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Abstract the existence of a resource reservation protocol [5, 13], and
underlying scheduling mechanisms, to reserve and guar-
Controlling the quality of collaborative multimedia ses- antee end-to-end resources. On the other hand, the reac-
sions, that deploy multiple media streams, is a challengingtive approach relies mainly on the ability of the application
problem. In this paper, we present a framework for achiev- (senders and receivers) to adapt itself to the level of avail-
ing quality of session (QoSess) control, focusing on two able resources in the face of network and computer load
main components of the QoSess control layer. The first comimbalances [2, 3, 6, 8].
ponent is a scalable and robust feedback mechanism which A key issue that characterizes most of the proactive and
allows for determining the worst case state among a group reactive approaches, taken for handling multimedia streams,
of receivers of a stream. This mechanism is used for control-is the management of th@uality of Service (QoS)ffered
ling the transmission rate of multimedia sources in the casesto individual connections in isolation of others. We believe,
of layered and single-rate streams. The second componenhowever, that the QoS offered by the system should be dy-
is the inter-stream bandwidth adaptation mechanism that namically controlled across the set of connections belong-
dynamically controls the bandwidth shares of the streamsing to the IMC application, in order to avoid any poten-
belonging to a session. We compare the performance oftial competition for resources among the session’s streams.
several adaptation algorithms. Additionally, in order to en- This control should be based on the application semantics,
sure stability and responsiveness in the inter-stream adap-with the objective of maintaining the best overall quality of
tation process, several measures are taken, including devis-session, at every instant in time. The QoSess control layer
ing a domain rate control protocol. The performance of our constantly monitors the observed behavior of the streams,
mechanisms is analyzed and their advantages are demontakes inter-stream adaptation decisions, and sets the new
strated by simulation and experimental results. operating level for each stream from within its range of
permissible operating points. Over a wide area network,
in the presence of a resource reservation protocol such as
RSVP [13], the QoSess control layer manages the resources
that are collectively reserved for the streams of a distributed
application.
The QoSess layer is composed of two main compo-
nents: monitoring agents, and inter-stream adaptalt&h)(
X ) y ) .. agents. An overview of the design of the two agents is
cations are being d.evelqped for d|stapce Iearnlng/tramlng,givem together with explanation of the underlying design
scientific and engineering coop(_eratllve efforts, Internet principles. Much emphasis is directed in this paper towards
games and tele-meetings, to mention just a few areas. HoWyyq pyilding blocks of the QoSess control layer: scalable
ever, the real time requirements of the multimedia streams, oyt state feedback, and inter-stream bandwidth adap-
deployed by_ IMC applications, dem_and spemal_treatment.ta,[iOn mechanisms.
The .tWO pasm approaches for hanQImg the requirements of The state feedback mechanism is embedded in the mon-
multimedia streams are the proactive approach and the re-

active aoproach. The proactive aporoach relies mainl On|toring agents and serves to provide the source of a multi-
PP ' P PP Y 9N media stream with deterministic information regarding the
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1. Introduction

Explosive growth in the deployment of new network
technology has created many opportunitiesifderactive
Multimedia Collaborative (IMChapplications. IMC appli-




source. Given this knowledge, the sender can suppress or
start sending the needed layers. The feedback mechanism
is not only important for saving the sender’s host and LAN
resources but for saving WAN resources as well in situations |

where the IMC application’s addressing scheme for the lay- -
ers does not permit the intermediate routers to suppress un-
wanted layers, or where the IMC session is conducted over!
an Intranet whose subnets are inter-connected via low level:
switches that do not implement the IGMP protocol [4] for
suppressing multicast packets for which no receivers exist |
on the subnet. :
Soliciting information from receivers in a multicast

group might create eeply implosionproblem, in which a !
potentially large number of receivers send almost simulta- : - }
neous redundant feedback messages. Typical solutions to _ PtePentstoest | 1
address this problem include probabilistic reply, expand-

ing scope search, statistical probing, and randomly delayed Figure 1. QoSess layer architecture
replies [2]. We present a scalable and robust state feed-

back mechanism, which extends the concept of randomly . -
delayed replies with suppression of redundant replies. Theregardlng the characteristics of the stream, througbra

proposed mechanism does not rely on periodic session mestrol interface, at initialization time. The agent communi-

sages. cates this information to the local ISA agent, which uses it

The inter-stream bandwidth adaptation mechanism is de-" t_?rlilngllrat? ada(;ot;sthon_dem;:on;.t ¢ th
ployed by the ISA agent, in order to allocate the band- e client sends/receives the data stream throutia

width available to a receiver among the different streams'ndtz;faie’ \tNr? 'Cr:j pe_zr;nlts atQOSthmea”sure_zmefnt untl_tto i
in a way that enhances the overall session quality, from 2dd/extract header information thus allowing for estimation

that receiver’'s perspective. We have devised a new inter—?f thde percel\{[ed quah:]y Ofl the streacrjn_ttt)y chec.kmtg”:nor;!- N
stream adaptation algorithm, which does not require knowl- ored parameters, such as losses and Jitter, against the clien

edge about the session bandwidth, and which accounts foPpeﬂf'edf %OS treqUIrgments.tAdngl i?\anlgsi\m thetperce!ved
the fact that typical multimedia sources are able to vary theirqu"’;r']yl0 I?}S t[eam IS reported fo the agent, running
transmission rates in discrete steps only [11]. In this paper,On € local Nost. . . :
we show the advantages of our new algorithm by compar- On receiving an ISA decision regarding the operating

ing its performance to other known inter-stream bandwidth {om_ntf of th_f stlr_eartn, ghetatgent triggers a:_ Ca”b"?c‘: fllmct:jon
adaptation algorithms [1, 12]. o inform its client about the new operating point. In ad-

dition, these decisions are fed tcstate feedback proto-
. . col machine, which engages the agents associated with the
2. Architecture Overview sender and receivers of a stream in a scalable and robust
feedback protocol which enables the sender to set its trans-
Figure 1 illustrates the architecture of the QoSess con-mission rate appropriately according to the requirements of
trol layer. In the figure, the IMC application is modeled as a the receivers and its ability. This feedback protocol is de-
set of sender and receiver units and a session manager (SMailed in Section 3.
unit, for clarity. In general, no specific requirements areim- ~ An ISA agent runs, as an independent process, on each
posed on the architecture of the application, and it may behost participating in the IMC session. The ISA agent is re-
composed of one or more processes. The abstract SM unisponsible for dynamically determining the operating points
is responsible for providing the ISA agent with information of the streams belonging to a session. These dynamic
regarding the relative priorities of the streams, and whetherchanges should be handled carefully in order to avoid in-
each stream is active or passive. The QoSess layer is comstabilities and oscillations in operating points. The ISA
posed of several independent agents that cooperate togethegent must not react immediately to every notification re-
to provide the QoSess control framework. Two types of ceived from monitoring agents to avoid over-reactions that
agents constitute the QoSess layer: monitoring agents, andnay lead to instabilities. In the mean time, excessive delays
inter-stream adaptation (ISA) agents. in reaction time affect the responsiveness of the system and
The monitoring agent is implemented as a library which are not desired. ThESA state machinecontrols the state
is linked to the client (sender or receiver) code at compila- transitions of the ISA agent, in a way that ensures stability
tion time. The client provides the agent with information and responsiveness. This is discussed further in Section 5.
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TheISA decision making unit implements the mecha- Cif(H)  Cyf(H) +C, o(H)
nisms necessary to select dynamically the operating poirggateH +H——
for each stream. The ISA decision making unit is triggered
to recompute the operating points of the active streams b$tate H-1 P
the ISA protocol state machine, when the latter detects ei-
ther an overload or an under-load overall receiver state.
Also, the decision making unit is triggered by external C,f(1) C1f(1) +C, 0(1)
events such as the activation/deactivation of a stream or tHgate 1 l !
change of the relative priorities of some of the streams. The
inter-stream adaptation algorithms implemented by the de- T Time
cision making unit are discussed in Section 4.

receive probe

3. A Scalable Feedback Mechanism Figure 2. Distribution of timeout periods

The objective of the feedback mechanism is to find out
the worst case state among a group of receivers. The defifhe states, C1 andC; are two parameters whose values are

nition of the worst case state is dependent upon the contexgliscussed later in detail. The receiver then keeps listening
in which the feedback mechanism is applied. It can be the!0 the multicast group. If the timer expires, the receiver
network congestion state as seen by the receivers, whicHnulticasts its state to the whole group. On the other hand, if
may be useful for single-rate streams. Or, it can be thethe receiver receives anot_her reply before its _tlmer expires
highest layer any receiver is expecting to receive from the @nd that reply contains either the same or higher (worse)
source of a hierarchically encoded stream. This allows theState, then the receiver suppresses its own reply.

sender to adjust its transmission rate in order not to waste  The objective of setting the timeout periods as a function
resources on unneeded layers. This is particularly impor-Of f(s) andg(s) is to distribute the timeouts as in Figure 2.
tant in the context of managing multimedia streams in IMC Receivers in higher states randomize their timeouts over pe-

sessions where the assumption that the sender has abundafipds that start earlier than receivers in lower states, thus
resources is typically invalid. allowing for higher state responses to suppress lower state

In what follows, we assume that at every instant in time résponses. In addition, the lower state receivers randomize
each receiver is in one statewheres = 1,2, ..., H. H is their timeouts over longer periods relative to higher state
the highest or worst case state, and the state of a receivefeceivers. This is because as time elapses and no responses
may change over time. are generated, it can be implicitly deduced that the distri-

The randomly delayed replies approach augmented withbution of receivers over states is biased and more receivers
receiver suppression of redundant replies was successfullPelong to the lower states. Thus it is desired to randomize
deployed in IGMP (Internet Group Management Proto- these condensed replies over longer periods.
col) [4]. In our case, the group of receivers may be dis- In order to meet these objectiveg(s) and g(s) must
tributed over a wide area network (WAN), thus a reply sent be non-increasing functions ef We chose to makg(s)
by one receiver may not be heard by another before the othefnd g(s) linear functions ins in order to avoid excessive
one emits its own reply which may be redundant. This im- delays in response time, whefés) = H — s, andg(s) =
plies the need for careful selection of the delay randomiza-f(s) + k= H — s + k.
tion function to avoid the reply implosion problem, while ~ C1 controls the aggressiveness of the algorithm in elimi-
maintaining a low response time. nating replies from lower state receivers, while controls

In the proposed feedback algorithm, the sender sendghe level of suppression of redundant replies from receivers
a probe message on a special multicast group which theln the same state. The values of these two parameters are
sender and all the receivers join. The probe message conexplored in depth in the following sections. Given a certain
tains aRTT field, which contains the smoothed average Value fork, the value ofC’; can be tuned to optimize the
round-trip time from the sender to the group members. performance of the mechanism. Thus, the valuk isfset
Upon receiving the probe, a receiver sets a timer to expireto one.
after a random delay period which is drawn from the inter-
val: 3.1. Exploring the parameter space

RTT RTT
5 , (C1f(5) + Cag(s)) 5| Low values forC; andC, are desired in order to reduce

the response time. On the other hand, excessive reduction
where f(s) andg(s) are two non-increasing functions of in the value of either of the two parameters may lead to in-

C1£(s)



efficiency in terms of the number of produced replies. In  In [10] and [12], we presented two inter-stream adap-
order to bound the values 6f; andC-, we analyze an ex- tation algorithms: RISA (Rate based Inter-Stream Adap-
treme network topology, namely: the star topology. Given tation), and I-WFS (Iterative Weighted Fair Share). The
a certain distribution of receiver distances from the sender,two algorithms assume the existence of a known amount
the feedback mechanism exhibits worst case performancef bandwidth reserved for the session, and that the trans-
when the receivers are connected in a star topology with themission rate of each stream, can be set to any point
sender at its center. This is because connecting those rein a continuous range of operating points in the interval
ceivers in a star topology maximizes the distance between Rmin;, Rmaz;]. RISA takes a greedy optimization ap-
any pair of receivers, hence, minimizing the likelihood of proach in which the bandwidth is allocated to the streams
suppression of redundant replies. On the contrary, connectwith the objective of maximizing the overall gain to the ses-
ing those receivers in a chain topology minimizes the dis- sion from this allocation. I-WFS, on the other hand, at-
tance between any pair, hence, maximizing the likelihood tempts to achieve fairness in bandwidth allocation among
of suppression of redundant replies. the streams of a session.

In the star topology, the sender is connected to each re- In a best-effort environment, it is desired to approxi-
ceiver by a separate link. Any message sent from one re-mate the behavior dfWFSandRISAunder two additional
ceiver to another passes through the sender’s node. Let altonstraints: the available bandwidth/capacity of a receiver
the receivers be at a distance= £1L from the sender.  is not known or fixed by a reservation protocol; and each
Thus the distance between any two receivers is equal.to  source can change its transmission rate in discrete steps

Let G5 be the number of receivers in stateand let7’ only. . . -
be the first timer to expire for receivers in stateThe ex- It can be easily shown th&ISA without any modifica-
pected value of, is (Cy f(s) + Cz@g{sz)r' sinceG, timers  tions, can support the above two constraints. However, de-
are uniformly distributed over a pésriod of lengthg(s)r. vising an algorithm which approximate§VFSunder these

For receivers in the same state, if the first timer expires atconstraints is more involved. In[11], we presented one such
timet, then all the timers that are set to expire in the period &l90rithm, namely:A-IWFS The A-IWFSalgorithm pro-
from¢ to ¢ + 2r will not be suppressed, and all those that are duces alinear order of layers from all sources in the session.

set to expire aftet + 2 will be suppressed. Therefore, the Each receiver follows that linear order of layers. It cannot
expected number of timers to expire is equal to 1 plus the Subscribe to a layer of higher order unless it has already

expected number of timers to expire in a period of lerggth ~ Subscribed to all lower order layers, and vice versa.
which is equal tal + -2G=—. Considering the case ef= Another inter-stream bandwidth adaptation algorithm,

H, sinceg(H) = 1, tr%ﬁ(;)éttinyz to any value less than W_hich also requires knowledge about the session band_—
2 does not allow for suppression of any of the redundantW'dth’_bUt_accountS for the fact that sources can Char_lge their
replies from receivers in state H. _rates in d_|screte_steps only, was presented, by Amir et al.,
In order to suppress all replies from receivers in state 'T‘.m' This algorlt_hm maps the Igyers of the streams to ar

s — 1 we must have: tificial .channelsiwnh fixed capa_lcmes. The channel packlng
' effect is an obvious drawback in that approach, which may

lead to inefficiencies in utilizing the available bandwidth.

Ts + 2r < T, ;
als) _gls=1) — Cy-2 Another drawback to the concept of channels is that the re-
o e, T E T S TG ceiver may have to join (or leave) multiple layers assigned

to the same channel, simultaneously, in the adaptation pro-
cess, which may introduce strong fluctuations that may lead
to instability.

In Section 6.2, we compare the performance of these
inter-stream adaptation algorithms.

For values o7, andG,_; which are relatively larger than
g(s) andg(s — 1), we find thatC; must be at least 2. In
Section 6.1, we explore the performance of the feedback
mechanism using simulation experiments.

4. Inter-Stream Bandwidth Adaptation 5. Discussion of Rate Control and Stability

The ISA agent, at each participant’s host, allocates the Figure 3 depicts the state machine that controls the op-
bandwidth available to the session streams based on theieration of the ISA agent. The monitoring reports are as-
dynamically changing priorities. Typically, these priorities sessed and aggregated into one ingutwhich can take
are identical for all the session participants (see e.g., [7]).one of three values: Acceptable, Underqualified, or
However if for some application the receiver interests may Overqualified. Transitions between states occur based
vary, a feedback protocol, such as SCUBA [1], can be usedon ¢ and/or timeouts triggering the decision making unit
for determining the average priorities of the streams. to make add/drop decisions, as necessary. The hysteresis



the measured QoS parameters is noticed, the layer is imme-
Q A: Acceptable diately dropped. Here, it is important to back off the add
q:U ql:o

U : -0 | U:Underquaified|  hysteresis timeout aggressively over time in order to mini-
q P q . ! / : ! _

and ad | O Ovenqudified | mjze the number of transient disturbances introduced by the
T<Ty T<Ty| S Sleep probes

5.2. Learning network delay

After adding or dropping a layer, the ISA agent must not
take any further actions until it is sure that the impact of
its previous action is fully established and can be sensed by
itself, and hence the currently seen conditions are correct.
Therefore, the sleep timeout must be a good indicator of

T<Ts the network reaction time. This is done by measuring the
time that elapses from adding a layer until congestion is first
Figure 3. ISA state machine detected by the agent, in a failed join experiment. The value
of the sleep timeout is smoothly updated over time by these
measurements.

timeouts, T, and7,, as well as the sleep timeol, play
an important role in the stability and responsiveness of the
agent. This is discussed below. 5.3. Domain rate control protocol

5.1. Multi-modal timers The obijective of this protocol is to help in maintaining

the stability of the system while scaling to large groups of
participants in a session. There is no doubt that the receiver
oriented approach taken, where each participant decides for
Ihimself which layers of which streams to receive, is the key
for scalability. However, the co-existence of several ISA
agents in the same session opens further avenues for coor-

dation if the network is congested, or towards stabilizing dination and cooperation among those agents to enhance the

at a certain subscription level that reflects the available re-Stablllty of the sysFem. .
sources. We refer to this tendency in the ISA agent as its,  OUr @pproach is to group the ISA agents of a session
mode While this mode is reflected on the timers behay- into domains. A domain is defined by the scope of the
ior dynamically, it does not imply the addition of any new e_xchang_ed protocpl control_r_nes_sages as determined by the
states or transitions to the protocol state machine. The moddime-to-live (TTL) field specified in those messages.

of the ISA agent is heuristically inferred based on its most ~ One way for enhancing the stability of the system by co-
recent actions. The agent can assume one of three modes &Peration among ISA agents in the same local domain is to
any instant in time: prevent unnecessary oscillations in the subscription levels
1. Enhance modeBeing in this mode means that the over- 0f low rate receivers. In the case of network overload condi-
all conditions have been favorable, recently, and the ten-tions, higher level subscribers are made to drop their upper
dency of the agent is towards adding more layers, thus, thdayers first which may be sufficient to reduce congestion in
add hysteresis timeout is relaxed (decreased). Also, any inthe domain.

termittent variations of the monitored QoS parameters are  Another way for enhancing the stability of the system is
more likely to be transient, thus, the drop hysteresis timeoutby coordinating the join/leave of the highest layer in the do-

Simultaneously satisfying the stability and responsive-
ness requirements of the protocol may lead to conflicting
setups of the hysteresis timeouts. The key to satisfying
these two objectives is to be able to accurately capture, at al
times, the tendency of the system whether it is towards en-
hancement if the conditions are favorable, or towards degra-

is backed off. main. This minimizes the number of probes for rates above
2. Degrade mode. This is the opposite of the previous the current stable rate in the domain, and speeds up reaction
mode. to congestion. Also, letting other ISA agents in the domain

3. Probe mode. In this mode, the agent is stabilizing learn about failed join experiments allows these agents to
around an operating point. The agent keeps probing pe-update their estimators for network reaction time without

riodically to check for the availability of more resources. actually probing. The fact that the scope of the domain is
Probing is done by adding a layer, and examining the effectlimited is what allows for safely assuming that all agents in

of joining this layer on performance. If any deterioration in the domain are facing similar network conditions.
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measured at the sender, and represents the time from send-

6. Performance Study ing a probe until receiving the first correct reply.
As can be seen from the figures, 105 = 4 and a typ-
6.1. Simulating the feedback mechanism ical IMC session with up to 100 participants (e.g., IRl ses-

sions [7]), less than 10% of the receivers reply to a probe,
in the worst case, while for larger sessions of thousands of

In this section, we examine the performance of the feed- participants the reply ratio is below 1.5%.

back mechanism, using simulation. We show the ability of
the new mechanism to eliminate the reply implosion prob- )
lem as we explore the effect 6f, on its performance. We 6.2. Performance of the ISA mechanisms

ran several simulation experiments. In each experiment, the

group size(@, and the maximum round-trip tim&1'T,,,., In this section, we compare our two algorithms, A-IWFS
were selected. Round-trip times uniformly distributed in and RISA, to Amir's algorithm [1]. For Amir’s algorithm,
the interval P, RT'T},,..] were assigned to all the receivers. we used channels of unit bandwidth capacity in order to
The number of statedf, was set tdh, and each receiver avoid penalizing the algorithm by the channel packing ef-
was randomly assigned one of these states. The choice of $ect. The total number of channels was chosen such that
states (or layers) is reasonable as the state of the art hieramll layers can be accommodated by the high-end receivers
chical video encoders typically provide a number of layers in the session. We simulated an IMC session composed of
in this range [8, 9]. Also, in applications where feedback three streams S1, S2, and S3. Their priorities were set to
information represents the perceived quality of service, typ- 0.5, 0.333, and 0.167, respectively, with S1 being the most

ically 3 to 5 grades of quality are used [2, 3]. important. Each stream has 10 layers, each requiring 1 unit
In Figure 4, the average number of replies is plotted for of bandwidth.
different values ofC;. The value ofC; was set to 2, ac- We compared the bandwidth allocation devised by A-

cording to the analysis of Section 3.1. It is clear from the IWFS to that devised by I-WFS. Figure 6 depicts the band-
figure that the reply implosion problem s totally eliminated. width shares of the 3 streams as allocated by A-IWFS and
Moreover, over 95% of the redundant replies were correct|-WFS. It is clear from the figure that A-IWFS tracks well
replies (i.e., worst case state replies), which shows the ro-the I-WFS allocation, in spite of its operation under more
bustness of the mechanism in facing network losses and itsonstraints.

efficiency in eliminating non-worst case replies. This also  Figure 7 depicts the bandwidth shares of the above 3
means that, practically, the sender may safely react accordstreams as obtained by Amir’s algorithm, in contrast to the
ing to the first received reply. Figure 5 depicts the cor- I-WFS case. As can be seen from the figure, Amir’s allo-
responding average response times. The response time igation is far from that of I-WFS, i.e., the session bandwidth
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is not shared fairly among the streams. The deviation fromin, the figure, the ISA agent switches to tBehancemode
the I-WFS allocation exceeds 30% in some cases. soon after the session starts and quickly reaches the stable

Figure 8 compares the allocation of Amir's algorithm to - gypscription level. Then the agent switches to fiebe
RISA. Although Amir's allocation is closer to RISAthanto  mode where the time between two consecutive probes gets
I-WES (deviation does not exceed 20% before saturation),packed off over time. After 180 seconds from the begin-
yetitgenerally has two major drawbacks relative to our tWo ning of the session, the bottleneck link is subjected to cross
algorithms. First, for the high-end receivers, some of the yaffic load of 1.2 Mbps for 1 minute. As soon as the con-
streams may saturate in spite of the availability of band- gestion is detected, the agent switches tddbgrademode
width leading to under utilization of resources, as is the casehere drop hysteresis is reduced and thus it quickly drops
with S3 in this experiment, which leaves over 16% of the |ayers and stabilizes at a low rate, where it switches to the
available bandwidth non-utilized. Second, for the low-end prope mode and then to thEnhanceand finally Probe
or congested receivers, the number of active streams Maynode again. Similar results were obtained for emulated
be low and some streams may not be granted their initial higher link delays, up to 10 seconds.
base layer until after other streams are well enhanced, e.g.,
in this experiment, a receiver with 6 units of available band- .
width will not receive any layers from S2 or S3, and all the 7. Conclusion
available bandwidth will be dedicated to S1.

In this paper, we highlighted the main components of a
complete framework for controlling the quality of collab-
orative multimedia sessions. The architecture of a QoSess

Figure 9 illustrates the result of deploying multi-modal layer, that realizes the framework, was presented. The layer
timers and learning network delay by an experiment. In is composed of two types of agents: monitoring agents and
this setup, a distance learning session is composed of threénter-stream adaptation (ISA) agents. An overview of the
video streams: a higher priority stream for the teacher videofunctions of each of the agents was given.

(TV), and two lower priority student video streams (SV1 Providing the source of a stream with feedback infor-
and SV2). Each of the streams is hierarchically encoded bymation about the used layers of the stream is crucial to
an encoder which produces three layers of constant bit rateshe success of the QoSess control layer in efficient utiliza-
of 45, 180, and 525 Kbps for 15 frames per sec video [9]. tion of the available resources. A scalable and robust feed-
The figure plots, over time, the cumulative rate received by back mechanism was devised for this purpose. It allows the
a receiver sitting behind a 1.5 Mbps bottleneck link with sender to always send only layers for which interested re-
15 KB (15 packets) router buffer size, which is well above ceivers exist, and to suppress unused layers. Simulation re-
double the bandwidth-delay product of the link. As shown sults showed that the proposed feedback mechanism scales

6.3. Experimental results
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well for groups of up to thousands of participants, and is
robust in facing network losses. Currently, we are investi-

gating the performance of the feedback mechanism under [5] A. Gupta, W. Howe, M. Moran, and Q. Nguyen, “Resource

different distributions for round-trip times and receivers’

8V2

16060 SV

Rate (Kbps)

(4]

states. Also, several adaptive enhancements to the delay-

randomizing function are being investigated.
The quality of the session is controlled by means of inter-

(6]

stream adaptation mechanisms, that base their decisions on

information stemming from the application semantics and
reflecting the instantaneous relative importance of the dif-

(7]

ferent streams to the session. We compared the performance

of several inter-stream bandwidth adaptation algorithms,
and showed the advantages of the A-IWFS algorithm over
the others. The algorithm was shown to be more efficient
and fair in utilizing the available bandwidth and in maxi-
mizing the number of admitted streams than other known
inter-stream adaptation algorithms. Additionally, stability
and preventing oscillations in layer subscription was illus-
trated experimentally.
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