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Abstract— In this paper, we propose and analyze
the performance of proxy functions for controlling
the quality of service in wireless networks, where
the proxy performs aggressive content reduction as
a means to throttle traffic when the radio link is
congested. A queueing model is constructed and
solved to study the performance tradeoffs among
system parameters and in particular, how the proxy
performance is affected by the feedback control de-
lay between base stations and the proxy.

Using image compression as an example, we ex-
amine response time and fraction of compression
as a function of the control delay. Our results re-
veal that the proxy function can effectively control
response time in the case of link congestion, if the
delay is reasonably small (e.g., when the proxy is
located close to the radio link). We also find that to
assess the effectiveness of the control mechanism,
it is necessary to examine whether the proxy per-
forms content reduction when and only when link
congestion occurs. Towards this end, we study the
system-state probabilities and the correlation be-
tween response time and compression.

I. INTRODUCTION

With the promise of fast and convenient data ac-
cess, the 3rd generation (3G) wireless networks un-
veil a bright prospect for ubiquitous computing. Mo-
bile users will soon be able to connect to the Internet
and their office computer systems from anywhere at
anytime. Many researchers and companies have been
exploring and implementing various advanced tech-
niques to improve the capacity and performance of the
3G networks. Despite all these efforts, the scarcity of
radio resources will continue to impose significant lim-
itations on the wireless access experience, especially
in terms of data rate. Therefore, alternative methods
must be pursued to enhance user experience in wire-
less networks. One promising approach for achieving
this goal is to place proxies on the path between the
content server and mobile users, as shown in Fig. 1.

Proxies can perform a wide variety of functions in
wireless networks. They range from providing better
security, caching requested information for future use,
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Fig. 1. An illustration of a cellular network with proxies
located at various points of the network.

to converting data into a different format based on
network and device capabilities, as well as improving
performance of protocols such as TCP [1], [2], [8], [10],
[14], [18]. Many of these proxy functions are designed
to deal with the radio impairment of the wireless net-
works and the heterogeneous characteristics and capa-
bilities of mobile terminals [4], [11], [13], [21]. In par-
ticular, the content reduction proxies enable efficient
use of network resources and improving the quality of
service (QoS) by reducing the amount of data deliv-
ered to the mobile terminals whenever it is needed [7].
Fig. 2 illustrates an example of such proxies, where
the proxy converts large high resolution images into
small low resolution ones, which are more suitable for
transmission over the radio and for display on the mo-
bile device. Since the radio link is often the “weakest”
section (in terms of bandwidth availability and relia-
bility of data delivery) of the communication path, we
focus on the issue of using proxies to manage the QoS
over the radio link in this paper.
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Fig. 2. Image transcoding proxy for cellular users.



A. Link-condition based prozy functions

For any content reduction proxy, two main factors
should be considered in determining the desirable de-
gree of data reduction: response time and resulting
data quality. First, the degree of data compression
must be chosen to meet the radio bandwidth available
to the receiving terminal and its capabilities. This
factor for transcoding proxy has been pointed out by
other researchers [5]. The QoS, as perceived by the
users, can be further improved if the transcoding op-
eration is dynamically adjusted according to network
conditions. That is, whenever the radio link is con-
gested, the proxy reduces the image quality aggres-
sively, resulting into a large data reduction, as a means
for reducing the traffic demand on the radio link. On
the other hand, if the link is lightly loaded, the proxy
marginally reduces the image quality or even keep the
original high resolution images without any data re-
moval.

The second factor needs to be considered in deter-
mining the degree of content reduction is the result-
ing data quality [6]. Content reduction often results
in degradation of data quality, thus it needs to be jus-
tified by improvements of other performance factors,
especially the reduced response time. This further re-
quires the proxy operation to be based on network
conditions.

Having proxies that dynamically adjust their op-
eration based on network conditions is particularly
important in 3G networks. The reasons are two-fold.
First, a radio link will be shared by multiple users
in 3G networks [12]. When mobile users’ demand
for data approaches the link capacity, the response-
time performance can degrade significantly. By reduc-
ing traffic through image compression based on the
network conditions, the proxy will help maintaining
satisfactory delay in the system. (It is worth-noting
that the use of content reduction to improve response
time with slight degradation of data quality in the IP
networks draws upon a similar principle for the bit-
dropping for packet voice applications in the case of
congestion [9], [19].)

Secondly, network-condition based content reduc-
tion also serves the purpose of protecting the scared
radio resources. This is unique in cellular networks,
as the interference caused by excessive traffic can dra-
matically reduce the efficiency of the system, and fur-
ther intensify network congestion. The control mech-
anism offered by channel-condition based content-
reduction proxies is very desirable in maintaining net-

work stability and performance. To our knowledge, al-
though proxy functions and architecture for wireless
networks have been studied extensively, the issue of
how the functions can adapt according to the overall
network conditions to control QoS for mobile users has
received little research attention and this is the topic
addressed in this paper. Without loss of generality,
we shall continue to use the example of image com-
pression and, for simplicity, we refer to the content-
reduction operation as compression in our discussion.

B. Prozxy location and performance

Another issue that has strong impact on proxy func-
tions and their performance is the location of the
proxy. As depicted in Figure 1, the proxy can be
placed somewhere inside the Internet, which would
be very far away from the radio link; or they can be
located close to gateway routers, access routers, even
base stations (BS’s). There are pros and cons in plac-
ing proxies at these various locations. The main fac-
tors need to be considered include proxy performance,
system complexity and flexibility, security, and mo-
bility [15], [17]. Nevertheless, from pure proxy per-
formance viewpoint, since the radio link is often the
“bottleneck” of the communication path, it appears to
be advantageous to place the proxy close to the BS’s
so that the proxy operation can adapt responsively to
the condition changes of the radio link. The degree
of “closeness” is reflected by the control delay, which
is defined as from the time when the link congestion
is detected until the time when base-station starts to
receive compressed packets from the proxy.

Now, the main issue becomes how to measure the
proxy performance and how the performance is af-
fected by its location. As to be discussed in detail be-
low, the effectiveness of the network-conditions based
proxy functions cannot be reflected by the delay per-
formance and image quality alone. It is important
to make sure that the proxy is indeed performing
the compression operation only when the link is con-
gested. We shall use a queueing model to study the
issues and performance tradeoffs in this paper.

Results from this paper can be utilized in two differ-
ent ways in dealing with proxy placement problems.
1. Suppose the system has the flexibility of placing
proxies at any location. Then, given a desired perfor-
mance level for the system, our results will reveal the
appropriate range of the control delay required, and
help determine where the proxy should be placed.

2. Suppose there are certain restrictions on where a
proxy function may be located. Results from this pa-



per will help us understand what kind of performance
can be achieved and what the performance limitations
are at the given location. Based on this understand-
ing, we can then design other components of the sys-
tem accordingly, to improve the overall system per-
formance.

The rest of this paper is organized as follows. The
next section presents a specific algorithm for image
compression function at the proxy based on link-
congestion conditions. Section 3 details the analyt-
ical model and a solution technique for solving the
performance measures of interest. Numerical results
are presented in Section 4, followed by our conclusion
and future work in Section 5.

II. A CONTROL ALGORITHM FOR LINK-CONDITION
BASED PROXIES

In this section, we present a specific algorithm to
illustrate how proxy server can be used to manage
quality of service (QoS) in the case of traffic conges-
tion in wireless IP networks. Although we continue to
use the above image compression example for the rest
of the paper, our discussions are clearly applicable to
other link-condition based content reduction proxies.

Since downlink traffic (from base station to mobile
terminals) is typically much higher than uplink traffic
(from mobile terminals to the base station), we only
consider the radio downlink of the wireless network in
this paper. Fig. 3 presents a schematic diagram of
the control mechanism described as follows. In this
system, mobile terminals request image files from re-
mote servers via the uplink (not shown in the figure).
Servers respond by sending the files to the proxy. For
simplicity, assume that the main function of the proxy
is to compress the image files when instructed by the
base station. After possible compression by the proxy,
image files are forwarded to the base station for final
delivery to the terminals over the radio link. The base
station periodically monitors the amount of data (to
be referred as to the amount of work and denoted
by @) pending for transmission by the downlink, and
compares it with a pre-specified high threshold T
and low threshold T7. If Q > Ty, then the base sta-
tion sends a control message to instruct the proxy to
compress image files until further notice. A random,
non-zero delay is incurred from the time when the
message is sent until that when the proxy responds to
the instruction. This delay is referred to as the control
delay (denoted by D) in the following. On the other
hand, if the comparison indicates that @ < 77, then
the base station sends another message to the proxy
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Fig. 3. Analytical model for link-condition based proxies.

It is instructive to understand the relationship be-
tween the amount of work for the downlink and its
congestion states. As shown in Fig. 4, the downlink
status alternates between uncompression and com-
pression period. Image files arriving at the down-
link during uncompression and compression period
are original (uncompressed) and compressed images
respectively. The downlink has four congestion states
indexed from 0 to 3 and the state is changed from
state ¢ to ¢ + 1 in a cyclic manner, where it is under-
stood that state :+1 becomes 0 when ¢+1 = 4. These
four states are needed to capture the system dynamics
with the non-zero delay D. The relationship between
the congestion states and uncompression/compression
period is described as follows. Assume the downlink
is currently in state 3. Once the base station detects
that the amount of work ) drops to the low threshold
Tr, the downlink enters state 0 and the base station
sends a control message to instruct the proxy to stop
compression. To consider the effects of the non-zero
delay D, the downlink stays in state 0 and enters state
1 at the end of the control delay. As a result, while
in state 0, all image files arriving at the downlink are
still compressed files as the proxy has not responded
to the control message, although the amount of work
for the downlink has dropped below T7.

During state 1, the amount of work for the down-
link continues to increase or decrease, depending on
the amount of new work arriving and the data trans-
mitted by the radio link. Nevertheless, all arrivals are
uncompressed in state 1. When there is a large burst
of image arrivals, the amount of work at the base-
station may reach the high threshold Tp. At that
point, the downlink enters congestion state 2, and the
base station sends another control message to request
the proxy to resume compression. Again, the purpose
of state 2 is to capture the impacts due to the control
delay. Clearly, all arrivals at state 2 continue to be un-
compressed files because the proxy has not responded
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Fig. 4. System state transition diagram.

to the compression message yet. The combined time
period in state 1 and 2 corresponds to the uncompres-
sion period during which arrivals at the downlink are
original (uncompressed) image files.

Similar to the transition from state 0 to 1, the con-
gestion state for the downlink changes from state 2 to
3, when the control message starts to take effect, i.e.
when the arrivals become compressed. Compressed
files continue to arrive during state 3. When the
amount of work drops to 77, the downlink leaves state
3 and enters state 0, and then the whole process starts
over again. The time period while the downlink is in
state 3 and 0 is referred to as the compression period
as all arrivals at the downlink during the time period
are compressed.

Using this algorithm, the proxy is able to compress
image files when the radio downlink is congested. This
way, the data compression helps reduce the traffic load
for the downlink during congestion as compressed files
require less service (transmission) time than for un-
compressed files statistically. As a result, the QoS in
terms of file delivery response time can be improved.
Clearly, the control delay D depends on the actual
location of the proxy and other system details, such
as message transport and processing delay in the net-
work. As explained below, the control delay turns out
to be a key parameter in determining the effectiveness
of the QoS control mechanism. In addition, there ex-
ists performance tradeoffs between response time and
image quality. We introduce a queueing model and
solution technique to study such performance charac-
teristics and tradeoffs as follows. To our knowledge,
the model has not been solved before.

III. ANALYTICAL MODEL AND SOLUTION

To start, let us present our assumptions for the
queueing model in Fig. 3:

1. Depending on the instruction from the base sta-
tion, the proxy compresses image files arriving from
the file server or simply forwards the files to the down-
link for transmission without compression. Let the
probability generating function (PGF) for the service
time at radio downlink for compressed and uncom-
pressed files be X.(z) and X, (z) respectively, where
the service time is assumed to be a positive integer.
The compression operation is reflected by the service
time chosen from X (z) or X,(z) for the associated
files.

2. The downlink is modeled as a discrete-time,
single-server queue, where image files are transmitted
on a first-come-first-served basis. In this model, time
is divided into slots. The actual length of each time
slot is properly chosen so that each slot represents
the desirable, smallest granularity for the amount of
work in the queue. Furthermore, the product of the
file arrival rate (in terms of number of files per slot)
and the average service time for a compressed file is
strictly less than 1 so that the queueing model can
reach a steady state.

3. The number of image files arriving at the down-
link queue in each time slot is characterized by a gen-
eral probability distribution. For technical reasons,
file arrivals are assumed to actually occur immedi-
ately after the beginning of a time slot. Without loss
of generality, we assume Poisson distribution for file
arrivals during each slot in our numerical results.

4. Let @), and S, be the amount of work in the
downlink queue (in unit of the number of time slots)
and the congestion state at the end of slot n, respec-
tively. Change of congestion state .S, is assumed to
occur only at the end of a slot. For modeling tractabil-
ity, the possible change of congestion state for slot n is
assumed to be based on @,,_1 of slot n—1. In essence,
this causes the control delay to last at least for one
time slot.

5. The control delay D is independent of the
amount of work for the downlink. Further, for sim-
plicity, D is assumed to have a geometric distribution
with a being the probability that the delay expires in
one time slot.

We remark that these assumptions are made mainly
for tractability reasons and they can be relaxed to
some extent by introducing additional model complex-
ity. In particular, it is well understood that the packet



arrival process is non-renewal, and has long-range de-
pendence in Internet environment. However, results
in [3] reveal that the long-range dependence is mainly
due to packets of certain applications such as those
with periodic traffic patterns, whereas traffic associ-
ated with other applications (such as those with asyn-
chronous access and the image download considered
here may be an example) do not process such high
autocorrelation property. Thus, in addition to model
tractability, our assumption of renewal arrival process
by Assumption 3 could be justified for the Web down-
load application. Nevertheless, the modeling assump-
tions are reasonable as our primary goal here is to
examine the first-order performance tradeoffs among
system parameters.

A. Model analysis

To analyze this model, let us start by characteriz-
ing the amount of work that arrives in one time slot.
Based on Assumption 3, let ¢; for ¢ > 0 be the prob-
ability that ¢ image files arriving in a time slot. Let
C(z) = ¥ cizt. In addition, we use A and B to
denote the random amount of work arriving in a slot
during a normal (uncompression) and compression pe-
riod respectively. The corresponding PGEF’s for A and
B are A(z) and B(z). By standard arguments, we

have
AR =S alXu@) = CXuz) (1)
=0
and -
Bz) =Y alX() = O(X.(2) ()
=0

where X, (z) and X.(z) are the PGF for the service
time for the uncompressed and compressed files. As
stated in Assumption 3, our numerical examples as-
sume Poisson arrival distribution. In this case, (1)
and (2) become

A(z) = e A= Xa(2)) (3)

and

B(z) = e M= Xe(2), (4)

Let us observe the system state defined by (Q,,, Sy)
at the end of each time slot n. Since the arrival pro-
cess is renewal and the control delay has a geometric
distribution, it is clear that {(Q,Sn),n > 1} form
a Markov chain. Let p,(i,7) = P[Qn = i A S, = j]
and F,(z1,23) = E[z2"25"]. In addition, we define
E, = 0 if the control delay does not expire in slot

n, and 1 otherwise. To solve the Markov chain at
steady state, we first derive a recursive relationship
between F,,(z1,22) and F,,_1(z1, 22). Then the proba-
bilities py(i,7)’s are obtained by an iterative method
using discrete Fourier transforms [16].

By considering all the possible system states for slot
n — 1 and using conditional probability, we have

Fo(z1,22) =

B[ B P, = 0AE, = 0] +
Bl VB Ipig | —0AE, =1]+
E[ngn71—1)++Az%]P[Sn_1 =1AQn_1 < Tyl+
E[Zan_l_l)Jr—'_Az%]P[Sn,l CIAQ 1> Ta]+
E[z§Q”‘171)++Az§]P[Sn_1 =2AE, =0]+
E[ng"_l_l)J”rAzg’]P[Sn_l —2AE, =1+
E[Z§Qn_1—1)++Azg]P[Sn_1 =3AQu_1 > Ty +
E[Z§Q"71_l)++Azg]P[Sn_1 C3AQu <Ti] (5)

where (z)™ = z if z > 0 and 0 otherwise. The first
term on the RHS of (5) corresponds to the condition
that the congestion state for slot n — 1 is 0 and the
control delay has not expired in slot n as indicated
by E, = 0. In this case, the amount of work at the
end of slot n is equal to that at slot n — 1, Qn_1,
minus one (that is just transmitted by the downlink,
if any) plus the new work arrival B. Since the control
delay has not expired, the congestion state for slot n
remains in state 0. The net result is captured by the
first term. Other terms in (5) have similar physical
interpretation.

As the control delay is independent of the amount
of work in the queue as in Assumption 5, after some
algebraic manipulation, (5) becomes

Fn(zl,ZQ) =
B(z1) [1—a+az]

1 X . .
[pn—l(oa 0) + 2_1 Z Z’{pn—l(zv 0)] +
i=1

Tu—1
A(z1)z2 [pn-1(0,1) + Py Z 21Pn—1(i,1) +
=1
z9 > ;
— D Apn1(i,1)] +
1Ty
A(z1)23 [1 — a + az]

| .
[Pn-1(0,2) + — 3 zipn-1(i 2)] +
=1



Tr,—-1

B(z1) [pn-1(0,3) + o > 2ipna(i,3) +
i=1

3 oo
z ; .
2 Z zipn—l(la?’)]

FlZr,

(6)

where A(z1) and B(z1) are given by (1) and (2), re-
spectively. As for (5), one can provide the physical
interpretation for each term on the RHS of (6). For
example, the last factor of the first term represents the
PGF of the amount of work in the downlink queue af-
ter transmitting one time slot of work. Since the con-
gestion state is 0, the amount of new work associated
with compressed files arriving during slot n is B(z1),
which is given as the first factor. Thus, the product of
the first and last factor yields the PGF for the amount
of work in the queue at the end of slot n. The second
factor in the first term reflects a possible change from
the current congestion state of 0 to 1, if the control
delay expires with probability «a in slot n. Otherwise,
with probability 1 — «, the congestion state remains
at state 0. Other terms in (6) can be interpreted in a
similar way.

It is worth-noting that since F,(z1, 29) is the PGF
of the probabilities p,(i,j)’s, they are one-one cor-
responding. Thus, one can see that (6) actually
represents a recursive relationship between F,(z1, 22)
and F,_1(z1,22). That is, given the probabilities
Pn—1(%,7)’s for slot n — 1, substituting them into (6)
yields the PGF F, (21, 22) of all p,(i,7)’s. In other
words, we can find the time-dependent state prob-
abilities as the recursion is executed once for each
time slot. Furthermore, since the queueing model
has a steady state by Assumption 2, when n — oo,
F,(z1,22) = Fn—1(z1,22). Thus, using (6) as a ba-
sis for iterations, we can apply a technique based on
discrete Fourier transforms [16] to solve for all proba-
bilities py(i,7)’s with n — oo as follows.

B. Solution by Discrete Fourier Transforms

Since the queueing model has a steady state, one
can estimate the “maximum” amount of work for the
downlink to be N (if the chosen N value is large
enough, the p,(i,7)’s should be very small, e.g. on
the order of 107, for all i close to N and j = 0 to 3).
Then, we closely approximate Fy,(z1,z2) by

Z Z 2122pn i,J)-

t=07=0

(7)

F 21,22

Since the number of all possible system states
(Qn, Sn) now becomes finite due to the truncation of

state space, we can use discrete Fourier transforms
(DFT’s) to represent F(z1,29) for computation. To
obtain the DFT’s, we define w; = e 2™/(N+1) and
wy = e 2™/ where j = /( —1). (Note that j is
also used an integer index.) Let {F(ki,ko)lk1 = 0
to N, ko = 0 to 3} be the DFT’s corresponding to
F,(21,22). By the definition of DFT, for all k&; =0 to
N and k9 = 0 to 3, we have

Zzwzklw%l@pn ’L ])

t=07=0

(K1, ko) (8)

Similarly, the DFT’s associated with A(z) and B(z)
in (1) and (2) can be defined and found as A*(k;) and
B*(k1), respectively. As a result, one can convert the

recursive relationship in PGF in (6) into one in terms
of DFT’s as follows:

Fy(k1, ko) =
B*(k1) [1—04+04wk2]
[pn—l(o 0 k Zwl Pn— 1(2 0)] +
w1 i=1
Ty —1
A*(ky)ws? [pn—1(0,1) Z wiFp, 1(i,1) +

Zw1 pnl

1= TH
A*(kl)wgkz [1 —a+ aw 2]

DI+

[pn 1 0 2 k Zw?[klpn 1 )] +
TL 1
B*(kl) k> [pn 1 0 3 Z wzlklpn 1 )
3

ky o0
kl > wi’“pn 133, 3))- 9)

=Ty,

Furthermore, one can choose and substitute an ini-
tial solution for the probabilities po(i,j)’s with ¢ = 0
to N and j = 0 to 3 (e.g., those corresponding an
empty queue) in (9) to obtain the DFT’s Fy(k1, k2).
Naturally, inverting these DF'T’s yields the probabili-
ties p1(¢,7)’s. This process is repeated by substituting
the new results into (9) as the argument again. Since
the model has a steady state, after a sufficiently large
number of iterations, probabilities p,(i,j)’s converge
to the steady-state solution, as one would expect. A
convergent criterion can be that the corresponding
new and old probabilities differ less than a very small
number (e.g., 1077). Once these probabilities are ob-
tained, other important performance measures such as



the response-time distribution and fraction of image
files compressed become known as discussed below.

C. Response Time & Fraction of Image Compression

To obtain the response-time distribution, we define

(21, ] Z Zipn(i, 4)-

Clearly, F‘n(zl, j) is the PGF for the amount of work
for the downlink, given that its congestion state is j
at the end of slot n.

Recall that the probability of ¢ file arrivals in a slot
is ¢;. According to the batch-size biasing argument
[20], the probability of a randomly selected files be-
ing the k' file arrival in a slot is given by 137, ¢;,
where ¢ is the average number of file arrivals per slot.
Since the arrival process is independent of the con-
gestion state and the service time is chosen from the
PGF’s X, (z) or X (z), when the file arrives during a
normal (uncompressed) and compression period. In
either case, the response time (from the arrival un-
til its transmission completion by the downlink) of a
tagged image file is the sum of the amount of work in
the queue at the beginning of the slot at which the file
arrives and the service time for those files that arrive
in the same slot but prior to the tagged file. In terms
of PGF, the response time for an arbitrary file is thus
given by

(10)

T(z1) =
[F(21,0) + F(21,3)] 02 [Xe(2)]FL 2 i +
[F(21,1) + F(21,2)] 252 [Xu(2)]FL 2 e (11)

where F(z1,7) = lim, o0 F,(21,5) for j =0 to 3.

After some algebraic manipulation, (11) becomes
T(z) =
[F(21,0) + F (2, 3))% Xe (Zl)[lXC((Z)lc) c(z0)] |
[F(Zb 1)+ F(zl, 2)]1 1 Xu (Z1)[1XC((Z)1() w(z1))] (12)

Since F(z1,7) = limy oo XN 2ipn(i,j) and all
pn(i,7)’s at steady state have been obtained from the
iterations, we can obtain the DFT’s F™*(ki, ) corre-
sponding to F(z1,7) by

N
F*(k1,j) = lm > wi"pa(i, j) (13)
i=0
for all k&4 = 0 to N and j = 0 to 3. Similarly,
the DFT’s for C'(X,(z1)) and C(X.(z1)) can be com-

puted. Finally, the DFT’s associated with T'(z1) are

obtained. Inverting the latter DFT’s yields the prob-
ability distribution for the file response time.

Let the fraction of files compressed by the proxy
be denoted by (. By definition, the probability
of staying in congestion state j at steady state is
lim, oo Y1 pn(i,7), which is given by F*(0,3) in
(13). As discussed above, the arrival process is in-
dependent of the congestion state. Hence, we have
B = F*(0,0) + F*(0,3), which is known as the last
two terms have been found by (13).

Let us consider the mean time between sending two
control messages to reflect the overhead of the control
mechanism. We observe that two control messages are
sent during the time period for the link to go through
the whole cycle of 4 congestion states once. Let the
average length of such a time period be K. As K in-
cludes two average control delay D, by renewal theory
we have 3 = 2D/K. Since two control messages are
sent during K, the mean time between two control
messages is K /2, which is given by D/, where (3 has
been found above.

IV. NUMERICAL RESULTS AND DISCUSSIONS

We now use the queueing model described above to
illustrate the possible performance tradeoffs for the
proxy function under consideration. In our numer-
ical examples, the average service time for a origi-
nal (uncompressed) and compressed files are 10 and 7
time slots, respectively. Unless stated otherwise, the
thresholds 77 and Ty are set to be 20 and 25 respec-
tively. These parameters are actually derived for a
possible operation scenario in the EDGE system [12]
and each time slot corresponds to 20 msec. The de-
tails of how the parameters are generated are omitted
here due to space limitation. In the following discus-
sion, we simply use D to stand for the average control
delay, which has a geometric distribution by Assump-
tion 5.

A. Response Time Performance

The primary goal of having content reduction prox-
ies is to reduce the response time involved in down-
loading data, where the response time is defined as the
time from the arrival of an image file (uncompressed
or compressed) at the downlink until it is completely
transmitted by the link. Fig. 5 shows the average
response time for cases with and without the proxy
function as a function of file arrival rate at steady
state. The average control delay for the cases with
proxy is set to 5, 25 and 50 slots respectively. As
standard queueing behavior, the figure reveals that



without proxy, the average response time grows very
rapidly when the arrival rate approaches 0.09 (i.e.,
corresponding to 90% link utilization). On the other
hand, with proxy, as the traffic load increases, the
proxy starts to compress image files. As a result, the
reduced traffic load maintains the reasonable response
time well beyond the arrival rate of 0.1 where the sys-
tem without the proxy could have become overloaded
and unstable. Clearly, by performing data compres-
sion based on link-congestion condition, the proxy can
effectively control the response time and improve the
system stability significantly. We have also obtained
results for 90 percentile response time, which have
shapes very similar to those in Fig. 5.
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As one would intuitively expected, when the control
delay decreases, the system can react faster to link
congestion conditions, thus lowering the response time
somewhat. It is interesting to observe from Fig. 5
that although this intuition is correct, the decrease in
response time is only marginal even when the average
control delay is reduced by one order of magnitude
from 50 to 5 time slots. However, one should not
conclude at this point that the control delay has little
impacts on system performance, as we will see later
in this section.

B. Probability of file compression

Another performance measure is the percentage of
image files compressed by the proxy. Since data re-
duction often results in loss in display quality, for a
given response time, the less number of files are com-
pressed, the better the proxy performs.

For the same average control delays considered
above, Fig. 6 plots the fraction of files compressed by

the proxy as a function of file arrival rate at steady
state. It shows that, for a given control delay, the
percentage of compression increases with arrival rate.
This is expected because high traffic loading causes
the radio link to be congested, thus triggering image
compression (i.e., degraded image) more often. As one
can observe from the figure, the biggest discrepancy
in the compression fraction for the selected control
delays occurs at medium arrival rates. The reason
for this is that, at medium loadings, the radio link
often moves in and out of the congestion state while
its buffer occupancy fluctuates between the threshold
Ty and Tr. And increased control delay causes the
control mechanism to be less responsive to changes
of the congestion state. As the arrival rate further
increases, the link constantly stays in the congestion
state (and files are compressed most of the time), thus
the impacts of the control delay is reduced.
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It is worth-noting that by comparing the above fig-
ure with Fig. 5, we find that with a larger control
delay, not only more files experience longer response
time, but also more files end up being compressed
by the proxy and thus having a lower quality. This
may seem to be counter-intuitive at the first glance,
since more content reduction means less traffic overall,
which could lower the response time. This calls for a
closer examination of proxy performance as described
next.

C. Probability distribution of system states

We have so far looked at two performance mea-
sures separately: response time and fraction of files
compressed. As mentioned previously, our results
show that when the control delay increases, both re-



sponse time and image quality degrade. What is not
captured when considering the performance measures
separately is whether the system is doing the right
thing in the right situation. In other words, whether
the proxy performs data compression when and only
when the system is congested. We now examine this
aspect of proxy performance by looking at the proba-
bility distribution of the congestion states.

As illustrated in Fig. 4, the radio link has four pos-
sible congestion states, indexed from 0 to 3. Due to
the non-zero control delay, the link stays in state 0
and receives compressed image files, despite the fact
that the amount of work for the system has dropped
below the threshold 7. Similarly, the link is in state
2 and receives uncompressed files while the link has
been considered to be congested. For this reason, we
call state 0 and 2 to be undesirable states. In contrast,
state 1 and 3 are referred to as the desirable states be-
cause uncompressed or compressed files arrive at ap-
propriate times when the link is not congested or con-
gested, respectively. As one would expect, the more
the link stays in the desirable states, the more efficient
the proxy performs the QoS control function.

Fig. 7 plots the probability of the system being in
the desirable (state 1 or 3) and undesirable (state 0
and 2) states, with an average control delay of 5, 25
and 50 time slots respectively. As expected, when the
control delay increases, it takes longer for the proxy
to react to the changes of link condition, and the sys-
tem stays in the undesirable states longer than with
a lower control delay. A striking observation from
the figure is that the amount of time that the sys-
tem spends in the undesirable states increases sharply
with the average control delay. For instance, with an
average delay of 50 slots, the system can stay at the
undesirable states nearly 50% of time at certain loads.

For a large control delay, delayed response to com-
press images by the proxy causes the downlink queue
to build up further than with a smaller control delay.
Although the proxy eventually starts file compression,
it will take a longer time to clear out the queue to be-
low T,. Thus more files are compressed overall com-
pared to lower control delays. Moreover, the files in
the queue experience longer response time. This ex-
plains why both compression probability as well as the
response time go up with an increasing control delay.

In addition, because the system also spends more
time in state 0 for a large control delay, while files are
compressed by the proxy when not needed, these files
experience lower response time. So overall, increased
control delay does not make a big impact on the file

response time.

To further confirm these observations, we consider
the correlation between the amount of work in the
system (denoted by @) at the end of slot prior to the
arrival of an arbitrary file and whether or not it is
compressed. Specifically, let a flag G = 1 if the file is
compressed, and 0 otherwise. Based on the equilib-
rium probabilities p,(i,7)’s obtained from the model,
the coefficient of correlation between ) and G for dif-
ferent arrival rates is computed and plotted in Fig.
8. For any given arrival rate, the correlation coeffi-
cient for a smaller average control delay is consistently
larger than the one with a larger delay, indicating that
files are more likely to be compressed when and only
when the system is congested.

D. Control overhead and transient behavior

Another important aspect of system performance is
the overhead of sending control messages involved in
the mechanism shown in Fig. 3.

Fig. 9 shows the average time between two control
messages sent from the BS to the proxy as a function
of Ty (where Ty, is set to be 5 less than the chosen
Ty value), when the file arrival rate is 0.05. As one
would expect, these results reveal that, for any given
Ty, the mean time between messages increases as the
average control delay D does. This is so because a
large control delay makes the time period for the link
to go through the whole cycle of 4 congestion states
once longer. Since there are two control messages sent
per cycle (one message upon entering state 0 and 2
respectively), longer cycle time implies longer mean
time between control messages. Furthermore, for a
given D value, the mean time between messages in-
creases with Ty. Since the file arrival rate is fixed,
a larger Ty requires a longer time to reach the con-
gestion state 2 and 3. As a result, the cycle time
increases, and so does the mean time between control
messages.

Last but not least, the performance model pre-
sented above also enables us to examine the transient
performance of the proxy server. In particular, we
consider an overload condition where the downlink
has reached a steady state at time slot 0 with file
arrival rate of 0.05. From time 1 to 100, the arrival
rate is increased three folds to 0.15 and the rate is
re-adjusted back to 0.05 after time 101. Figure 10
shows how the probability of file compression changes
in time for the average control delay of 5, 25 and 50,
respectively. These results reveal that for small D,
the congestion status quickly reaches the proxy. As a
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result, the proxy starts to compress image files right
away following the beginning of the overload period.
Similarly, the proxy also responds quickly by stopping
unnecessary compression after time 101 at which the
overload period ends. Results in this figure again show
that small control delays help the proxy adapt to the
network conditions more efficiently.

V. CONCLUSION

We have proposed and analyzed the performance of
a proxy for QoS control in wireless networks, where
the proxy performs data/content reduction according
to the network conditions. Specifically, when the radio
link is congested, the proxy is made to reduce data
aggressively, as a means to throttle traffic to control
the quality of service.

A new queueing model has been constructed for an-
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alyzing and studying the performance tradeoffs of the
proxy system. In particular, the model enables us to
examine how the performance is affected by the con-
trol delay between base station and the proxy. Based
on our numerical results for image compression, we
found that when compared with no proxy function,
the proxy can serve as an efficient control mechanism
to improve response time, hence protecting the scared
radio resources against excessive traffic load. The con-
trol delay turns out to be a key performance param-
eter. It is observed that the control mechanism can
operate efficiently if the delay is reasonable small (e.g.,
on the order of 100 msec for the 3G wireless networks
with EDGE as the air interface [12]).

Comparing results obtained for different control de-
lays, we found that both the response time and the av-
erage data quality degrade with an increasing control



delay. More importantly, we also found that studying
the response time and compression rate separately for
the proxy system is not sufficient for capturing the en-
tire picture regarding proxy performance. Rather, the
effectiveness of the control mechanism should be as-
sessed by examining whether the proxy performs data
reduction when and only when link congestion occurs.
We therefore computed the system-state probabilities
and the coefficient of correlation between response
time and compression, which reveal that the proxy
performance is far more undesirable with a relatively
large control delay in that respect. Although we con-
sider the proxy adaptation based on the overall link
conditions here, the control delay is expected to have
similar performance impacts for cases where the proxy
functions are adjusted according to the link quality for
individual mobile users.

In cellular networks, the available capacity for the
entire downlink and for the individual users fluctuate
in time, so does the quality of service as perceived by
mobile users. For future work, we plan to examine
how proxy functions can provide further help in im-
proving the response time and data quality with this
type of channel conditions.
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