within each frame among user
connections is the Resource Manager. In GPRS (and EDGE),
user data services compete for reserving a number of time
slots, with the unit of allocation being the Radio Block. Users
attempt to reserve these resources in order to accommodate
their large time scale data traffic; this is transferred in bursts,
by means of creating Temporary Block Flows within the PDP
context, as depicted in figure 10.

Figure 9. Allocation of resources in UMTS [5].
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Figure 10. Allocation of resources in GPRS [9].
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