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Abstract

The task of supporting integrated multi-rate multimedia
traffic in a bandwidth poor wireless environment poses a
unique and challenging problem for network managers. In
this paper we propose a novel bandwidth allocation
strategy which partitions the available bandwidth amongst
the different traffic classes in a manner that ensures quality
of service (QoS guarantees for digital video while
minimizing the maximum blocking probability for voice and
data connections. At the connection level, optimum
utilization of the reserved bandwidth is achieved through
intra-frame statistical multiplexing, while at the system-
level, the delicate task of partitioning the bandwidth is
accomplished by developing an efficient algorithm which
uses traffic parameters consisting only of aggregate traffic
load and the total available bandwidth. The algorithm built
on non-trivial mathematical results, is simple, robust, and
well suited for practical implementations.

1. Introduction

Different broadband services require different amounts of
bandwidth and have different priorities. For example, a
connection for visual communications will in general require
more bandwidth than one for data communications, and a

Imrich Chlamtac

chlamtac@utdallas.edu

Networks

Andras Farag6
Technical University of Budapest
Budapest, Hungary
farago@ttt-atm.bme.hu

at Dallas

Supporting real-time VBR video along with voice and data
over bandwidth-constraint networks continues to be formidable
problem.  The difficulty arises because VBR video is
unpredictably bursty and because it requires performance
guarantees from the network. While resource reservation
schemes work best for CBR traffic, there is no consensus on
which strategy should be used for VBR traffic. On one hand,
since red-time VBR traffic is delay sensitive, a resource
reservation scheme seems to be the right choice, on the other
hand, because VBR video is bursty, if resources are reserved
according to peak rates, the network may be under-utilized if the
peak-to-average rate ratios are high. These two opposing
characteristics have resulted in a common belief that it is
unlikely that performance guarantees can be provided to such
bursty sources with very high network utilization. This is the
problem we address in this paper, that is, can performance
guarantees be provided to VBR video without significantly
under-utilizing the bandwidth and can this be done in
conjunction with minimizing the maximum blocking probability
for voice and data connections?

Our solution to this problem consists of three parts: (1) use a
joint source-channel video codec, (2) provide connection
lifetime reservation for rea-time video connections with
optimum bandwidth utilization, and (3) partition the available
bandwidth in a manner that ensures that the maximum blocking
probability for voice and data traffic is minimized.

From a connection’s perspective, we advocate the use of a
multi-resolution joint source-channel video codec Depending
upon the application, this codec may either be a subband video
codec or a region-based video codec [1], [2]. We then propose
reserving the peak bandwidth for the primary subband (or
region) while letting the secondary and tertiary subbands
(regions) compete for bandwidth dynamically. A potential
problem with reserving according to the peak requirement is that
most of the time the actual amount used by the primary subband
is far below the amount reserved. To avoid under-utilizing and
wasting reserved bandwidth we have introduced the notion of
intra-frame statistical multiplexing in [1]. The bandwidth left
over after the primary subband (region) has been transmitted is
used for transmitting the remaining subbands (or regions). Also
packets received in error and whose retransmission has been
requested by the receiver can be sent using this left-over
bandwidth. In essence the idea combines statistical multiplexing

voice connection will in general be of higher priority than
either a data or a video connection. In response to these
varied demands, the network designer may choose to assign
different amounts of bandwidth to different types of traffic.
The motivation for such an approach stems from the desire
to support different kinds of multimedia services with a
reasonable level of performance and without letting the
demand from any one type shut-out other types of services.
The challenge for the designer is to come up with techniques
that are able to balance the needs of the various applications
with the need of the system to accommodate as many
connections as possible. This task of providing guaranteed
quality of service with high bandwidth utilization while
servicing the largest possible number of connections can be
achieved through a combination of intelligent admission
control, bandwidth reservation and statistical multiplexing.
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a the system level with statistical multiplexing at the the traffic mix would not significantly contribute to
connection level to achieve optimum utilization. achieving smaller loss.
From the system’s perspective, we develop a simple
algorithm that partitions the available bandwidth in a mannep, Bandwidth Partitioning
that minimizes the maximum blocking probability for voice ] o ] i
and data connections while guaranteeing bandwidth fopeveral bandwidth partitioning strategies that allocate bandwidth
VBR video connections. It should be noted, that even wherfairly” for different traffic classes while attempting to achieve
the distribution of the different traffic types is given, finding Maximum network throughput have beempsed in literature
the optimal partitioning of bandwidth is a very difficult [4], [3], [6]. Previous studies of thesg techniques in wweles_s
task, and for the general case can be modeled by an Npetworks have focused on the co-existence of data and voice
complete graph coloring problem. The intractability oftraffic, while packet video has generally been ignored.
finding the optimum is present already in the simplest At the two extremes of such strategies is the Complete
situation when the traffic consists of voice connections onlyharing (CS) and Complete Partitioning (CP) (also called
and the statistics of the offered traffic are completely knownVutually Restricted Access) strategies, and in between are the
However the problem becomes even more difficult when th&st, generally referred to as hybrid strategies. As the names
wireless network is carrying integrated non-homogeneougUggest in CS, all traffic classes share the entire bandwidth.
traffic, a situation occurring naturally in the case of wirelesg\lthough trivial to enforce the main drawback of this strategy is
multimedia networks. In this case estimating the bIockinghat a temporary overload of one traffic class results in degrading
probability of connections and its application in resourcéhe connection quality of all other classes. In CP, bandwidth is
allocation strategies is further complicated for twodivided into distinct portions with each portion corresponding to
fundamental reasons: a particular traffic class. CP is wasteful of bandwidth if the
¢ Although there are methods for computing b|ockingpredicted bandwidth demand fqr a particular traffic class .is
probabilities for integrated systems under specificd'éater than the actual bandwidth demand. A compromise
statistical assumptions [8] (e.g. multirate Poissorpetwee,” CPandCSis a strategy in Whlch bandwidth is allocated
models), there are no simple closed formulas that Caﬂynamlcally to match the varying t.l’al.‘fIC Ioad.. Pu_t another way
easily be applied to optimizing resource allocation. an attempt is made to achieve s_tatlstlcal multiplexing at thg burs_t
o It is realistic to expect that traditional statistical level ratht_ar Fhan at thg connection level. .One such technlgue is
assumptions will not describe the traffic load precisely.caIIed Priority Borrc_)wmg (PB). A moving ,bOU”daW exists
Therefore, it is injudicious to make concrete betwee_n _the bandwidth aIIocgted for.the various ftraffic classes
assumptions based on angdvance knowledge and pr!orlty users (usuglly voice traffic) are a_IIowed to borrow
regarding the detailed statistical properties of traffic in apandmdth frqm non.-prlorlty USers _(data traffic). It has been
shown that this hybrid scheme provides better performance than

wireless multimedia network. This calls for a i .
bandwidth management methodology that works undepoth CS and CP, over a range of offered loads both in micro-

incomplete information and does not critically dependc":'fllul""rd ?nd4 r?acro—cellular fenw}:onraents [SIThe reader is
on specific statistical assumptions. referred to [4] for a survey of such schemes.

In section§ 2_and 3, we propose a so!ution for thg allocatiop 1 Priority Sharing with Restrictions
of transmission resources among different traffic classes . ) ] )
under incompletely known conditions. When combined®00d bandwidth allocation schemes rely on dynamic allocation
with our intra-frame statistical multiplexing proposal [1], of bandwidth to achieve high utilization. While dynamic
our solution has the following main properties: allocation at the burst level provides good statistical
1. It provides guaranteed QoS for on-going real-time videgnultiplexing, it performs poorly for connections that require a
sessions. This guarantee does not come at the expe,%eétain quality of service. It wouldn’t be too extreme to claim
of bandwidth, since all of the reserved bandwidth ishat the only practical way to guarantee quality of service is by
utilized through intelligent statistical multiplexing. prowdlng bandW|dth' reservation for entire Ilfetlr_ne of the
2. ltis robust and insensitive to statistical assumptions, agonnection.  In previous studies, bandwidth allocation for VBR

it depends only on the average rates of the aggregaté¥fleo at connection establishment time was not seen as an
flow of traffic classes, butot on the detailed statistics interesting and viable alternative since no real technique had

of the traffic mix and of the arrival process. From abeen developed that would prevent wastage of reserved
practical viewpoint, this insensitivity is highly Pandwidth. Since it is very difficult to accurately predict at
advantageous, since the detailed statistical informatiofonnection establishment time the bandwidth requirement of a
is typically unavailable or uncertain VBR video connection, static reservation of bandwidth was
3. The resulting allocation is based on minimizing a bounogenerally ignored. ~ However using the technique from [1] and
on the blocking probabilities that is proven to be[2] static reservation can be provided without wasting the
asymptotically optimal. The optimality is also important precious bandwidth.  With this technique we can build into a
as it signifies that for large systems it is sufficient tomedium access protocol provisions for both static (lifetime) and

know aggregate flow rates, as the detailed knowledge c5}ynamic bandwidth reservations. With static bandwidth
reservation we are able to guarantee a quality of service and with
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dynamic reservations we are able to improve the visual users and is used for dynamic burst level reservation. In terms of
quality of the images when additional bandwidth is  priority, voice users have a highest priority, followed by video

available. users, and data users in that order. Table 1 provides an example
A natural question isto ask is, which is the best scheme  of who can borrow from whom..
(CS, CP, or PB) for bandwidth allocation from the point of Figure 2 shows a sample of the performance data for the

view of providing guaranteeing quality of service for visual PSR scheme as compared to the PB and CS schemes. Details of
communications. Clearly complete sharing is not suitable.  the experiment are provided next to the graph. The video codec
Complete Partitioning, on the other hand can deliver, but as  used for the experiment was a region-based ITU’s H.263 video
noted earlier is wasteful of bandwidth. Priority Borrowing  codec. A segmentor preceded the H.263 codec dividing the
is thus the most viable candidate. We have extended image into 5 distinct regions before compression. This is shown
Priority Borrowing to include static bandwidth reservation  Figure3. The average voice and data traffic load @8&&rlangs

with amoving boundary. We call this new scheme Priority ~ and 10 Erlangs respectively. The traffic load for video was
Sharing with Restrictions (PSR). Figure 1 illustrates this  increased by using the same compressed video stream multiple

scheme. and the average PSNR was computed by calculating the average
Packet Video PSNR of each bitstream at the output of the decoder and then
- — taking the average of all these averages.
Packet
Data | Voice | Contend | Reserved |
| T T [ | Bandwidth Partitioning and VBR Video PSR
< L 35 T / PB
Figure 1: Priority Sharing with Restrictions . 30+ — N

Z 25+ o K
Briefly, in this scheme only real-time video connections are £ 50l video Treffic \
alowed to make lifetime (or static) reservations; voice and S 15 | Sompression = Region-based H.263

X ) ) © vg. Frame Rate =75Hz CP
data connections make reservations dynamicaly. At 8 10 | Avg.videositrate aakps
connection establishment time bandwidth for video < | #of Redonsimane Z g aTexasy
connections (for the main subband or region) is alocated ‘ ‘ ‘ ‘ ‘ ‘
from the Reserved portion the available spectrum 0 ‘ ‘ ‘ ‘ ‘ ‘
' 5 10 20 40 60 80 100
Offered Video Traffic Load (Erlangs)
Data  Voice Video- Video- ) ) ) L
Dynamic Static Figure 2: Comparisons of Bandwidth Partitioning Schemes
Data - BP BP BP . ) ) .
Voice B - B BP 3. Minimizing Maximum Blocking Probability
Video-Dynamic B BP - BP
Video_Static X X X : Let us consider a wireless multimedia network

B - Borrowing allowed; BP - Borrowing allowed, preemption supportingN traffic types (denoted byT,,...,T,) and with a
possible; X - Borrowing not allowed; - - Don’t care . . ! N
total available bandwidttB . Let us assume that users from an
Table 1: Rules for Priority Sharing with Restrictions arbitrary finite population independently generate connection
requests that may require different amounts of bandwidth. Also
The amount of bandwidth reserved for such static  let us assume that the average aggregate loadaffic demand)
reservations is determined by the network designers (see D, for traffic class T,, is known ahead of time.
section 3). The remaining spectrum is divided among voice,
data and video (for secondary, tertiary subbands/regions)

Image Segmentor

~

H.263 Video
Compressor

Primary Region
K Secondary Regions yRed /

Figure 3: Region based H.263 codec
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Now, given this traffic demand, we wish to determine a
nominal allocation of the bandwidth Bto be given to the
different traffic classes, that is, the values B,,...,B, such

that T, receives B, under the constraint ZiNlei =B. (Note:

transmission bandwidth is assumed to consist of a number of
basic bandwidth units (BBU'’s).
TDM-based then the bandwidth resouBzéranslates taB; /S

BBUs, whereS is the number of bits in one BBU.)

Let d,(t) be a random variable describing the actual

instantaneous aggregated demand by traffic class

The key mathematical tool in this solution is a robust and
tight estimation of the saturation probabilities, which is based
on the following theorem.
Theorem 1: Let Xl""’XN
variables taking their values from the inter\,{@ll]. Their

be independent random

If the access protocol isyropapility distributions are otherwise arbitrary and not

necessarily identical. S&X = ¥, X, and D = E(X) then for
any C = D the following estimation holds:

P(x=cC) <

Assuming stationarity, the average demdpdis the expected Furthermore, this estimation is the best possible in the

value ofd, (t) independent of , thatis,D, = E{d, (t)}. We
measure the Grade of Service (GoS) for traffic clasby the
is the

probability of the event that the instantaneous load for traffic
class T, exceeds the bandwidtB, allocated for this traffic

is measured by the worst, i.e. the

saturation probability ©, = P(d,(t) =2 B,). This

type. The system GoS
maximum, of these saturation probabilities
© = max©, = max P(d(t)=B) Q)
' i

Thus, our optimization task can be stated as follows:
Given the aggregate load D, for each traffic class T, and the
total system bandwidth B, determine the allocated
transmission capacity B, for each traffic type such that

O©=max P(d,(t)=B) iS minimized,
N
subject to y B=B @)

The Smart Allocate Algorithm

following sense: For any fixed ¢ >0 and for any fixed D
and C with C=D there exist infinitely many
counterexamples for which

P(x=c) > BBBC e“ P holgs )
oc O

The proof of Theorem 1 is based on a bound due to
Hoeffding [7], which is a powerful generalization of the well
known Chernoff bound on the tail of the binomial
distribution. Note that Chernoff's bound alone would not be
enough for our purpose. For space limitations we omit the
proof, it can be found in [3]

Using Theorem 1 we can bound the saturation
probabilities P (d, (t) = B, )as follows. At any given time let

X ; be a random variable that takes the value of the bandwidth
b required by userj . With b values being normalized to the
interval [0,1], X; O [0,1] holds. Then according to our model,
withX =d,() D=D, and C=Bwe
asymptotically optimal GoS estimation:

P, ()>8) < Egg eB D 5)

obtain an

At first glance, it appears impossible even to reasonably The estimation (5) makes it possible to transform our
approximate the optimum in the above task, since the onlyyiginal problem into a well defined optimization task in
quantities available for computing or at least estimating th@ich the unknown exact saturation probabilities are replaced

probabiliies P (d,(t)>B,) for

any given T, are

by the optimal bound (5):

theD, values. It is therefore valid to ask how can one tightly
estimate the saturation probabilities from knowing merely théiven the aggregate load D, for each traffic class T; and the

expected value of the randomly fluctuating traffic load fromtotal system transmission bandwidthB,

determine the

each traffic type, as the generally used estimations of such taillocated transmission capacity B, for each traffic class, such

probabilities, known from the theory of
typically require much more information,
knowledge of the moment generating function.

large deviations,ipat
such as e.g. the

In what 5 = m D, O™ Bi—DiH isminimum. (6
follows we show that despite the presence of the unknown - X B, € g1s um, - (6)
saturation probabilities in the problem it is possible to find a : E

good practical solution which is based on transforming the
problem into a well defined optimization task, based on an

asymptotically optimal estimation.

! For example, © = 0.01 represents at most a 1% probability that a given
request will be blocked due to unavailability of sufficient bandwidth.

N
subject to z B =B
1=1

The asymptotic tightness of the estimation (5) guarantees
that, in the asymptotic sense, i.e. for large user populations,
the solution for (6) will be a very good solution to the original
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problem, as well. The basis for solving (6) is provided by the
following property.

N B =B is

i=1"1

Theorem 2: An dlocetion B,,..., By with 3
an optimal solution for (6) if and only if:

D, [Pt B - D, [P" B -
i @BiD o P e B Dn poias (7)
Bl BN

For the proof of Theorem 2 see[3].

In view of Theorem 2, all that remains to be done for
solving (6) is to find an alocation B,,...,Bywith

-, B; =B such that it makes the GoS bounds (5) egual. To

derive an algorithm for this we need an auxiliary function
defined as follows. For any fixed D, >0and 0<o <1, let

B, (0) bethe unique solution for B, of the equation:

E%g T =0 ®

The unique solvahility of equation (8) follows from the facts
that for B, = D; the left-hand side is 1 and otherwise it is a

strictly decreasing continuous function of B, that tendsto O as
B, grows. (For a proof see [3]). It follows from this that the
value of B, (o) i.e. the solution of equation (8), can be
computed with arbitrary accuracy by a ssimple iterative search

(interval halving) that approaches the root at an exponentialy
decreasing error. Using the auxiliary functions B, (0 )we solve

(6) such that we successively iterate avalue 0<o <1 for
which % .B, =B holds within a given error bound ¢ >0.

This algorithm that we call Smart Allocate is shown in Figure
4,

The correctness of the agorithm and the rate of
convergence are stated in the following theorem (for the proof
see[3]).

Theorem 3 Algorithm Smart Allocate converges to an
optimal solution of equation (8) at geometric rate, i.e. the
error decreases exponentially.

It should be noted that in our situation when the transmission
capacities have to be allocated knowing only the aggregated
average load in each cell, one could easily argue on a common
sense basis that without any other information the only
reasonable solution is to alocate the capacities proportionally
to the load values. The load-proportional allocation would
mean that D, /B, =... = D, /B, holds. On the other hand, we

know from Theorem 2 that the optimal solution of eg. (7),
which is the asymptoticaly optimal GoS estimation, is
obtained if and only if

D, ™ B,- D, " B, -
Eﬁg 27D = = BNg e Pv (g
N

holds, which is different in general.

Initialize

Midpoint of [l , u]

[ Compute Bi (CT) ] Using eq. (8)

!

B=3L18 (o

Compute Total
Capacity

Check if Capacity
is overused

Check if Capacity
is underused

Stricter bound

-
‘e <+ _ _ Solution has
Bl - Bl(a)""’ BN - BN (U] been found

.

Figure 4: Algorithm Smart Allocate

Calculating D; for Digital Video, Voice and Data

If we let p(i, j,b) be the probability that user j with traffic
class T, demands bandwidth bat any given time and let
h(i, j,b) be the expected holding time of such a connection.
Then D, can be expressed as:

D, = J§5|O(i,j,b)h(i,j,b)b (10)

In (10) it is assumed that there are finitely many possible
b values and they are normalized such that 0 < b <1 aways
holds, otherwise they are arbitrary. Furthermore, stationarity is
aso assumed sop(i, j,b)and h(i, j,b) are independent of
time.

The problem in using (10) for computing D;is that
p(,j.b), h(i, j,b) and b values and aso the actual number
of connections are not assumed known — fortunately we don’t
really need these to determiiig

For CBR video connectiond), is simply a multiple of

the constant bit rate. For VBR video connections, demand can
be estimated as the multiple of the average peak value of the
primary subband (or region) in image frames from several

video sequences. ThuB;,is determined by examining the

density functions of the primary subbands (region) of several
similar video sequences and then deriving the distribution for
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the maximum (peak) values. From this derived distribution the
desire mean can be computed [10].

In [10] it is shown that the distribution for the peak values of
video frame sizes is determined to be:

Fo(y) =

where uand a (> 0) are the location and the scale parameters

of the distribution, and Y is the random variable representing
the peak values of the primary region in various video
sequences. Then it is trivial to show that the mean of Yis
given as.

577
7, = ue 25770
0oa 0O
finaly, D4, =M xn,, where M is the estimated number

of video connections to be supported; Assuming CBR for
voice connections with anomina rateof R, D =NxR,

exp[-eV V], —o<y<o

voice

4. Conclusion

We have presented a bandwidth reservation, utilization, and
partitioning strategy for supporting multirate multimedia
traffic in resource constrained wireless networks. Through
adept combination of connection -level improveméntsising

a low-bit rate multi-resolution VBR video codec with
intelligent bandwidth reservation, and system-level
improvementd] partitioning available bandwidth, a wireless
network can simultaneously support digital video (with QoS
guarantees), voice, and data communications. Our method for
partitioning and allocating transmission capacities to different
traffic classes is useful as it does not require detailed prior
knowledge of the underlying traffic.  The partitioning
algorithm (theSmart Allocate algorithm) is simple, easy to
implement, and the geometric rate of convergence ensures that
the result is found quickly. These properties make it well
suited for practical application, even in the case when the
aggregate load values change and the bandwidth allocation has

where N is the estimated number of voice connections,  to be re-computed from time to time.
KnOWi ng Dvideo and Dvoice, we get Ddala = B - Dvideo - Dvoice'
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