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ABSTRACT
Continuous media, such as digital movies, video clips, and mu-
sic, are becoming an increasingly common way to present informa-
tion, entertain and educate people. However, limited system and
network resources have delayed the widespread usage of continu-
ous media. In this paper, we propose a scalable and inexpensive
video delivery paradigm, namedScheduled Video Delivery (SVD).
In the SVD paradigm, users submit requests with specification of
start time. The provider schedules these requests to meet the QoS
specification and to maximize utilization of the resources. SVD
scheduling has a different objective from many existing scheduling
schemes. It does not aim at minimizing the waiting time. Instead,
it focuses on meeting deadlines and at the same time combining
requests to form multicasting groups. SVD scales not only to the
number of users but also to the number of video objects.

Categories and Subject Descriptors
C.2.4 [COMPUTER-COMMUNICATION NETWORKS ]: Dis-
tributed Systems—Client/server; H.3.4 [Information Systems]: Sys-
tems and Software

General Terms
Algorithms, design, performance

Keywords
Content delivery, on-demand service, scalability, multimedia

1. INTRODUCTION

In the last decade, we have witnessed a rapid growth of continu-
ous media traffic over the networked world. The characteristics of
continuous media are very different from traditional text-based or
image-based files. Typically, continuous media imposes high band-
width and real-time requirements. Although audio and video can
be used to present information, entertain and educate people, the
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use of media applications is not widespread yet. This is largely due
to limited system and network resources.

Current media delivery systems are mostly best-effort. Servers
and networks are designed for peak time, and the resources are not
utilized during the non-peak time. Media is delivered at the time
of requests so rigid playback deadlines coupled with resource con-
straints make continuous media delivery a challenging task. How-
ever, not all contents are needed at the request time. In many sit-
uations, people can plan ahead to obtain the content before it is
actually used. This provides the possibility for theScheduled Video
Delivery (SVD)paradigm. With this paradigm, the traffic can be
smoothed by shifting the peak-time traffic to non-peak time. Fur-
thermore, requests can be combined to reduce the server load and
network traffic.

True Video-on-Demand (VoD) provides the highest degree of in-
teractivity. A video can be viewed immediately when the viewer
wants to watch it. However, how many people want to view a video
instantly? When people rent a video from a store, it takes minutes
or hours to do so. Most people do not even have a chance to watch
the video as soon as they get it. They rent a video for nighttime or
weekend when they have time to relax. By taking advantage of this
behavior, we can have a new video system which is scalable and
inexpensive, but still flexible.

Consider the cost for delivering a video to the customers. In-
stant delivery to a single customer is costly. When a copy is deliv-
ered to many customers through broadcast or multicast, the cost can
be reduced drastically. Second, minimizing the delay is a difficult
task. A combination of disk scheduling, complex buffer manage-
ment, and network congestion control is required. Moreover, per-
formance cannot be guaranteed during the peak time. Third, inter-
active operations such asfast-forwardandjumpare difficult to pro-
vide with minimal delay. A slight relaxation of the delay require-
ment will simplify everything and reduce the delivery cost. Even
a five-minute relaxation of real-time requirements can make video
delivery scheduling much easier. A longer deadline would be even
more beneficial. For example, if a customer can tolerate a two-hour
plan-ahead time, all requests for the same object during this two-
hour period can be combined and delivered together. Video could
be delivered during non-peak time too. When a video is stored in
user’s computer or STB, the interactive operations become trivial.
Furthermore, relaxing the real-time streaming requirement makes
fault-tolerance easier. SVD makes efficient use of the system re-
sources by fully utilizing the interval between the time the user
requests the video and the time the user actually views it.

Large-scale use of continuous media applications demands de-
velopments in two directions: increasing resource provision and
reducing resource consumption. With the SVD paradigm, many
peak-time requests can be placed and executed ahead of time to



utilize non-peak time server access and network bandwidth. It
amounts to adding more underlying infrastructure to meet higher
demands at peak-time; therefore, increasing provision of resource
without incurring hardware costs. In the SVD paradigm, requests
that are submitted ahead of time can provide a great opportunity
for efficient scheduling and implicit combining requests, thereby
reducing the overall resource consumption. In addition to multi-
casting or broadcasting, which reduces the resource requirement by
combining requests across space, SVD combines requests across
time.

2. RELATED RESEARCH
VoD is gaining popularity in recent years with the proliferation

of broadband networks. True VoD is still expensive since the server
and the network deliver videos for individual requests. It is not scal-
able because of its high bandwidth requirement of video streams.
With the recent deployment of VoD systems in about a dozen cities,
we will soon know actual cost and performance of the VoD systems
as well as their scalability.

VoD service is attractive since it is selective and responsive [1,
2]. With SVD, the selectiveness is retained, but the responsiveness
has been changed into plan-ahead and guaranteed arrival. This al-
ternative can be justified in several situations. Users may be very
happy to exercise planing disciplines. Communities can be edu-
cated to change their usage-patterns to conserve resources in the
global environment. Pricing can be differentiated to provide an-
other incentive. While VoD service can still be effective for short
clips, SVD will be suitable for high-quality, full-length movies and
education/training courseware applications.

It is critical to investigate new methods for scalable video deliv-
ery. Two approaches for scalable video delivery have been devel-
oped. The open-loop approach [3, 4, 5, 6, 7] requires no return path
so it can be used for one-way cable systems, whereas the closed-
loop approach [8, 9, 10, 11, 12, 13] requires a two-way system.
The closed-loop system only delivers the requested videos to users
but the open-loop system continuely broadcasts a video even if no
one watches it. Normally, only dozens of videos can be provided
simultaneously in an open-loop system.

Two major schemes have been proposed for the open-loop ap-
proach. The first one simply rebroadcasts the same video in a fixed
time period, say, every 20 minutes. It results in a long average wait-
ing time. The second scheme broadcasts the former segments of the
video more frequently than the latter segments to reduce the wait-
ing time. It can only reduce the waiting time if the viewer watches
the video from the beginning, but one cannot jump to the middle of
a video without initiating a separate video stream.

In the closed-loop approach, a number of methods, such as batch-
ing [9, 8, 9, 10, 14, 15], patching [16, 12, 17], catching [18], stream
tapping [19], and stream merging [20], are used to combine more
requests to minimize the number of broadcast or multicast streams.
Most of these methods assume some storage space being available
in the client’s machine. These methods require substantial band-
width. Normally, five to eight video channels are required to pro-
vide one video object. Even worse, these channels broadcast the
same video again and again, wasting significant network resources.
The same video channels could deliver a large amount of videos if
they were used in a different way. For instance, five video chan-
nels can deliver 60 two-hour videos during a 24-hour period. All
researches on the closed-loop approach emphasize merging more
requests while minimizing waiting time, hence a common fact has
been ignored. That is, not all users want to view the requested
video immediately. Video delivery scheme can become much more

efficient by utilizing this characteristics.
Digital fountain [21] is a scalable approach for disseminating

large files to many users. It is not suitable for video delivery with
short deadlines. However, it can be used together with SVD to de-
liver videos. Other approaches to improving scalability are caching
[22, 23, 24], mirroring [25, 26], or CDN [27]. These methods can
be used with SVD to maximize the scalability.

Interactive Multimedia Jukebox (IMJ) reduces the channel re-
quirement by scheduling users’ requests to a certain time period, in
the hope that other users will watch the already-scheduled videos [28].
Improved from IMJ, SVD presumes some user storage space, so
the time requirement is further relaxed. In SVD, a video can be
delivered before the user requested time, stored in the user’s disks,
and viewed any time after that. It becomes simple to deal with the
“dead period” problem for the advanced reservation by moving the
delivery time forward [28]. The interactive operations also can be
easily implemented when the video is already in the local storage.

Some other techniques have been used to reduce resource con-
sumption. A policy using multiple service classes was also pro-
posed in [29] which shares the same philosophy of the LPF algo-
rithm described in this paper. Recent research proposes patching
with cache [30, 31] to reduce the waiting time and improve perfor-
mance. Patching can also be used in SVD scheduling to minimize
the channel requirement for requests with short deadlines.

Two commercial works, TIVO and Replay, can record the pre-
scheduled broadcast streams. It facilitates the personal multimedia
system. The SVD shares this idea with availability of storage and
plan-ahead, but changes this passive scheme into an active one.

3. SCHEDULED VIDEO DELIVERY
The focus of the SVD paradigm is to explore benefits of different

aspects. First, SVD extends a user’s option from click-wait-see pat-
terns to plan-ahead alternatives, being able to submit requests with
timing and storage specification. Second, it gives servers/proxies
the capability to be efficient and effective by combining and schedul-
ing requests. Third, it alleviates the peak-time overloading problem
and improves utilization of limited bandwidth resources.

In the SVD paradigm, it is assumed that each user has sufficient
storage for at least one video. Realistically, normal disks have suf-
ficient space to store a few two-hour videos. A 40-GB disk, which
is large enough to store a number of movie files, now costs less than
$100. We also assume a broadcast or a multicast scheme so that a
number of requests can be combined to be delivered together. A ca-
ble (Hybrid Fiber/Coax) system can be used for this purpose. The
internet with multicast capacity will also satisfy this requirement.

In this paradigm, a user makes a request of video with astart
time. The server schedules a time slot for delivery of the video to
the user’s storage space on or before the start time. The start time
can be as short as a few seconds and as long as 24 hours though a
longer time can be arranged. A pricing scheme controls the overall
cost for video delivery.

This paradigm also can be applied to content delivery from the
original server to proxy servers. Some contents such as news and
sports need to be delivered as soon as possible. This kind of con-
tents should have a short deadline. Some contents such as movies
are sent to the proxy at a scheduled time with a long deadline. It
gives the server scheduler a chance to smooth the load and traffic
by taking advantage of different scheduling requirements.

The methods developed for videos can be applied well to non-
video data, especially for large data files. This is because stream-
ing a large file with rate control reduces the network congestion
compared to the best-effort approach.



4. SYSTEM OVERVIEW

There are three basic entities in the SVD paradigm: a Servicing
Unit (SU), a Planing Unit (PU) and a Consuming Unit (CU). A SU
consists of several modules: a scheduling module, a transmission
module, and a content management module. A request for video
delivery is initiated from the PU to the SU. It goes through QoS
negotiation, and is admitted and scheduled at the SU. Based on the
agreed delivery schedule, the content will be transmitted from the
SU to the CU in time.

Content management module of SU.This module maintains the
record ofN video objects,O1; :::;ON. For each objectO j we have:

� l(O j ) playback length in seconds

� r(O j ) average playback bit rate in Mbps

� p(O j ) object popularity, from 1 toN

Though objects may have different bit rates and a single object
may be variable-bit-rate (VBR), in this paper we assume all objects
have the same constant bit rate. Objects with different bit rates or
a variable bit rate will be considered in future work. The popular-
ity of an object varies from time to time and is represented by a
number, 1 is the lowest andN is the highest.

Planing unit. A request, once submitted by the PU, is assigned a
unique request identifieri. For each requestR i we have:

� o(R i) objectO j requested,o(R i) = j

� s(R i) the start time of consumption

� a(R i) the request arrival time

� q(R i) the plan-ahead time,q(R i) = s(R i)�a(R i)

The planing unit performs QoS negotiation with the scheduling
module based on the available resources from SU.

Transmission module of SU.Considering the outgoing network
bandwidth as well as the server’s output capacity, the total available
bandwidthW can be equally partitioned intoM channels if all the
streams have the same bit rater, thus M = W=r. OnceM, the
number of channels, is fixed, the requests can be mapped onto time
domain of communication channels.

When the requests for the same object can be combined, an
upper-bound of the bandwidth requirement for the object can be
established based on the object lengthl(O j), bit rate r(O j ), and
plan-ahead timeq(R i) assuming all requests have the sameq(R i):

B= r(O j )� l(O j )=q(R i) = r(O j )=α;

whereα = q(R i)=l(O j) represents a ratio of the plan-ahead time
to the length of object. The higher the ratio, the less bandwidth
is required. Note that this upper-bound of bandwidth requirement
is independent of the total number of requests. This relationship
indicates that longer plan-ahead time implies less bandwidth con-
sumption.

Scheduling module of SU.The functionality of this module is to
apply a scheduling algorithm to realize mapping

Falg(R k;C k;P k) =)

(
C k+1 a new schedule

P k+1 a new waiting pool

wherePk is the current waiting pool andCk consists of queues of
scheduled requests for each individual channel. Upon the arrival of
requestR k, the scheduling module is invoked to change the sched-
ule fromCk to Ck+1, as well as the waiting pool fromPk to Pk+1.

Requests for a same object could be combined into a group as
long as they all meet deadlines. The groups are the basic unit for
scheduling. To maintain these groups,N pools, P1,P2,...,PN, are
formed for each objectO j , asPj = fG j;0; :::;G j;nj�1g, where,nj is
the number of groups for objectO j ,

G j;v =<Uj;v;ej;v;cj;v;t j;v;dj;v >

for 0� v< nj , and

� Uj;v =
�

R i jo(R i)� j ;a(R i)� t j;v � s(R i)
	

all requests
in groupG j;v

� ej;v = minR i2Uj ;v
(s(R i)+ l(O j )) the deadline ofG j;v

� cj;v the channel thatG j;v is scheduled to

� t j;v the time thatG j;v is scheduled to

� dj;v the length of objectO j thatG j;v has delivered

All requests forO j that have not started their delivery should be
in the same group. The deadline ofG j;v is defined as the earliest
deadline among all requests in the group, anddj;v maintains the
length of the group that has been delivered.

Consuming Unit. This unit manages the user’s resources and pro-
vides facility for a user to consume the media object requested.
Examples of resources to be handled include storage space and net-
work bandwidth. It may include the demodulation unit, decoding
unit, and player. At the playback time, interactive functions such as
fast-forward and jump can be performed as long as the media con-
tent resides in the local storage. In the case that the storage space
is tight, buffer management should be taken care by the consuming
unit too.

5. SVD SCHEDULING

The SVD paradigm requires a real-time scheduling system. The
main objective of scheduling is to minimize the rejection rate. This
in turn, can be described as two objectives:

1. to schedule deliveries to meet the requested start time; and

2. to combine as many as possible requests together to minimize
the resource consumption.

The first objective is essential and the contribution of the other is
twofold. First, combining requests reduces the resource require-
ment for a given load and minimizes provider’s cost. Second, it
leaves more space to help other requests meet their deadlines. When
a request is submitted by the PU, the scheduling module of the
SU will compute a schedule. If a feasible schedule exists, the re-
quest will be admitted; otherwise, it is rejected or further negoti-
ated. The scheduling module guarantees to meet the requested start
time, though the video object may be actually delivered earlier.



Since SVD scheduling is a real-time processing problem, the
best-known Earliest Deadline First (EDF) algorithm can be applied
with some modification. In addition to this real-time scheduling,
EDF used in this case also combines as many as possible requests
for the same object. This modified EDF algorithm with combining
is named MEDF algorithm as shown in Figure 1.

For a newly arrived requestR k
let j = o(R k) andneedresch= false
if 9i, dj;i = 0

addR k toUj;i
if (s(R k)+ l(O j ))< ej;i

ej;i = s(R k)+ l(Ok))
needresch= true

else create a new groupG j;nj in P j for objectO j
let v= nj andnj = nj +1, addR k to Uj;v
ej;v = s(R k)+ l(O j ))
needresch= true

if needresch� true

for every channelc= 1;2; :::;M, let T(k+1)
c = tnow

for every objectj = 1;2; :::;N, and for every group
i = 0; :::;nj �1, in the ascending order ofej;i

find a channelc with the earliest available timeT(k+1)
c

if T(k+1)
c + l(O j )�dj;i � ej;i

t j;i = T(k+1)
c andcj;i = c

T(k+1)
c = T(k+1)

c + l(O j )�dj;i
else fail to schedule the new requestR k

restoreC (k+1) = C k andP (k+1) = P k

Figure 1: FMEDF: Modified Earliest Deadline First (MEDF)
Algorithm

Upon arrival of requestRk for objectO j , we first check if there
is any request group inPj whose delivery has not started. If so,
the newly arrived request can be combined into the existing one.
In fact, if there is such a group, it is the only group for the object.
As a result of combining, rescheduling is required if and only if
s(R k) is earlier than the earliest start time of the existing requests.
If there exists no such a group, a new group needs to be created and
rescheduling is also needed in this case.

The scheduling procedure is applied to groups instead of re-
quests. The number of groups is usually much less the number
of individual requests, especially for those popular objects. This
multiple-channel scheduling uses a simple heuristics based on the
earliest-deadline-first criteria. That is, the group with the earliest
deadline will be scheduled first. It is a preemptive scheduling algo-
rithm. The newly arrived request with earlier deadline can preempt
a running process as long as the deadline of the process is met.
When there exists no feasible schedule, the newly arrived request
will be rejected. Note thattnow is the current time.

Although this algorithm can combine requests into groups, it
does not minimize the number of groups. To combine as much
as possible requests, the request groups for more popular objects
should postpone their delivery as long as the deadline is met. Such
a group has a better chance to combine more upcoming requests.
An algorithm that delays delivery of popular objects can maximize
combining. It is called the Less Popularity First (LPF) algorithm as
shown in Figure 2.

The LPF algorithm has three major steps. First, the MEDF algo-
rithm is applied to generate an initial schedule and at the same time,

For a newly arrived requestR k, let j = o(R k),
applyFMEDF to obtain an initial schedule

For each channelc, reconstruct an as-late-as-possible schedule
let Ac = f(ac;i ;a0c;i)g the available slots
let Bc = f(bc;i ;b0c;i)g the booked slots
initially, Ac = f(Tc;∞)g, Bc = f(tnow;Tc)g andLc = ∞
mark its first scheduled group asaffinity if dj;0 > 0
For all nonaffinitygroups withcj;i � c

sort them in descending order oft j;i
shift groupG j;i to its latest possible slot
move slot(t j;i ;t j;i + l(O j)) from Bc into Ac

let t j;i = min(ej;i ;Lc)� l(O j )
move slot(t j;i ;t j;i + l(O j)) from Ac into Bc
let Lc = t j;i

For all nonaffinitygroups in ascending order of p(O j ),
move the less popular stream forward
move slot(t j;i ;t j;i + l(O j )) from Bc into Ac
find a channelb with an earliest(ax;a0x) from Ab,

such thata0x � ej;i , anda0x�ax � l(O j)
move slot(ax;ax+ l(O j )) from Ab into Bb

Figure 2: FLPF: Less Popularity First (LPF) Algorithm

the scheduleability is tested. Second, the schedule is modified by
pulling all delivery slots as late as possible without violating their
deadlines. The popularity of an object is utilized at the last step.
Based on the schedule produced by the second step, the request
groups for less popular objects are moved forward if feasible. The
request groups for more popular objects tend to be left behind, in-
creasing opportunities of combining.

An example is used to illustrates the both algorithms,FMEDF
andFLPF. Here, letM = 3, N = 5 and all objects have the same
length, l(O1) = l(O2) = l(O3) = l(O4) = l(O5) = 6. However,
they have different popularities,p(O1) = 5, p(O2) = 4, p(O3) = 3,
p(O4) = 2, andp(O5) = 1. There are ten requests listed in Fig-
ure 3.

With FMEDF, R1 is scheduled first. RequestsR2, R3, andR4
arrive at time 1. R2 and R3 with earlier deadlines are scheduled
to processing.R4 is admitted too. WhenR5 arrives at time 3, it
cannot be combined toG1;0 sinceG1;0 has started processing. As
a result, requestR5 is rejected and the schedule at time 3 is shown
in Figure 4. Then requestsR6 and R7 arrive at time 4 and are
scheduled as two new groupsG2;0 andG1;1. At time 6, requestR8
is merged intoG1;1 to join with requestR7. At time 7, requestR9
is merged intoG2;0 to join with requestR6. However, there is no
space left forR10, which must be rejected. The schedule at time 7
is shown in Figure 5. Thus, with MEDF, two requests,R5 andR10,
are rejected.

With FLPF, R1 is scheduled first when it arrives at time 0. Re-
questsR2, R3, andR4 arrive at time 1.R4 andR3 with less popular-
ities are scheduled to process.R2 is admitted, but its processing is
postponed. WhenR5 arrives at time 3, it is merged intoG1;0 since
G1;0 has not started processing. The schedule at time 3 is shown in
Figure 6. As the time advances, requestR6 arrives and is scheduled
as a new groupG2;0. And R7 arrives and is merged into groupG1;0.
At time 6, requestR8 arrives and is scheduled as a new groupG1;1,
since groupG1;0 has started to processing. At time 7, requestR9 is
rejected and requestR10 is combined into groupG1;1. The sched-
ule at time 7 is shown in Figure 7. Thus, only one request,R9, has
been rejected. As shown above, requestR9 has missed groupG2;0



Ri R1 R2 R3 R4 R5 R6 R7 R8 R9 R10

o(R i) 3 1 4 5 1 2 1 1 2 1
a(R i) 0 1 1 1 3 4 4 6 7 7
s(R i) 4 4 5 7 5 9 6 8 8 7
Deadline 10 10 10 13 11 15 12 14 14 13

Figure 3: The requests for the example to illustrate the algorithms.

time 0 1 2 3 4 5 6 7 8 9 10 11 12 13

channel 1 G3;0 G3;0 G3;0 G3;0 G3;0 G3;0 G5;0 G5;0 G5;0 G5;0 G5;0 G5;0 – –
channel 2 – G1;0 G1;0 G1;0 G1;0 G1;0 G1;0 – – – – – – –
channel 3 – G4;0 G4;0 G4;0 G4;0 G4;0 G4;0 – – – – – – –

where,G3;0 = f< R1 >;e= 10;c= 1;t = 0;d = 3g
G1;0 = f< R2 >;e= 10;c= 2;t = 1;d = 2g
G4;0 = f< R3 >;e= 10;c= 3;t = 1;d = 2g
G5;0 = f< R4 >;e= 13;c= 1;t = 6;d = 0g

Figure 4: The schedule at time 3 for MEDF

time 0 1 2 3 4 5 6 7 8 9 10 11 12 13

channel 1 G3;0 G3;0 G3;0 G3;0 G3;0 G3;0 G1;1 G1;1 G1;1 G1;1 G1;1 G1;1 – –
channel 2 – G1;0 G1;0 G1;0 G1;0 G1;0 G1;0 G5;0 G5;0 G5;0 G5;0 G5;0 G5;0 –
channel 3 – G4;0 G4;0 G4;0 G4;0 G4;0 G4;0 G2;0 G2;0 G2;0 G2;0 G2;0 G2;0 –

where,G5;0 = f< R4 >;e= 13;c= 2;t = 7;d = 0g
G2;0 = f< R6;R9 >;e= 14;c= 3;t = 7; ;d = 0g
G1;1 = f< R7;R8 >;e= 12;c= 1;t = 6;d = 1g

Figure 5: The schedule at time 7 for MEDF

time 0 1 2 3 4 5 6 7 8 9 10 11 12 13

channel 1 G3;0 G3;0 G3;0 G3;0 G3;0 G3;0 – – – – – – – –
channel 2 – G5;0 G5;0 G5;0 G1;0 G1;0 G1;0 G1;0 G1;0 G1;0 G5;0 G5;0 G5;0 –
channel 3 – G4;0 G4;0 G4;0 G4;0 G4;0 G4;0 – – – – – – –

where,G3;0 = f< R1 >;e= 10;c= 1;t = 0;d = 3g
G5;0 = f< R4 >;e= 13;c= 2;t = 1;d = 2g
G1;0 = f< R2;R5 >;e= 10;c= 2;t = 4;d = 0g
G4;0 = f< R3 >;e= 10;c= 3;t = 1;d = 2g

Figure 6: The schedule at time 3 for LPF

time 0 1 2 3 4 5 6 7 8 9 10 11 12 13

channel 1 G3;0 G3;0 G3;0 G3;0 G3;0 G3;0 G2;0 G2;0 G2;0 G2;0 G2;0 G2;0 – –
channel 2 – G5;0 G5;0 G5;0 G1;0 G1;0 G1;0 G1;0 G1;0 G1;0 G5;0 G5;0 G5;0 –
channel 3 – G4;0 G4;0 G4;0 G4;0 G4;0 G4;0 G1;1 G1;1 G1;1 G1;1 G1;1 G1;1 –

where,G5;0 = f< R4 >;e= 13;c= 2;t = 1;d = 3g
G2;0 = f< R6 >;e= 15;c= 1;t = 6;d = 1g
G1;0 = f< R2;R5;R7 >;e= 10;c= 2;t = 4;d = 3g
G1;1 = f< R8;R10 >;e= 13;c= 3;t = 7;d = 0g

Figure 7: The schedule at time 7 for LPF



for just a single time slot. If it is enforced to catch groupG2;0, the
missed part can be patched, but the delivery will be out of the or-
der. Adding patching to SVD scheduling algorithms will be in the
future work.

6. INCENTIVES AND PRICING

We can achieve optimal efficacy only if many requests are planned
ahead. What will motivate users to do so? Why won’t they always
wait until the last minute to make requests? How to create incen-
tives is crucial to the success of the SVD paradigm. Without an
incentive mechanism, every user might request the shortest possi-
ble start time that does not reflect their real needs and the system
resource could not be effectively utilized. Usage-disciplines and
pricing policies could be combined to present users such an incen-
tive system. These incentives must be carefully tuned so that user
self-interests lead to an optimal overall resource utilization.

The usage-disciplines can be justified in several situations. Plan-
ing is a common discipline in our daily life, users could be very
happy to practice planning if proper infrastructures are available.
Community can be educated to change their usage-patterns to con-
serve resource in the global environment. Furthermore, if the peak-
time on-demand requests most likely experience low-quality deliv-
ery with frequent jitter and high losses, users tend to plan-ahead for
a guaranteed on-time, high-quality delivery.

The plan-ahead requests can also be encouraged by price dif-
ferentiation. Various pricing schemes have been investigated by
many researchers. The studies in [32] are based on a maximization
process to determine the optimal resources allocation in a service-
class sensitive pricing environment. In this work, the performance
penalty received for requesting a less-than-optimal service class is
offset by the reduced price of the service. That is, the lower price
paid, the less quality service received. In the SVD paradigm, the
plan-ahead requests still receive the high-quality video object in
time, but subject to price incentives. The works in [33] built a
usage-sensitive pricing model. When users access resources they
presumably take into account their own costs and benefits from us-
age, but ignore the congestion, delay, or exclusion costs that they
impose costs on other users. This phenomenon is referred ascon-
gestion externality. It has been argued that congestion prices dis-
courage usage when congestion is present, also generate revenue
for capacity expansion. The SVD paradigm shares this similar-
ity to penalize the immediate requests during congestion time, but
also provides alternatives to place a request earlier and still to con-
sume the media at the peak time. Wang and Schulzrinne [34, 35]
have recently proposed a congestion-sensitive pricing dynamically
depending on the availability of network resources. While this
scheme triggers increasing of price when congestion is dynamically
detected, SVD has placed an emphasis on shaping the bandwidth
consumption in a larger time domain to provide a variety of price
choices.

In the SVD paradigm, a proper pricing scheme can be integrated
to control the overall cost for delivering video objects. When the
pricing scheme reflects the real cost of video delivery, the sys-
tem resource could be effectively utilized. Both the provider and
the consumer will benefit from this pricing model. Considering
a broadcast/multicast based system as an example. The cost of
the video delivery consists of what paid to the content producer,
cc, and the cost of video delivery,cd. Normally, cc is a constant
at a certain time for a given video. However,cd depends on the
number of requests that are combined for delivery. The number
of requests to be combined is proportional to the plan-ahead time

tplan = tstart� tarrival , which is equal toq(Ri). Thus, the cost for
delivery is inverse proportional totplan, cd =

c1
dλ�tplane

, wherec1 is

the cost to deliver a single video object andλ is the arrival rate of
requests for the video. The total cost will be:

C = cc+
c1

dλ � tplane
:

A sample price is shown in Figure 8, assumingcc = $0.5,c1 = $6,
andλ = 0.1 per minute. When the arrival rate increases, the price
will be even lower.

tplan � 10 min. 20 min. 30 min. 1 hour
price $6.50 $3.50 $2.50 $1.50

tplan 2 hours 6 hours 10 hours 24 hours
price $1.00 $0.67 $0.60 $0.54

Figure 8: A sample price.

If you want to watch a video immediately and make a request at
7pm, you pay $6.50. However, if you make a request before going
home at 5pm, you pay only $1. Providers have to confront issues of
pricing and cost recovery. This price scheme will be published in
advance or made known to the users during QoS negotiation. The
longer the plan-ahead time, the more price incentives are presented.
Users will select a plan-ahead time according to their real need.
Some users may even tolerate waiting time for lower price which
further increases the system efficiency.

7. PRACTICAL ISSUES FOR INTERNET

As we mentioned above, there are two essential requirements
for deploying an SVD service, sufficient local storage space and
broadcast/multicast communication infrastructure. The storage re-
quirement can be easily satisfied. The broadcast requirement is also
straightforward in an HFC system. On the other hand, IP multicast
has not been widely deployed yet and probably is not feasible in the
near further. This may delay the application of SVD to the Internet.
Fortunately, the server-based multicast on the overlay networks be-
comes a promising approach to be practical [36, 37, 38], which can
be used as the multicast SVD service. The server-based multicast
has additional advantages for reliable multicast.

Another issue on Internet is pricing. Internet service is tradi-
tionally free and people might not be willing to pay for the video
service either. On the other hand, it is also a tradition that peo-
ple pay for movie rental. As a substitution of movie rental, people
would like to pay for the SVD service. The saving of on-line deliv-
ery should reduce the cost for the provider and the consumer should
also pay less than that in a video rental store. In addition to conve-
nience, the saving will turn consumers from the video rental store
to the SVD service.

8. EXPERIMENTAL RESULTS

Our simulation environment is described here and preliminary
results are presented. We show the results for various scheduling
policies under various loads. The policies used in the simulation
are listed below.



Sched Policy Description

FOnDemand reject a request if it cannot be satisfied
in one minute

FForceWait force delay of delivery up to 10 minutes
to wait for more upcoming requests and
will reject the request if it cannot be sat-
isfied in 12 minutes

FPatching the on-demand plus patching policy, re-
jecting a request if it cannot be sched-
uled

FMEDF the modified earliest-deadline-first pol-
icy, rejecting a request if it cannot be
scheduled

FLPF the less-popularity-first policy, rejecting
a request if it cannot be scheduled

The simulation parameters setting in this simulation are listed
below. The number of videos,N, is 5,000. For each request made,
a video is selected using a Zipf distribution [39]. The probability
that videoO j is chosen isp(O j ) = c=( jθ), wherec is a normalized
constant. The value ofθ is suggested to be 1.271 in [9] and 0.982
in [40]. We have tested both values and obtained similar results.
The higher value ofθ, the better the locality, and the more streams
can be served by SVD. Here, we present results forθ = 1. The
video length is chosen from a uniform distribution between 100
and 140 minutes with an average of 120 minutes. Plan-ahead time,
q(Ri), is uniform distributed between 1 minute and 1440 minutes
(24 hours). The request arrival rate,λ, is set from 5 to 500 per
minute.

The performance of various scheduling policies are compared
against two metrics: (i) the required number of channels if no re-
quest is rejected; and (ii) the rejection rate for a fixed number of
channels. Figure 9 shows the number of channels required for the
five policies. The number of channels required byFOnDemandis
proportional to the arrival rate.FForceWaitandFPatchingrequire less
channels.FMEDF for SVD requires 3,070 channels.FLPF further
improves the performance and requires only 2,800 channels when
the arrival rate is 500/minute.

When the resource is limited, some requests will be rejected as
the arrival rate increases. Figure 10 shows the rejection rate on
1,000 channels for the five policies.FForceWait and FPatching im-
prove the rejection rate compared toFOnDemand, results in a lower
rejection rate. MEDF utilizes the user-provided deadlines and sig-
nificantly reduces the rejection rate. LPF further reduces the rejec-
tion rate because it delays the delivery time of popular videos as
much as possible and combines more requests.

The above performance shows the situation when the user’s choice
of plan-ahead time is not influenced by the price. In reality, when
users are aware of price incentive, they tend to make the plan-ahead
time as long as possible. In the following, we model this user be-
havior as that the request distribution is reverse proportional to the
price, that is, 1=C . Assumingcc = $0.5 andc1 = $6, Figure 11 com-
pares the number of channels required with and without consider-
ing the influence of pricing for theFMEDF andFLPF policies, where
“MEDF-price” and “LPF-price” are for the performance with pric-
ing. Figure 12 shows their rejection rates on 1,000 channels. These
figures shows that the number of channels and the rejection rates
can be further reduced if the user is influenced by pricing.

Consider an HFC system, assume there are 1,000 channels as
the system capacity which is equivalent to 125 analog cable chan-
nels for 3Mbps MPEG-2 videos. Assume six hours peak time per
day [29] and the arrival rate in the peak time is five times higher
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Figure 9: The Number of Channels Required.
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Figure 10: The Rejection Rates on 1,000 Channels.
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Figure 11: Comparison of Number of Channels Required.
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Figure 12: Comparison of Rejection Rates on 1,000 Channels.



than that in non-peak time [41]. With rejection rate of less than 5%,
theFOnDemandservice can serve up to 5,000 requests, theFForceWait
policy serves about 10,000 requests, andFLPF about 250,000 re-
quests in 24 hours. The SVD can deliver videos to about 50 times
more users compared to the on-demand service.

9. DISCUSSION

The work presented in this paper aims at a framework of sched-
uled video delivery. The preliminary results show that SVD is
a promising approach for truly scalable video delivery. SVD is
suitable for the digital cable television network which is based on
physical-broadcast scheme and has a fixed number of channels.
SVD can also be applied to the Internet with multicasting capa-
bility. A number of issues to be investigated based on the SVD
framework are discussed here.

The first issue is about short-deadline requests. Though SVD is
a scalable approach, when many requests with short deadlines ar-
rive in a short time period, the system needs either to issue many
streams or to apply patching of streams. Patching can effectively
reduce the impact of the short-deadline requests and can be used to
improve the performance of SVD scheduling algorithms. Caching
is also a promising approach for scalability. When caching is inte-
grated with SVD, these requests can be intercepted and served by
the caching proxy. Thus, the scalability is further improved.

The SVD scheduling is different from any existing scheduling
scheme. It does not aim at minimizing the waiting time like in
most video scheduling algorithms, instead, it focuses on meeting
deadlines and combining of requests to form multicasting groups.
SVD defines a new class of scheduling algorithms. As we gain
understanding of its scheduling problem and techniques, more so-
phisticated algorithms can be invented. Two scheduling algorithms
have been implemented: MEDF and LPF. Patching technique can
be integrated to improve the performance.

Incentive and pricing is an important component of SVD. The
user’s choice of plan-ahead time can be influenced by the price.
In fact, not only the user’s choice of plan-ahead time, but also the
choice of videos is influenced by the price, which will be studied in
the future work.

Currently, we use the cost of delivery to establish a pricing model.
This pricing model does not distinguish the peak time and non-peak
time requests. A better model needs to be established to take into
account the relationship between the requesting time and the re-
quest’s deadline. In fact, we do not know much about the user
behaviors yet. Obviously some users will make advanced requests
for better price or incentive, and others will make immediate re-
quests regardless of price. A method is to be developed to gather
user access patterns for future research.

10. CONCLUDING REMARKS

In this paper, we proposed a new video delivery technique. SVD
includes VoD as an integrated part. When all clients request im-
mediate video delivery, SVD degenerates to the VoD service. By
taking the user plan-ahead time into account, SVD can serve much
more requests with the same resources. As a low-cost video de-
livery system, SVD has a number of advantages over the existing
schemes:

� Many requests that are submitted ahead of time can provide
a great opportunity for efficient scheduling and combining

requests, as a result, reducing the overall system resource
consumption significantly.

� Many peak-time continuous media requests can be executed
ahead of time to utilize non-peak time server access and net-
work bandwidth. It effectively increases the usable system
resource.

� Compared to Video-on-Demand (VoD), SVD provides not
only immediate access of videos, but also allows users plan-
ahead to reduce the cost and price of video delivery. With
SVD, on-demand video can be provided with much lower
cost.

� Compared to the batching approach, SVD is able to combine
more requests, reducing the system resource requirement fur-
ther.

� Compared to Near VoD, SVD does not send the same video
repeatedly. The same number of channels can provides a
large selection of video titles.

SVD is a scalable and inexpensive approach to distribute and
deliver video objects. It scales not only to the number of users but
also to the number of video titles. Better models with patching,
caching, and considering peak time behaviors will further improve
its scalability.
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