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Abstract {Many video applications are scalable due to human toleraecto degradation in
picture quality, frame loss and end-to-end delay. Scalaliy allows the network to utilize its
resources e ciently for supporting additional connectios, thereby increasing revenue and
number of supported customers. This can be accomplished bydgnamic admission control
scheme which scales down existing connections to supportmneequests. However, users
will not be willing to tolerate quality degradation unless t is coupled with monetary or
availability incentives.

In this paper we propose a pricing policy and a correspondirggimission control scheme
for scalable VOD applications. The pricing policy is two-&red, based on a connection setup
component and a scalable component. Connections which arena scalable are charged less
but are more liable to be degraded. The proposed policy trasl® performance degradation
with monetary incentives to improve user bene t and networkrevenue, and to decrease the
blocking probability of connection requests. We demonstra by means of simulation that
this policy encourages users to specify the scalability ofi @pplication to the network.
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1 Introduction

The evolution of computing and networking technology in reent years has enabled the
development and support of exciting new distributed multinedia applications (e.g., video-
on-demand, distance learning, and video conferencing) whiare anticipated to be available
to end users on a large scale. Networks supporting Video-Bemand (VOD) applications
will allow users to retrieve and display huge amounts of videdata from distributed le
servers and sources in a real-time fashion. There are two apaches to the transfer and
play-out of such data: transferring all the data ahead of tira and then playing them out
from local memory (e.g., as done by the HyperText Transport ®tocol), or transferring data
continuously while playing them out. The latter approach ha many advantages, given the
large amount of data most video applications generate, bug also more di cult to implement
due to the real-time nature of VOD applications.

A common approach to guarantee adequate quality of presetitan during delivery is
to reserve su cient network resources for each individual annection [3]. The problem of
e cient allocation of valuable network resources is made ghi cant by the large volume
of data coupled with the bursty nature of compressed video. ké¢n resources are scarce,
the data rate of the connection can be adapted by scaling theath stream [1]. Many
video applications are scalable because of human toleratoelegradation in picture quality,
frame loss and end-to-end latency, provided the quality oflgyout is above some perceptual
threshold. Tolerance to degradation depends on both the aligation and the user. Video
scalability can be translated to a reduction in resource rexrements for the corresponding
connections. For example, tolerance to large end-to-enddacy allows data to be smoothed
by bu ering before transmission in the network. Similarly, tolerance to picture quality
degradation allows encoding parameters to be modi ed to \iaklower data rates. Thus, the
application can specify a range of resource requirementddal and minimum acceptable) to
the network during connection establishment.

Table 1 shows the ideal and minimum acceptable bandwidth ragements for four 10-
minute M-JPEG encoded video sequences with the scaling paraters chosen randomly. Q
is the quality compression factord is the percentage of dropped framesl. is the number
of consecutive frame drops allowed) is the latency (ms), and k, and j are the ideal
and minimum acceptable bandwidth requirements (Mb/s). Hex, we have assumed that
scaling is performed at the source and that bandwidth is thenty network resource under

2A uniform distribution was used and skewed towards the more pobable scaling parameters, e.g., a
quality factor in the range 30-125 was chosen with twice the pobability as that in the range 125-250.



Table 1: Bandwidth Reuirements for M-JPEG Video Sequences

# Q| d] de D bn b
3| 75| 7| 2 40 || 3:94 | 1:16
41200 12| 4| 140| 3:40 | 0:45
1 50| 2 1 10 || 3:32 || 1:59
3| 75| 6| 2 30| 3:94 | 1:20
2150 11| 3| 100 | 2:24 || 0:55
1) 30| 1| 1| 1000| 3:32| 0:45
112511 3 70| 332 | 1:55
2250 14| 4| 140 224 | 0:42
41 50| 4| 1 10 || 3:40 || 1:48
3100 8| 2 60 || 3:94 || 0:93
41 150| 11} 3| 100 | 3:40 | 0:58
3 30| 1| 1 20 || 3:94 || 2:06

consideration; such an assumption is justi ed for single ponetworks with su cient bu ering
at the source and destination. We term this range of resourcequirements the \admissible
region”; if resource availability in the network is greaterthan the minimum acceptable, the
connection can be admitted [4].

The \admissible region” can be translated to network gains o means of a dynamic
connection establishment mechanism [4, 5] that allows reg@tiation. If su cient resources
are not available to admit a connection, it can be scaled dowmithin the speci ed range to
enable connectivity while providing a quality above the sp® ed threshold. Furthermore,
existing connections may be scaled down to free up resourdesadmit new connection
requests. Clearly, the employment of such a mechanism inasges network connectivity,
utilization and revenue. However, users su er degradatiowhen the application is scaled
down. In the absence of any incentive to specify scalabilitysers will always demand the
best possible quality. Furthermore, the network has no inoéve to reserve resources to
support connections beyond the minimum specied requiremeé Such user and network
behavior can lead to ine cient allocation of valuable netwak resources.

We propose a pricing policy for network resources to overcenthese problems. The
proposed policy provides monetary incentives to o set pasfmance degradation to the user
and makes the revenue earned by the network commensurate lwithe quality delivered.
The policy encourages users to specify application scali#pito the network. Furthermore,
the network is provided with monetary incentives to supportonnections at higher than the
minimum speci ed quality when resources are available.



While recent research e orts have focused on solving a numbaf technological issues in
the networking and operating system arenas, surprisinglittle work has been reported in the
literature on the development of an appropriate pricing sticture for scalable VOD services.
Research on pricing issues has focussed on both connecéissltransfers such as on the
Internet [2, 6, 9], and reservation-based connection-onied transfers [7, 8]. MacKie-Mason
and Varian [6] propose a pricing policy which charges more uing periods of congestion
(when bandwidth is a scarce resource) and very little duringeriods of light load. Cocchi
et al. [2] propose a scheme to maximize user satisfaction ircannectionless environment.
In a reservation based connection oriented scheme, pricémusld be based on the resources
reserved, and not on the actual volume of tra c transferred T].

In current literature, scalability and pricing have been stidied independently for the
provision of integrated services. We contend that these isss complement each other for
networks supporting VOD applications. Our study focuses othe relationship between per-
formance and monetary issues from both the user's and netwagsrovider's perspectives. The
formulation of a pricing policy encompasses consideratiaf a variety of social, regulatory,
economic and performance issues. In our formulation, we cemtrate on utilization and
performance issues within the network and ignore other famts. We discuss the proposed
pricing policy in Section Il. Section Il describes our simation models and environment.
We present our results in Section IV. Finally, Section V corades the paper.

2 Proposed pricing policy

The employment of an appropriate pricing policy is essentiaf bene ts from scaling gains
are to be utilized. If all users were charged a xed amount, ess will always demand the
highest possible quality of service. There is no incentiverf them to specify application
scalability. On the other hand, the network will always serg each connection at its lowest
bandwidth, even if excess bandwidth is available to provida better QoS. A suitable pricing
structure should provide an incentive for the network to sda up connections and utilize
excess bandwidth.



2.1 Pricing Policy

The pricing scheme should encourage users to specify the imaxm possible scalability to
the network when they maximize their individual bene t. The network can then use this
scalability to maximize its revenue. Another objective in dveloping the pricing policy is to
decrease the blocking probability of connection requesté. suitable pricing structure should
provide an incentive for the network to scale up connectiorsnd utilize excess bandwidth.
Furthermore, the revenue collected should be proportionab the amount of bandwidth
reserved.
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Figure 1. Proposed Pricing Model

Considering these objectives, we propose a pricing structuas shown in Fig. 1 which
plots the revenue obtained against bandwidth allocation®f two connections with di erent
requirements. The pricing structure has two tiers correspaling to connection set-up and
scaling. The connection set-up cost consists of two xed cganents: a connection set-up



charge Rs), and a per-unit-bandwidth price (Pconnect).- Though the connection set-up prices
are the same for all connections, each request sees a di eéngrice for connectivity, indicated
by p.i in the gure. The price component of the scalable regiornpf) is inversely proportional
to the scalability of the connection (i.e., directly propotional to %), and is always lower

than Peonnect -

2.2 Admission Control

We assume that the network will employ an admission controllgorithm to maximize its
revenued In the proposed policy, each connection has two slopes asatexl with it, one for
connectivity (p.) and one for scalability @s). We call these slopes the \connectivity" and
\scalability” slopes. Network revenue is maximized if bangidth is allocated to connections
in the higher slope regions. We consider two scenarios of adsmon control. In the static
scenariq the admission control algorithm must choose the connectie to admit from a
group of requests and compute their bandwidth allocations.Note that p. > ps always.
To implement admission control, the network sorts thep. and ps values for the requests
in decreasing order and allocates bandwidth starting withite largest value. If the value
corresponds to a connectivity price, the connection is adtted with bandwidth b. If the
value corresponds to scalability, the connection is scalegh to a bandwidth allocation of b,
speci ed in the corresponding request. This is done until #re is no bandwidth to allocate
or all connections have been scaled up. Note that this polity heuristic rather than optimal.
However, it is simple and leads to the optimal revenue in mosases.

In the dynamic scenarig requests for connection establishment and release areaiged
by the admission control algorithm over time. On receiving aequest, the algorithm attempts
to admit the connection at the minimum bandwidth. If su cient bandwidth is not available,
the algorithm checks to see if the required bandwidth can beeed by scaling down existing
connections. If this test fails, the request is rejected. it passes, existing connections are
scaled in order of increasing scalability slope until su ant resources are freed. Once the
connection is admitted, the algorithm attempts to scale it p at the expense of connections
with lower scalability slopes. When a connection is releaseexisting connections are scaled
up in order of decreasing scalability slopes.

3And therefore its pro t, assuming xed capacity and cost to p rovide this capacity.



2.3

Implications

We make the following observations about our proposed pngj structure which relate to
the objectives of our pricing model:

3

Connections with lower minimal acceptable bandwidth requéments are given higher
priorities for connection admission (static scenario).

Once connected, applications specifying higher scalatyilare charged a lower price but
are also more likely to be scaled.

Increasing the scalability of an application decreases itdocking probability.
The network gains by scaling down applications to accept a werequest.
The network gains by scaling up applications when it has unad bandwidth.

Increasing the price for connectivity Rs and peonnect) decreases the blocking probability
but may also decrease the revenue earned by the network.

Users running applications with higher scalability are ch@ed a lower price, while those
paying a higher price are supported at high qualities.

Simulation Models and Environment

We now describe our models for user utility and cost and simation scenarios and perfor-
mance parameters.

3.1

User Utility Function

The user utility function is a measure of user satisfaction as a function of allocatessources.
We assume a model of diminishing returns; the marginal utiyi to the user diminishes as
a function of allocated bandwidth. User utility is non-zeroonly when the connection is
admitted (i.e., the allocated bandwidth is greater tharly). Furthermore, the marginal utility

is zero when the allocated bandwidth i, i.e., the utility does not increase with increasing



bandwidth allocation at this point. Formally, we de ne the user utility function for any
bandwidth allocation x as:

8
3u (h x %)+ Us ifh x b
Ux)= 0 if x <b,
u B+ Uy if x> by,

Here, U, is an additive constant re ecting the utility for connectivity, and u is a constant.
An example of a utility function (U, = 0;u = 1) with kb, =3:94 Mb/s and h = 0:96 Mb/s is
shown in Fig. 2.

User Utility U(x)

0 0.5 1 15 2 25 3 35 4 4.5 5
Bandwidth(Mb/s) x

Figure 2. An Example Utility Function

3.2 Cost Functions

The user cost per connection is dependent on the pricing pofi used by the network. In
a xed cost policy the cost for a connection is xed and independent of # bandwidth

allocated: C: i h
_ G X
C(x)= 0; otherwise

In the proposed policy the cost consists of three componentsrresponding to the con-
nection set up cost Rs), price for connectivity (Peonnect), @and price for the scalable region

8



(ps):
C(x) = (F;s+c (Peomnect B+ ps (X h)); E>;<

wherec is a constant.

3.3 Performance Metrics

Our objective is to demonstrate that the proposed policy emarages the user to specify the
maximum possible scalability to the network during connean establishment. The user
speci es bandwidth requirements so as to maximize bene t, lich is de ned as the utility
derived minus cost paid.

B(x)= U(X) C(x)

We aim to show that applying scalability by means of a dynamiadmission control scheme
leads to signi cant user bene t, network revenue and conndéeity gains over a xed non-
scalable scheme (the xed cost scheme). We consider pereayd of blocked requests, aggre-
gate user benet and network revenue (aggregate user cosy performance metrics in our
analysis.

3.4 Simulation Scenarios

Simulations were performed in two scenarios. In the staticsnario, all requests are assumed
to arrive at the same instant. The number of requests was vad over di erent runs. In the
dynamic scenario, requests arrive with a Poisson distribwin, the rate of which was varied
over di erent runs. The holding time of connections was xedat 10 minutes. Performance
parameters for the dynamic case were measured per unit tim&he h and b, parameters
for the requests were chosen randomly from a database simila the one in Table 1 created
in advance. Simulations were performed for the xed cost pioly and our proposed scheme.
The parameters for the cost and utility functions were chosesuch that the user always
bene ts (i.e., the benet is always positive) if the connedbn is admitted. We setU, = 500
and u = 12 per unit time (min). In the xed cost policy, C(x) = 500. For the proposed
policy, Rs = 200, ¢ = 12 per unit time (Min), Pconnect = 1, and ps = %. The total available
bandwidth was set at 100 Mb/s. The results were obtained by avaging over 100 runs.



3.5 User Preferences

While the network adopts admission control algorithms to meimize its revenue, the user
tailors the resource requirement speci cation to maximizbene t. The user optimizes bene t
by demanding bandwidthx such that

B 0(Xopt) =0

UO(Xopt) = CO(Xopt)

With the xed cost policy, CY{x) = 0, and user utility is maximized when
UO(XOpt) =0

Xopt = by

Thus, the user always demands the maximum bandwidth from theetwork, and has no in-
centive to provide a scaling range. In this model, we assunigat the user is not in uenced by
the probability of the request being blocked. When the netw& is congested, the probability
of admission increases with a lower speci cation of bandwild This factor is considered by
using a model where the user speci es less than the optimaltglculated bandwidth. In the
dynamic scenario, the user can optimize if information abouhe available bandwidth (b,)
is known. If the optimal bandwidth (b,) is greater than the available bandwidth, the user
speci esh,.

In the proposed policy, the user will specify the scalable mge to the network only if
benet is maximized. In a lightly loaded system, all request are allocated the maximum
bandwidth in the range, b,, irrespective of the size of the range, while the incurred so
decreases with a higher scalability specication. Thus, ira lightly loaded system, user
benet is maximized by specifying the entire range since tkiminimizes the cost. If the
system is heavily loaded, the user tries to minimize blockgnprobability. This is again
achieved by specifying the entire range; a lower value bf decreases blocking probability.
For intermediate loads, the optimum user speci cation is nioso obvious. If the user ignores
the possibility of being blocked and assumes that the banddith allocated will always be
the minimum speci ed, the range speci ed, k. ,b,) is a subset of the entire range (i.e.,

b bmin )7 and
Umin) = u (b Bmin hgn_zln) + U
C(bmin ) = Rs +C (pconnect bmin )

10



Note that the higher value in the range is alway$,, since a lower value will increase the cost
without changing the utility, thus decreasing the bene t. We calculate the value oh;, by

UO(bmin ) = CO(bmin )

C

Bnin = by a Pconnect (1)

if bnin < by, the user speci es the entire rangel,b,), i.e., bnin = b.

3.6 Admission Control

The admission control algorithm for the proposed scheme hbhsen described in the previous
section. In the xed cost case, the network obtains the samevenue for each connection, in-
dependent of the bandwidth allocated to it. The network maxnizes its revenue by admitting
connections with the smallest bandwidth requirementshy) rst. To execute this admission
policy in the static case, the network sorts the bandwidth sgci cations of connections in
increasing order and admits connections starting with theolvest minimum acceptable band-
widths. In the dynamic case, the connection simply admits omections if it has su cient
bandwidth when the request is received.

4 Results and Discussion

In this section, we present the results of our simulations.

We rst compare the proposed policy with the xed cost policyin the static case. In
this simulation, users ask for the maximum possible bandwtd (k) in the xed cost policy,
and specify the entire rangelg; ly,) in the proposed policy. Fig. 3 shows the percentage of
requests blocked as the number of requests increase.

We see that the xed cost policy starts blocking much earliethan our policy. Both
policies admit connections ath, until the bandwidth is saturated. The xed cost policy
cannot admit connections beyond this point and blocks adddnal calls, while the proposed
policy scales down existing connections to admit more coruti®ns. Furthermore, we observe
that the slope of the curve is greater for the xed cost policyThe proposed policy can still
admit connections after it starts blocking because it admit connections at which can be
signi cantly lower than k,. This is re ected in Fig. 4 which shows network revenue plo&d
against number of requests.

11
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Network Revenue
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Figure 4: Network Revenue: Static case
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Note that we are more concerned with the shapes of the curvelsah their locations.
Either curve can be raised by increasing the cost parameter§he xed cost curve attens
out when blocking starts, indicating that the number of conections increases only slightly
once blocking starts® With the proposed policy, the curve attens at a higher numbe
of requests (blocking starts later), and increases in the dtking region, indicating that a
signi cant number of requests are still admitted. The loss forevenue due to scaling down
connections is more than o set by gains due to admitting moreonnections. Finally, the
user bene t curves are illustrated in Fig. 5.

x 10

proposed policy

2.5F

fixed cost policy

1.5 N

User Benefit

0.5r 7

O | |
0 50 100 150
No. Requests

Figure 5. User Bene t. Static case

Again, the user benet curve attens out for the xed cost policy. Note that the bene t
may actually decrease in the heavily loaded region becaussmoections with lower bandwidth
requirements (and therefore utility) are admitted at the sane cost. In our example, the curve
remains at because the lower benet per connection is o0 seby an increase in the number

4Connections with lower requirements are admitted rst, so more connections can be admitted.
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of connections. In the proposed policy, the decrease in il per connection due to scaling
is 0 set by a decrease in cost.

If the user lowers the requirement to increase the probaliliof admission in the blocking
region, more requests may be admitted in the xed price case-However, the benet per
admitted user decreases because the decrease in utility © 0 set due to the xed cost
structure. Depending on the actual cost, users may nd it mag bene cial not to request the
connection, leading to a drop in network revenue. From thegesults, we conclude that the
proposed policy uses application scalability for gains inetwork connectivity, revenue, and
user bene t.

In the above experiments, we assumed that the user always pides the network with the
entire range of scalability @; b,). Providing this range makes the application liable to scaig
and consequently to performance degradation. Users will nprovide this range unless it
optimizes their benet. In the lightly loaded region, all caoanections are supported at the
h,, irrespective ofh. Users therefore maximize their bene t by providing the ente range,
because this minimizes their cost. In the heavily loaded rieg, providing the entire range
maximizes the probability of connectivity. In the moderatéy loaded region, user benet
may not be maximized by specifying the whole range. If usergnore the blocking factor,
and assume that bandwidth allocation is always the lower endf the speci ed range, they
optimize by specifying bwin ; ) where by, is calculated as in (1). Fig. 6 illustrates user
bene t with this user optimization (b= 0).

As expected, user bene t is lower when the entire range is sped (b= 1) in the lightly
and heavily loaded regions. We see that the benet is greaten the moderately loaded
region when the user tries to optimize. The user may take thedxking factor into account
by reducing the optimal value ofb,, in (1) as long as it is abovedy. We de ne the backo
factor b such that

bmin;new = DBiin b (Bmin h)

Fig. 6 shows the benet curves for di erent values ob. The envelope of these curves is
the optimal user bene t curve and would be obtained if the usecould calculate the optimal
range knowing the load in the network taking the blocking faor into account. Thus, in a
static scenario, a region exists where an optimizing user e®not specify the entire range to
the network. We note that this region is small and the gains manot be signi cant enough
to o set the complexity and overheads introduced by by the ofmizing algorithm. The
existence of this region in the dynamic scenario is invesitpd next.

15
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Though the study of the static scenario provided us with ingiht into user behavior and
system performance, the dynamic scenario models an actuatmork more closely. In the
dynamic case, the network has make a decision on connectiaimattance when the request
is received. Once a connection is admitted, it has to be allated at least the minimum
speci ed bandwidth for its duration. We expect a degradatin in performance as compared
to the static case since the network cannot rank connectiormefore deciding which ones to
admit. We assume that in the xed cost case, the available bawidth b, is known. If b,
is less thanh,, the connection demands the larger di, and b. In the proposed policy, the
entire range @; ) is speci ed.
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Figure 7: Percentage of Blocked Requests (Dynamic Case)

Fig. 7 shows that the xed cost policy starts blocking at a mulk lower number of
requests than the proposed policy. In both cases, requeste admitted as they are received
until there is no more bandwidth left. Beyond this, the xed st policy blocks requests,
while the proposed policy scales down the admitted connemtis to free up bandwidth for
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the new request. The network revenue increases in the bloogiregion for the proposed
policy because connections are still admitted if su cient landwidth is released by scaling
existing connections. In the xed cost case, revenue attenout as the number of admitted
connections increases only slightly. This is illustratechi Fig. 8.
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0 50 100 150

Arrival Rate of Requests (per 10 mins)

Figure 8: Network Revenue: Dynamic Case

A similar trend is observed in the user bene t curves shown ifig. 9. In the xed cost
case, few additional connections are accepted after blaogistarts. The utility of admitted
connections decreases while the cost stays the same, so thiétyu attens out. In the
proposed policy, the loss of utility when a connection is sleal is o0 set by the decrease in
cost. Furthermore, new connections are still accepted in ¢hblocking region.

Finally, we examine user preferences for the proposed pglio the dynamic case. Fig.
10 shows user bene t curves for three user preferences.

Curve B corresponds to a policy where the user speci es thetiea range (;b,). Curve
A corresponds to the speci cation of §» ; ), where by, is calculated using (1). The user
ignores the probability of blockage in the speci cation of imimum bandwidth, and this curve

18
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is clearly suboptimal. The third policy (Curve C) assumes tat the user has information
about the available bandwidthb, and speci es b, ; ) where b, = max((min (b,in ; by)); b).
That is, the optimal bandwidth is specied only if it is less than the available bandwidth.
Otherwise, the available bandwidth is speci ed, lower boutted byl. Curve C is optimistic in
that the user gets information on maximum bandwidth availake for admission. We observe
that Curve B is close to Curve C, suggesting that users shoufatovide near full scalability.
This implies that even if the user tailors the speci cation lased on knowledge about available
bandwidth, the bene t does not improve signi cantly in the blocking region® Thus, the user
achieves close to optimal bene t by specifying the entire rge of scalability to the network.

5 Conclusions

Most video applications are scalable. The network can appthis scalability to improve con-
nectivity and revenue by means of a dynamic resource resdrga protocol. However, users
su er from performance degradation when the connection isaled down. Thus, users will
not specify scalability to the network unless there is an imntive to do so. In this paper we
proposed a pricing policy which provides users with monetaincentives to specify scalabil-
ity. We also proposed a corresponding dynamic admission ¢ scheme which the network
uses to maximize its revenue. Our simulation results demdrate that the proposed pricing
policy encourages users to specify application scalabjlito the network during connection
establishment by increasing their bene t. We also show thathis policy coupled with the
admission control scheme improves user utility, network venue, and network connectivity
over a xed cost scheme which does not consider applicationagability.
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