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Abstract of a future generation communication network. As the only
bottleneck we consider the bandwidth of the wireless link
This paper presents a time-aware admission control and between the user equipment (UE) and the base transceiver
resource allocation scheme in the context of a future gener-station (BTS).
ation mobile network. The quality levels (and their respec-  The different nature of the wireless channel (as com-
tive utility) of the different connections are specified using pared to the wireline) makes the QoS delivery more chal-
discrete resource-utility (R-U) functions. The scheme useslenging due to three factors. First, the fixed capacity of
these R-U functions for allocating and reallocating band- the allocated wireless spectrum makes them bandwidth-
width to connections, aiming to maximise the accumulatedconstrained, and hence allocation problems cannot be
utility of the system. However, different applications react solved by over-provisioning. Second, the effective band-
differently to resource reallocations. Therefore at each allo- width of the wireless link may fluctuate due to fading and
cation timepoint we take into account the following factors: interferences. Third, due to user mobility, the resources
the age of the connection, a drop (disconnection) penalty available to a user (on a cell to cell basis) might vary greatly
and the sensitiveness to reallocation frequency. Finally, we during the lifetime of a connection.
show the superior performance of our approach compared The above three factors describe a system where band-
to a recent adaptive bandwidth allocation scheme. width availability is highly variable in time, and the sys-
tem may often find itself in an overload situation. For the
bandwidth manager to take the best allocation decisions, we
assume that a quantitative measure of the utility (benefit)
generated by each connection is available. One way to cap-
) ) ture the application-specific perceived quality depending on
A key component of future generation W|r_eless networks \o<ource availability is via resource-utility (R-U) functions.
is to enable mobile users to use multimedia and data serqngequently, a straightforward allocation optimisation cri-
vices seamlessly. The bursty n.ature and variable ba”dw'dtr}erion (which can be easily linked to network operator rev-
needs of most of the new services call for novel treat.meptsenues) is the maximisation of system utility. This can be
of the networ!< resource managemenft so that appl'cat_'oncalculated as the sum of each connectiartiity.
needs are satisfied, and at the same time network provider Moreover, for such an open, dynamic system, resource

resources are_opt|ma||y used. Many exgtmg Wo_rks N ' reallocation might be needed in order to increase total util-
source allocation focus on one part of this equation to the ity or to provide graceful degradation. In order to make
detr|ment|.of thfesothg party.s If end.-to-end guarqntc:es of more informed decisions on resource reallocation, we also
uhser Qua mé o Service (th: ) reqU|ret;neqts allre n ?CUS’ consider, in addition to utility functions, the fact that differ-
then some decisions may become suboptimal seen from g, applications react differently to resource reallocation.

system—lﬁvr? ! persbplecti\ée, andhvi;:e \r:ersba._ dln thr:_s Paper Weg,, example, if a hard real-time application is degraded, we
approach the problem by methods that bridge this gap. would expect no utility from this application. On the other

~ This paper presents a bandwidth allocation and admis-panq an FTP session will have no restriction to switch be-
sion control mechanism to be used in a radio network cell yyaen different resource allocation levels, no matter how

*Copyright ©2003 IEEE. Personal use of thisaterial is permitted. often.
However, permission to reprint/republish this material for advertising or Therefore we propose a Time-Aware Resource Alloca-
promotional purposes or for creating new collective works for resale or
redistribution to servers or lists, or to reuse any copyrighted component of  1Since each connection represents an application the two terms will be
this work in other works must be obtained from ttieElE. regarded as interchangeable in the following text.
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tion scheme (TARA) that aims to allocate bandwidth such with an optimal solution based on dynamic programming.
that the accrued utility of the whole cell, accumulated over In our work we build on top of such a utility maximisation
time is maximised. The novelty is that our scheme iden- algorithm, but we also take into consideration the effect that
tifies how resource reallocation decisions affect the utility bandwidth reallocations have on the connections’ generated
of the application and integrates this information into the utility.
bandwidth management algorithms. We specifically con-  Rui-Feng Liao et al. [10] also use “utility functions” in a
sider the effect of resource change for three different classedandwidth allocation scheme for wireless packet networks.
of applications. As time goes by, decisions taken by the However as opposed to maximising the total utility of the
resource manager will affect the applications in different system, they provide “utility fair allocation” to the connec-
ways: some will completely lose the accrued utility up to tions. Their algorithm extends “max-min fair allocation”,
now if they are deprived of bandwidth, some are more sen-with utility replacing bandwidth as the fairness criterion.
sitive to being dropped, some connections will be more sen-While this scheme provides equality to all connections, it
sitive to bandwidth variations than others. Therefore, we might have counterproductive effects during overload con-
consider changes to utility with respect to three factors: ageditions, since it degrades all the existing connection to a low
of the connection, an attached drop (disconnection) penaltycommon utility.
and sensitiveness to reallocation frequency. We treat these Another approach [11, 5], geared towards mobile net-
factors differently depending on the application class. To works, proposes adaptive bandwidth allocation schemes
evaluate our scheme we have built a simulation platform without an explicit use of utilities. These use a flexible al-
in which we compare our approach with a reallocation un- location approach, where connections specify a mandatory
aware version and a recent published algorithm, namely theminimal bandwidth and an ideal maximal bandwidth. Also,
Rate-based Bandwidth Borrowing Scheme (RBBS) [5]. both schemes differentiate between real-time and best-effort
The paper is organised as follows. In the reminder of this connections. In the work of Oliveira et al. [11], the allo-
section we review other approaches to QoS provisioning.cated amount of bandwidth during the stay in a cell is fixed,
Section 2 presents background information about resourceit can be changed only at a handoff. El-Kadi et al. [5] pro-
dependent utility maximisation. In Section 3 we identify vide a more adaptive scheme, by allowing bandwidth to be
the factors affecting the utility of a connection if realloca- borrowed from already accepted connections. Although the
tions are performed and incorporate them in our scheme.scheme is adaptive, it does not include a quantitative mea-
Sections 4 and 5 present the evaluation setup and the simusure of the importance of the different connections.
lation results of our allocation scheme as compared to other.  In their QoS provisioning system [12] Richardson et

Section 6 concludes the paper. al. take a lower layer approach, by using value based and
real-time scheduling techniques and working at the packet
1.1. Related work scheduling level. The value of each packet depends on the

value of the connection it belongs to and on its deadline.

Research on QoS provisioning may pursue different Total system utility is used to measure system performance.
goals. While some research is geared towards end-to-

end architectures [1], others address issues at end-system

level or network layers. Mechanisms like Intserv, Diffserv, 2. Background

RSVP [3, 2, 4] provide the means of enforcing the necessary

QoS parameters (like bandwidth, delay, packet loss proba- To explain how our bandwidth allocation scheme max-

bility). imises the total system utility, we must first present the no-
While many applications can be run at different QoS lev- tion of bandwidth dependent utility function, and a utility

els, corresponding to a range of resource allocations, with-maximisation algorithm.

out knowing an associated importance value, the QoS man-

agement system will not be able to prioritise allocations dur- 2.1. Application utility

ing overloads. Utility functions provide an appropriate way

to specify a quantitative measure of the QoS perceived by The utility of an application (and its associated connec-

the application [9, 10]. The advantage of utility functions tion) represents the value assigned by the user to the quality

over run-time adaptation is that the management systemof the application’s results. In order to evaluate the util-

knows a-priori about the value corresponding to different ity generated by different resource allocations, we assume

resource allocations and can enforce an optimal solution.that all connections have an R-U function, which is spec-

Chen Lee et al. [9] use resource-utility functions in a QoS ified by the user of this connection. Since we are con-

management framework with the goal to maximise the to- cerned with bandwidth allocation, we are interested only

tal utility of the system. They propose two approximation in a bandwidth-utility functionu; : R* — R*, ¢ identifies

algorithms, and compare the run-times and solution quality the connection an@®* is the set of non-negative rational



numbers. As a reflection of variety of applications, utility 3. Time-aware QoS optimisation

functions may exhibit different patterns: concave, convex,

linear or step functions, the only restriction beingthata R-U  The R-U functions present the bandwidth-utility depen-

function should be non-decreasing. dency in a static manner. These functions might be used
For the ease of implementation, and to keep complexity in a non-adaptive architecture, where once bandwidth is al-

low, it is necessary to quantise the utility functions using located, it is allocated for the whole duration of the con-

a small set of parameters. Thus, the utility function can be nection. In a dynamic system, where resources need to be

represented by a list of bandwidth-utility pairs, in increasing reallocated, the utility given by a R-U function will repre-

order of resource consumption [9]: sent only a momentary value,(t)). A better measure of
the utility generated by a connection would be its accumu-
vy — [ (“1) . <“k> ] lated utility (in time), which is the utility generated by the
bi1 bi k connection over its entire duration.

If the accumulated utility of a connection.y) corre-
sponds to the integral of all the momentary utilities, that

isuf = fOT u;(t)dt, then the following equality holds:

wherek is the number of utility levels of connectian
2.2. System utility maximisation

n n T T n T
By using the individual utility functions, and assuming «* = Zu;? = Z/ wi(t)dt :/ Zui(t)dt = / u(t)dt
i=0 /0 0 =0 0

that a certain allocation has been performed, we can com- i=0
pute the utility of the whole system as the sum of the utilities
generated by alh connectionsy, : R*™ — R* whereu® denotes the system-wide utility accumulated over

. time and is defined ag* = " ,u¢ andu(t) is the mo-
RN . mentary system-wide utility, defined agt) = >"7"_ u;(¢).

ulbr, - bn) = ; ui(bs) T is an arbitrary time point and is the number of all con-

= nections that arrived at the system bef@re The above

whereb; represents the allocated bandwidth an¢h;) the equality shows that under this assumption, the maximisa-

accrued utility of connection Maximising the system util-  tion of u{ can be achieved by maximising(t) at each time
ity u is subject to the following constraint: pointt.
. However, for some application classes# fOTuZ- (t)dt.
Z b < b For example, if a voice connection is deprived of bandwidth
; < b-max
p before the natural end, we can safely assume that all the po-

tential utility generated while it was active has been lost. In
whereb_mazx is the maximum bandwidth available in the the enduf = 0, and resources allocated for the duration
cell. of the call have been wasted. Therefore, our allocation al-

The above allocation optimisation problem is an NP- gorithm needs to take into account the effect reallocations
hard problem closely related to the knapsack problem; Leehave on the accumulated utility of the connections.
et al. present several approximation algorithms to solve
it [8, 9]. As an input they accept R-U functions, the out- 3.1. Dominant factors
put being the different resource allocation quotas.

As a basic ingredient in our scheme we use a low com-  We have identified several factors that determine the ac-
plexity algorithm proposed by Lee et al. that nevertheless cumulated utility of a connection, and describe them in the
generates solutions close to the optimal solution [9]. The next subsections.
convex hull optimisation algorithm (referred asrmd1 in
[9]) is based on the following observation: given several 3.1.1. Connection classe#\ccepting a connection and al-
piece-wise linear, concave R-U functions, concatenating thelocating a certain amount of bandwidth can be seen as an
segments from all the input R-U functions in a decreas- allocation contract between the user and provider. Each re-
ing slope order, yields an optimal system-wide R-U func- allocation would thus amount to a contract breach and sign-
tion. Bandwidth is allocated to the segments in this or- ing of a new contract. Because of different application types
der, until depleted. Note that the slope of each segment,or user preferences, different connections have different tol-
(wi,; — wij—1)/(bi,; — bij—1), is the criterion on which  erance to bandwidth reallocation. We have identified three
bandwidth is allocated, first to the more efficient segments connection classes depending on their adaptability to band-
(with a higher slope). Since not all R-U functions are con- width reallocation. Consequently, the connection class de-
cave, the algorithm first approximates all R-U functions by termines the base function by which the accumulated utility
their convex hull frontier. is calculated (charged to the user).



Class | represents non-adaptive connections. These If the time between two bandwidth reallocations
are connections that once accepted, with initial utility (t_inter;)is less then a specified adaptation timedapt;)
uim the resource amount cannot be re-negotiated. Ifthen the utility generated during this interval; (x
the management system cannot assure the initial resourcé.inter;) should be lower than under normal circum-
amount at any time-point during the lifetime of the con- stances. Therefore we scale it down by multiplying it with
nection, there will be no utility gained for the whole du- ¢_inter;/t_adapt; (the quicker the change, the smaller the
ration of the connection and the connection should be generated utility). Described as a new form of penalty this
dropped. If the connection is not dropped, the accumu-translates toP_adapt; = wu; X t-inter; x (t-adapt; —
lated utility of the connection is calculated by this formula: t_inter;)/t_adapt;, to be subtracted from{. Since classes
u? = ui™® x duration. Examples are real-time con- | and Il do not benefit from a bandwidth increase, this
trol data, and real-time data streams. penalty is meaningful only for class Ill connections.

Class Il represents semi-adaptive connections. For
this type of connection the lowest utility (respec- 3.2. Dynamic reallocation
tively bandwidth) experienced during its lifetime is
used for calculating the utility for the whole duration: Having identified the factors which influence the util-
u® = u™" x duration. If needed, resources can be ity of aconnection, we incorporate them in our scheme by
décreaszed (with the respective diminish in utility), but in- _modifyi_ng the initial R-U functions whenever a reallocation
creasing the allocated resources would bring no benefit. Ex-S considered.

amples are streams of sensor readings with different accu- Because of the highly dynamic environment, constant
racy, and different types of streaming multi-media. reallocation is needed in order to obtain the best results.

Class Ill represents fully-adaptive connections. These Thus our bandwidth allocation/reallocation algorithm will
are the connections with no real-time requirements, andP® invoked periodically. In the beginning, all connections

they can adapt to both increases and decreases of! the system are new connections, thus no modifications

the bandwidth. The accumulated utility is the sum are needed. In the following optimisation cycles we have a

of all the momentary utilities over the total duration: Mix Of neéw connections and old connections. For the old
a duration . . connections, we have to modify the initial R-U functions.

ud = |, u;(t) dt. Examples are fetching e-mail, e . .

orzdiffer(()entt es of file transfer The modifications will represent the change in the ac-

yP ' cumulated utility of a connection if a reallocation is per-

Ndotet tf}lat tht?] sh?pe Offttr;]e utility futnctlor%r(]joe;s not_ de- tformed. Therefore, when bandwidth allocation algorithms,
pend at all on the class of the connection. 1ne Class IS NOly -y a5 the one presented in Section 2.2 are applied on the
utilised when bandwidth is initially allocated, but is used

to describe the behaviour at subsequent reallocations ThF:-nOdiﬁed R-U functions, they implicitly take into account
) ) X ' he class and age of the connection, the drop penalty, and
R-U functions describe only the bandwidth-dependence g PP 4

; . : “'the adaptation time.
while the classes describe the time-dependence of the util- P

ity. 3.2.1. Age dependent modificationd/Ve start by giving an
example of a reallocation decision where the initial, unmod-
3.1.2. Drop penalty. Connections may have a specified ified R-U functions are used. Assume there is a class | or
drop penalty P_drop;), which represents the customer dis- || connectionconn,, which has an R-U function as the one
satisfaction when a connection is disconnected after beingin Figure 2 (a). Assume the total duration of the connection
admitted into the system. While a rejected new connection duration; = 10 secondselapsed; = 5 seconds have al-
brings zero utility, dropping an accepted connection should ready passed, and the allocated bandwidth during this time
be penalised. Thus, iP_drop; is specified, dropping an  wasb, = 4. This means that the accumulated utility so far
existing connection will set the final utility of the connec- tmp_u¢ = uy(b1) x elapsed; = 3 x 5 = 15. At this time

tion to negative valuesy{ := — P _drop;. If the utility is a new connectiononn; is competing with the old one for
representing the revenue of the network operator, a negativehe same bandwidth. Assumg(4) = 5. Because the ba-
utility implies some form of compensation to the user. sic allocation optimisation algorithm is using the slopes of

the segments of the R-U functions to make decisions, and
3.1.3. Adaptation time. Even flexible applications (class 3/4 < 5/4, it will chooseconns versusconn; andtmp_u$
[11) might need a certain amount of time to adapt to the new will be lost. Let’'s see what is the utility gained by the sys-
mode after a reallocation. Providing a highly oscillative re- tem after the nexi secondsu® = uz(4) x5 = 5 x5 = 25.
source availability pattern might be worse than keeping a If the first connection had been kept the utility would have
connection at a constant, lower resource level. A predeter-beenu® = tmp-u§ + u1(4) x 5 = 15+ 3 x 5 = 30, thus
mined adaptation time is a way to reflect the minimum time the swapping decision is wrong. Therefore, to replace an
between reallocations in order to keep the expected utility. old connection with a new one, the utility generated by the



new connection until the completion time of the old con- in slope is exactly enough so that the lost utility (in case
nection should be greater than the utility generated by thebandwidth is decreased) is recovered during the remaining
old connection during its entire lifetime (see shaded areasduration of this connection.

in Figure 1). In our examplegonn; should be swapped For class | connections, any decrease in bandwidth
with conng only if ua(4) x 5 > uq(4) x 10. means the connection is dropped (leads automatically to
bandwidth). Otherwise, calculatingod_u; is similar to
class Il. The modified R-U function for a class | connection
is presented in Figure 2 (c), when starting from an initial
R-U as depicted in Figure 2 (a). Since Class Il connections
are time-insensitive, their initial R-U function is insensitive
to age modification.

old connection
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(a) initial RU-function (c) class | after age_update
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Figure 1. Replacement opportunity
In the above example we assumed that we have the
choice only to swagonn; with conn,. However, a util-
ity function is usually composed of several segments that
determine the allocated bandwidth. We further explain how
a modified R-U function for a class Il connection can be

2
=1

>0

0 0

2 4 5 2 4 5
Bandwidth Bandwidth

constructed and refer to Figure 2 (a) and (b) as an example.

Each of the segments of the R-U function corresponds
to an allocation level, wherel < | < k, andk is the
maximum number of levels. We denote wiifi/) the band-
width and withu;(b;(1)) the utility of levell. For instance,
in Figure 2 (a):b;(1) = 0, u;(b;(1)) = 0, b;(2) = 2,
u;(b;(2)) = 1, etc. We construct the modified utility func-

Figure 2. Age modification for class | and II,
with elapsed; = 5, duration; = 10, and ac-
tual bandwidth b; =4

Now the question becomes, do we assume that the real
duration of every connection is known? Obviously this
is too unrealistic to assume. In practice we have to re-

tion, mod_u;, starting from the actual allocated bandwidth sort to an estimate of a connection’s duration. The better

point, b;(j), wherej is the actual level. If the allocated
bandwidth stays the same, we keep the same utility value.
Furthermore, increasing the bandwidth of a class | or Il con-
nection will not increase the accumulated utility of the con-
nection. Thus for all allocation levelswherej <[ < k,
we assign:

mod-u; (b;(1)) = u;(bi(5))

However, decreasing the bandwidth results in losing a
portion (or all) of the connection’s accumulated utility so

the estimation of the connection duration, the more accu-

rate the modification will be. This is because overestimat-
ing/underestimating the duration of a connection will un-
derestimate/overestimate the importance of a bandwidth de-
crease for this connection. In Section 5.4 we further discuss
how the system behaves in the absence of an exact knowl-
edge of the duration.

3.2.2. Drop penalty influence.Class | and Il connections
are dropped (disconnected) whenever their momentary util-

far (and for which resources have been invested). Thus fority becomes zero, since that connection yields no utility in

all levelsi, lower than the actual allocation level< [ < 7,
we have:

lostui(l) = (uq(bq(j)) — uq(bq(l))) x elapsed,;

B lost_u2(l)
duration; — elapsed;

Note that forl < j there is a larger difference between
two adjacent utility levels innod_u; compared tau;; that
is, the slopes of the segmentsmabd_u; are steeper. Thus

a higher priority will be enforced when considering a band-

the end. Recall that each connection comes with its own
drop penaltyP_drop;. The effect is computed as follows:

ui(bi(1) Pdrop:

duration; — elapsed;

The drop penalty modifies the R-U function in a similar
manner tolost_u¢ from the previous section, but it is ap-
plied only to the first level (wheré;(1) = 0), because if
we reduce bandwidth to other levels, the connection is not
dropped.

Figure 3 presents the further modification of the class
II R-U function from Figure 2 (b) given a drop penalty

mod_u;(b;(1))

width decrease for the connection. Segments from otherP _drop; = 8. Class Ill connections should not be dropped
connections must have even steeper slopes to be able to takeecause of bandwidth shortage, since they can continue at a

bandwidth from this connection. Note also that the increase

later time, without penalty.



before drop_modif after drop_modif 3 . 3 . AI g O rlth m OVe rVI eW

’ ’ To summarise, we present a high-level version of our al-
Lo Lo location algorithm. We use, to represent the quantised
%*1_|— Bl R-U function,class; is the connection clasguration; is

-3 -3 the expected duratior/apsed; is the time elapsed since

46 the start of the connectior? _drop; is the drop penalty,

L L t_adapt; is the specified adaptation timeé,inter; is the

Bandwidth Bandwidth time since the last changgk.is the current allocation point,

new_b; the new decision, anghin_grant_bw; the lowest
bandwidth granted. We also hawé as system accumu-
lated utility, andperiod represents the running periodicity
of the algorithm. As input the algorithm has all the active
connections in the cell (new, old and handoffed).

3.2.3. Adaptation time influence .For an adaptive class lll st deal with duration underestimation:
connection, if reallocation is performed before the adapta-for i := 1ton do /ffor all connections

A . A K . if duration; < elapsed; + period then
tion time since the last allocation has passednfer; < duration; := elapsed; + period;
t_adapt;), the gained utility incurs a penalfy_adapt;, that fthen update the R-U functions

is calculated as described in Section 3.1.3. If there is an al-fori := 1 ton do

location change now, and assuming that the algorithm will 1 classi = Iorclass; = ITthen _

. . . . “7‘, = agemodif(u;, class;, b;, duration;, elapsed;);
keep changing the allocation amount with the same peri- ! = dropmodif(u’, class;, P_drop;, duration;, elapsed;);
odicity (that ist_inter;) for the rest of the connection life- if fl(f”v ;difimgl?( lasss, b, t-adapt,. tinters)

. .pe . . u = Uz, class;, v;, t_adapt;, tanter;);
time, then the modified R-U function is calculated as fol- i b

lows. For all leveld, wherel # j, j being the actual allo-  //apply the convex hull optimisation algorithm to compute the new bandwidth
cation level ’ ! (new_by, ..., new_ b, ) := convexhull_opt(u}, ..., u);

Figure 3. Class Il drop modification with
P _drop; = 8, elapsed; = 5, duration; = 10,
and actual bandwidth b; =4

i

/ffinally the accounting is performed
fori:= 1tondo

P_adapt; if class; = I or class; = I1 then
mod_u;(b;(1)) = u;(bi(l)) — tinter; Cifa(sc;zssi = I(a(izjsﬁew_bi < b;)or

(classl = II andnew-b; = 0) then //apply drop penalty
uy := —P_drop;;

If no change is made in the allocated bandwidth, then there else //update accumulated utility so far

uf = u; (min_grant_bw;) X elapseds;

will be no adaptation penalty. Therefore, if class; — IT7 then
u = uf + ui(new_b;) X period; [lupdate accum. utility so far

i

. . if tinter; < t-adapt; then //apply adaptation penalty
mod_u; (bz (])) = uz(bq (j)) ud = uy — u;(b;) X tiinter; X (t_adapt; — t_inter;)/t_.adapt;;
if new_b; # b; then // reallocation performed
. . . . . tiinter; := 0

An example of modifications depending on adaptation time elset-inter; = t.inter; + period;
is shown in Figure 4. Since classes | and Il do not benefit* = Dy
from a bandwidth increase, and they incur a substantial loss
with bandwidth decrease, this penalty is meaningful only

for class Il connections. 4. Evaluation setup

To evaluate the advantage of using utility-based charac-
teristics of a connection we have compared our scheme,
5 s TARA, with a recent adaptive allocation scheme that ad-

dresses similar network problems. We begin with a short
£ description of the “Rate Based Borrowing Scheme” pro-
0 -8 posed by El-Kadi et al. [5]. We then explain how we have
reconstructed that algorithm in our simulation environment
to make valid comparisons (by ensuring that the choices of

initial R-U function after adapt_modif

25 25

Utility
N
Utility

R o 2 4.5 paralmc)aters were compatible and reproducing their earlier
_ _ L results).
Figure 4. Class Ill adaptation modification RBBS successfully avoids some rejections by allowing
with t-adapt; =5, t.inter; =4, P-adapt; =2, bandwidth to be borrowed from already accepted connec-
and actual bandwidth  b; =4 tions. The borrowable part lies in between a minimum re-

quired bandwidth and a maximum desired one as specified



by each incoming connection. To provide borrowing fair-
ness, all the connectionsin the cell lend a proportional share
(level) from their borrowable part if needed. Moreover, in
order to provide a smooth change in bandwidth allocation,
only one share from the borrowable part can be lent at any
pointin time. Connections are divided in two classes. Class .
| are real-time connections and are prioritised by reserving ’—'_'_'7

a certain amount (e.g. 5%) of bandwidth to be used ex- .

clusively by this class during handovers. Class Il applica- ™ ondwidin e
tions have only best effort requirements. New connections
are only accepted if they can be accommodated at the same

bandwidth level as the whole cell. Rejecting handoversis ) _ )
more critical, thus class | connections are handed over if Video-phone conversation, which has a bandwidth demand

their minimum bandwidth requirement is satisfied. Best ef- Of 256 Kbps, the utility per bit is almost three times higher
fort class Il connection can be handed over at any bandwidth{or @ audio-phone that requires only 30 Kbps. This infor-
greater than zero. Whenever enough bandwidth becomeghation is shown in the rightmost column of Table 1. It

available, connections are replenished and the whole celleéPresents the utility per bit associated with the maximum
moves to a better QoS level. required bandwidth (e.g if the maximum required band-

width of a connection in application grouas 4,000 Kbps
then the utility for this bandwidth ig,000,000 x 1/10 =
400,000). All the other utility values of the R-U function

Utility

Figure 5. R-U function shape for group 3

Table 1. Traffic mix used in the experiments

| Requroment (kope) e oy A EAmPles L e e |sealin are calculated following the shape of the function. While
fact iyni il ; ineti
T B T T Yoy i B B assigning utility values is al\_/vays a subj_ectlve problgm, we
- tried to use common practice values in our experiments.
Vieo-conerence]_ : Ruben et al. [13] performed a study at Ericsson Cyberlab
3 100 600 3040 390 18000 00 Int t. Multimpdid I 1/10 . . . .
& Video on Demanll in Singapore and had access to current conceivable bussi-
4 g 2(q 1 1p 120 0 E-Mail, Pagil I 1 3
% rox ag'”_g ness models.
0 R e T A i i v e e B Connections arrive on the user equipments (UE) in the
6 | 1000 20000 5040 0 1200 320  File Transfer g L\l A7 network following an exponentially distributed inter-arrival
Retrieval Service

time with a mean of 15 minutes. All thé application
groups arrive with equal probability. Mobility is modelled
in the following way: the time at which a user changes cell
ollows a geometric distribution starting fros0 sec and
mean300 sec, with equal probability to move in any of the
neighbouring cells.

To get a good comparison of our scheme andRB8S
we have used the same traffic characteristics as those use
for evaluation of RBBS [5]. The same traffic mix has been
used first by Oliveira et al. [11] and is representative for a
future mobile communication network. The first 5 columns
of Table 1 are identical with the ones in the RBBS paper. As Our simulations were performed in a simulation environ-
in their experiments, the maximum required bandwidth and Ment described by Jonasson [7] and built on top of JavaSim,
connection duration are not fixed, but follow a geometric @ component-based, simulation environment developed at
distribution with the given minimum, maximum and mean ©Ohio State University [14, 6]. We have simulated a hexagon
values (columns 2 and 3). The second column from right Cell-gird of 16 cells,4 x 4 , and a go-around world model
represents how we mapped the different application groupsio pPreserve uniformity in our gird. Each cell has a capacity
according to our connection classes. of 30 Mbp/s.

Since the RBBS is not based on utilities, we had to asso-  For all the schemes the bandwidth allocation/reallocation
ciate each of thé application groups with an R-U function. has been performed with a period of 2 seconds. The drop
For example, the shape of the R-U function for application penalty was set using the following formuld.drop; =
group 3 (the one representing interactive multimedia) is pre-20% x u;“? x avg_dur, whereu;! is the maximum re-
sented in Figure 5. All R-U functions that we used, follow quired bandwidth, andvg_dur is the average duration (see
the minimum and maximum bandwidth requirements spec- Table 1). Adaptation time was setiseconds.
ified in Table 1, originally taken from the RBBS experi-  As our main performance metric we use the accumulated
ments. system utility (:*) generated by the different connectionsin

Besides this, the utility of each application group had to the system. The accumulated system utility is independent
reflect their relative importance. For example, even though of the allocation algorithm and is calculated in the same way
one might be ready to pay roughly three times more for a for all the simulated schemes and according to Section 3.1.



5. Evaluation results between the curves are marginal and will be further investi-
gated in Section 5.4.

Figure 6 presents the accumulated utility generated by We have also simulated a version of TARA where the
5 allocation schemes (described shortly) during one simu-modifications of the initial R-U functions are not performed,
lated hour. On the x-axis we plotted the arrival rate (number denoted as TARA-no-update. Basically, TARA-no-update
of new connections per second). The values in parenthesiss the convex hull optimisation algorithm (see Section 2.2)
represent the corresponding offered load as compared to théwoked periodically. By not taking into consideration the
capacity of the cell. Thu8.2(2.56) means that the offered connection classes, the dropping penalty and the adapta-
load with an arrival rate di.2 was2.56 times the maximum  tion time, TARA-no-update exhibits a 35% decreased sys-
capacity of the cell. The offered load is calculated using the tem utility when working in areas where the offered load is
maximum resource requirements of the connections. between 1.3 and 2.6.

For each of the arrival rates and for each bandwidth allo- At high overloads (corresponding to 0.5 and 1 arrival
cation scheme we conducted five different experiments (byrate) the applications with the lowest utility per bit, which
changing the seed of the various distributions) and plotted belong to application group 3, class Il, are all rejected at the
the average value. The coefficient of varian€8/() was beginning, and since the lowest utility per bit connections
less tharD.06 in almost all of the case<{V = o/u, that are now application group 6, class lll type, which can be
is the standard deviation divided by the average). A similar put indefinitely on hold, TARA-no-update comes closer to
statistical confidence applies also to the results presented inhe other two. This is an expected behaviour with a traffic
the forthcoming figures. in which the allocation borderline (the last segments band-

width is allocated to) lies firmly within connection class III.

x 10%°
¥ o TARACnommal ' ' 5.2. Comparison with RBBS
© - TARA-perf-est
~O- TARA-no-update The results for RBBS have been plotted as RBBS-
2.5[| .=~ RBBS-normal 7 : f
o RBBS-friendly Z normal. There is a large difference between TARA and

RBBS which quickly amunts to 45% when the system gets
overloaded. The main factor which contributes to this result
is the absence of utility consideration by RBBS. Therefore,
while TARA is rejecting only low utility per bit connec-
tions, RBBS is rejecting a comparable anmt from all ap-
plication groups.

Besides the original RBBS we also used a slightly
modified version of RBBS to make the comparison more
favourable towards that scheme (shown as RBBS-friendly).
The original RBBS may both lower and raise bandwidth for
all connections. Hence, we modified RBBS not to replenish
connections of TARA class Il (because no utility is gained),

Total Utility per Cell

0_08(0_25) 0_05(‘0_65) 0_1(‘1_3) 0_2(5_56) 0_5(‘6_5) 1.0(13) and set the borrowable part of TARA class | conngctions
Connection Arrival Rate to zero. For both RBBS schemes, reserved bandwidth was
r = 5%, number of levels\ = 10, and borrowing factor

Figure 6. Accumulated utility £ =055

5.1. Comparison to basic maximisation algorithm 5.3. Choice of performance metric

To see the impact of our class and time aware modifica-  As the main performance metric, we use the accumulated
tions, we have compared three flavours of TARA. TARA- system utility. Hence, we depart from the traditional call
normal and TARA-perf-estim both use modified R-U func- blocking probability (CBP) and call dropping probability
tions as presented in Section 3.2. The difference is that for(CDP) as performance metrics. We argue that they are obso-
TARA-normal we have used the average connection dura-lete in a system where the required bandwidth of a connec-
tion (see Table 1) to estimate the duration of each connec4ion might be only a small fraction of another's demands,
tion when calculating the modifications (see Section 3.2), but both contribute equally in calculating CBP or CDP. The
while for TARA-perf-estim we used the real duration from argument is confirmed by Figure 7, which shows the CBP
the traffic generator. Thus, the latter provides the best possi-of the simulations. The application group most blocked by
ble case to hope for. As depicted in Figure 6, the differencesTARA has a big bandwidth demand, and by blocking few



of them a lot of bandwidth is saved for other connections.
Since RBBS treats allannections equally it has to reject
much more connections to equal the number of bits.
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Figure 7. Connection blocking probability

Although the aim of our algorithm is to maximise the
utility and not to ensure a low dropping (or blocking) prob-

ure 8. Since TARA can also drop ongoing connections
which are not handed over, we use a different formula for
CDP.

rejectedOngoing + rejected Handovers
acceptedN ew + accepted H andovers

CDP =

Even without reserving a certain amount of bandwidth to
be used exclusively for handovers (RBBS reserves 5% for
this purpose), TARA-normal and TARA-perf-est are able
to keep the number of droppings quite low. Handovers are
not regarded as new connections in the cell where they are
handed over. Thus, the aging mechanism, the dropping
penalty, and the flexibility of class Ill connections are able
to protect handovers as well as other ongoing connections.
The consequence of not taking in to consideration these
factors is shown in the plot of TARA-no-update. While
blocking less connections, it is dropping more than TARA-
normal. The effects on the cell utility were already pre-
sented in Figure 6.

5.4. Connection duration estimation

Although the age-dependent modifications play an im-
portant role in our scheme, the difference between TARA-
normal and TARA-perf-estin Figure 6 is marginal. It seems
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Figure 8. Connection dropping probability

To compare the effects of a traffic mix more sensitive to
duration estimation errors, we chose two application groups
identical to group 3, but with a relative utility per bit of
0.7 to 1 (see Table 1). The results are plotted in Figure 9.
Using the real average (TARA-normal) of the distribution

" . . . still gives close results to the perfect estimation. They are
ability, dropping an accepted connection reveals a certain

degree of miscalculation. Thus we present the CDP in Fig-

both contrasted by the TARA-random curve. In the “ran-
dom” case the estimation value for the duration is chosen
randomly betweef and10 hours. The results show that if
the duration of the connection is approximated by the aver-
age duration, the differences in the system utility are quite
small compared to a perfect estimation.
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Figure 9. Duration estimation effects

5.5. Overhead considerations

From a computational complexity point of view, the con-

that in most of the cases, the difference between the real duvex hull maximisation algorithm that we use, has a com-
ration and the average value, is too small to result in wrong plexity of O(nL logn), wheren is the number of ongoing

decision (to decisively change the slopes of the R-U func-

tions).

and new connections, adds the maximum number of util-
ity levels of an R-U function. The utility function modifi-



cations that we introduce have the complexity of at most count their age-related increased importance when allocat-
O(nL), since they have to manipulate each level in the R-U ing bandwidth.
function. The RBBS algorithm has a worst case complexity =~ We conclude by making the following remark. In a fu-
of O(n), since it has to access each connection when bor-ture generation mobile network, the bandwidth required by
rowing bandwidth. When borrowing does not occur, that is different applications and services will be highly varied,
until free bandwidth is depleted, the algorithm just serves making CBP and CDP obsolete as performance metrics. In-
the new incoming connection®(1)). stead, the accumulated system utility gives a better perfor-
However, bandwidth reallocations mightimpose a heavy mance measurement for such open, dynamic systems.
burden on the system due to executions of control functions
and the associated signalling. Since we expect that the real
location overhead is more important than the computational
complexity, we intend to study the tradeoff between optimi-
sation and change overhead as a future work topic.
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6. Conclusions

In an open, dynamic system there is a trade-off betweenF\)eferenCeS
optimisation and provisioning. A resource allocation deci-
sion might be optimal at a certain timepoint, but as new re-
guests arrive it might become quickly suboptimal. Should
we keep the suboptimal allocation or should we reallocate?
A reallocation would break the ongoing QoS contract. The
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