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Abstract —Continuous media, such as digital movies, video clips, and music, are becoming an increasingly
common way to convey information, entertain and educate people. However, limited system and network resources
have delayed the widespread usage of continuous media. Most existing on-demand video services, such as VoD,
batching and patching, are not scalable. Although the Near VoD service is scalable, it can provide only dozens
of videos. In this paper, we propose a scalable and inexpensive video delivery paradigm Scaeédled Video
Delivery (SVD) In the SVD paradigm, users submit requests with specified start time. The SVD system combines
requests to form multicasting groups and schedules these groups to meet the deadline. 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 provides scalable
on-demand video service with much less channels.

1 Introduction

In the last decade, we have witnessed a rapid growth of continuous media traffic over the networked world. The
characteristics of continuous media are different from traditional text-based or image-based files. Typically, contin-
uous media imposes high bandwidth and real-time requirements. Although audio and video can be used to convey
information, entertain and educate people, the use of media applications is not widespread yet. This is largely due
to limited system and network resources. The current media delivery systems are most best-effort. Servers and
networks are designed for peak time and the resource is underutilized during the non-peak time. The server and
network capacities become the major concern of continuous media services. Since media is delivered upon requests,
rigid playback deadlines coupled with resource constraints make continuous media delivery a challenging task.

Most existing video services, such as Video-on-Demand (MoD), batching and patching, are not scalable. The
number of channels required, where a channel represents the bandwidth requirement to deliver one video stream,
is proportional to the number of clients when serving a large number of videos. In VoD, the number of channels is
the same as the number of requests. The batching scheme is able to reduce demand on channels, but results in long
waiting time. Furthermore, as will be shown in this paper, it is not scalable to a large number of video objects. The



patching scheme is scalable to popular videos as it requgges channels for each video, whemeis the number

of requests for the video [1]. However, similar to batching, patching is not scalable to a large video repository. The
only scalable scheme for video delivery is the Near VoD (NVoD), where the number of users is unlimited. However,
each NVoD video needs 5 to 8 channels. Since video channels are limited resources, only dozens of videos can be
serviced. It is desirable to find a scheme that is scalable to a large number of video objects. This objective can be
made possible if considering the fact that not all contents are needed at the request time. In many situations, people
can plan ahead to obtain some content before it is actually used, which provides opportunitiesScingtaled

Video Delivery (SVDparadigm. With this paradigm, the traffic can be smoothed by shifting the peak-time traffic to
non-peak time. Furthermore, requests can be combined to reduce server load and network traffic.

True VoD or patching provides the highest degree of interactivity. A video can be viewed immediately whenever
the viewer wants to watch it. However, how many people need to view a video instantly? When people rent a video
from a store, it takes minutes or hours to do so. Most people even do not 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, a video delivery system can be made scalable and inexpensive, and still flexible. Consider the cost of
delivering a video to customers. Instant delivery to a single customer is costly. When a copy is delivered to many
customers through broadcast or multicast, the cost can be reduced. Furthermore, minimizing the delay is a difficult
task. A combination of disk scheduling, complex buffer management, and network congestion control is required.
Also, performance cannot be guaranteed during the peak time. Interactive operationsfastificasardandjump
are difficult to provide with minimal delay. A slight relaxation of the delay requirement 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, when a customer makes the request two
hours before the viewing time, the requests for the same object during this two hours can be combined and delivered
together. Also, the video could be delivered during non-peak time too. When a video is stored in user's computer
or STB, implementation of interactive operations becomes trivial. Furthermore, relaxing the real-time streaming

requirement also eases fault-tolerance and heterogeneous network issues.

The SVD paradigm makes efficient use of the system resources by fully utilizing the time interval from when
the request is made to when the user actually views the requested video. The large-scale use of continuous media
applications demands developments in two directions: increasing resource provision and reducing resource con-
sumption. 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, thereby reducing the overall resource consumption. In addition to multicasting or broadcasting,
which reduces the resource requirement by combining requests across space, SVD combines requests across time.



This paper will describe the SVD architecture. Related researches are discussed in Section 2. The SVD architec-
ture is proposed in Section 3. In Section 4, we discuss incentives and pricing for SVD. The system and scheduling
are described in Sections 5 and 6, respectively. The analysis of scalability of the SVD scheme is given in Section 7.
The experimental results are presented in Section 8. Finally, a discussion is provided in Section 9 and the paper is
concluded in Section 10.

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 video to individual users. It is not scalable because of its high bandwidth
requirement. With the recent deployment of VoD systems in about a dozen of 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 [2, 3]. With SVD, the selectiveness is retained, but
the responsiveness has been changed into plan-ahead and guaranteed arrival. This alternative can be justified in
several situations. Users may be very happy to exercise planing disciplines. Communities can be educated to change
their usage-patterns to conserve resources in a global environment. Pricing can be differentiated to provide further
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 delivery. Two approaches for scalable video delivery
have been developed. The open-loop approach [4, 5, 6, 7, 8] requires no return path so it can be used for one-way
cable systems, whereas the closed-loop approach [9, 10, 11, 12, 13, 14] requires a two-way system. The closed-loop
system only delivers the requested video 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 approach. The first one simply rebroadcasts the same video in a fixed
time interval, for example, every 20 minutes. It results in a long average waiting time. The second scheme broadcasts
the earlier segments of the video more frequently than the latter segments to reduce the waiting time [5, 6, 7]. It
can only improve 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 batching [9, 10, 11, 15, 16], patching [17, 13, 18],
catching [19], stream tapping [20], and stream merging [21], 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 bandwidth. Normally, five to ten video channels are required to
provide 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 video objects if they were used in
a different way. For instance, five video channels can deliver 60 two-hour videos during a 24-hour period. Many
research works on the closed-loop approach emphasize merging more requests while minimizing waiting time, hence
a common fact has not been noticed. That is, not all users want to view the requested video immediately. By utilizing
this characteristics, video delivery scheme can become much more efficient.

Digital fountain [22] is a scalable approach to 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 deliver videos. Other approaches to
improving scalability are caching [23, 24, 25], mirroring [26, 27], or CDN [28]. These methods can be used with
SVD to maximize the scalability.

Interactive Multimedia Jukebox (IMJ) reduces the channel requirement by scheduling requests to a certain time
period, in the hope that other users will watch the already-scheduled videos [29]. Improved from IMJ, SVD presumes
some user storage space, so the time requirementis 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. By moving the delivery time forward, it
becomes simple to deal with the “dead period” problem [29] for the advanced reservation. 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 consumption. A policy using multiple service classes
was also proposed in [30] which shares the same philosophy of the LPF algorithm described in this paper. Recent
research proposes patching with cache [31, 32] to reduce the waiting time and improve performance. Patching can
also be used in SVD scheduling to minimize the bandwidth 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 SVD paradigm has a number of advantages compared to traditional VoD. First, SVD extends a user’s option from
click-wait-see patterns to plan-ahead alternatives, being able to submit requests with timing specification. Second, it
enriches servers with capability of efficiently combining and scheduling 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 sufficient space to store a few two-hour videos. A 40-GB disk, which is large enough to store a
couple of MPEG-2 movie files, costs less than US$50. We also assume a broadcast or a multicast scheme so that a



number of requests can be combined and delivered together. A cable (Hybrid Fiber/Coax) system can be used for
this purpose. The Internet with multicast capacity will also satisfy this requirement.

In the SVD paradigm, a user makes a request of video witad 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 or more. 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 they become available. This kind of contents should have
a short deadline. Other 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 streaming a large file with a rate control reduces the network congestion compared to the best-effort
approach.

4 Incentives and Pricing

The optimal efficacy can be achieved 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 incentives is crucial to the success

of the SVD paradigm. Without an incentive mechanism, every user might request the shortest possible 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 incentive 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. Planing is a common discipline in our daily life,
users could be very happy to practice planning if a proper infrastructure is available. Community can be educated
to change their usage-patterns to conserve resource in the global environment. More important, if the peak-time
on-demand requests most likely experience high rejection rate or low-quality video, users tend to plan-ahead for a
guaranteed on-time, high-quality delivery.

The plan-ahead requests can also be encouraged by price differentiation. Various pricing schemes have been
investigated by many researchers. The studies in [33] 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 in time. The works in [34] built a usage-sensitive pricing model. When users access resources they presumably
take into account their own costs and benefits from usage, but ignore the congestion, delay, or exclusion costs that
they impose costs on other users. This phenomenon is referichgsstion externalitylt has been argued that
congestion prices discourage usage when congestion is present, also generate revenue for capacity expansion. The
SVD paradigm shares this similarity to penalize the immediate requests during congestion time, but also provides
alternatives to place a request earlier and still to consume the media at the peak time. Wang and Schulzrinne [35,
36] 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 pricing scheme is integrated to control the overall cost for delivering videos. When
pricing reflects the real cost of video delivery, the resource utilization could be optimized. 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 prodageand the cost of video delivery,
cq- Normally, c; is a constant at a certain time for a given video. Howesgdepends on the number of requests
that can be combined for delivery. The number of requests to be combined is proportional to the plan-ahead time

tplan = tstart — tarrival. Thus, the cost for delivery is inverse proportionaij@n, ¢4 = D\f—;an] and the total cost is
C1
Ci=cct+—=—-,
' ¢ D\ ‘tplan-|

wherec; is the cost to deliver a single video object. Sinces the request arrival rate for the vidgo,tpa, is the

number of requests to the video during the plan-ahead time. When this number is less than 1, no request can be
combined, and the delivery costds A popular video will cost less to deliver even for a short plan-ahead time since

its A is larger than a non-popular video.

A sample price for a video is shown in Table |, assumipg $0.5,c1 = $6, and\ = 0.1 per minute. If you would
like to watch this video at 7pm and make an immediate request, you will pay $6.50. However, if you make a request
before going home at 5pm, you will pay only $1. Note that the prices for a 1-minute request and for a 10-minute
request are the same since both have a little chance to combine other requests. Furthermore. the price of a video

tpian || <10 min. | 20 min. | 30 min. | 1 hour | 2 hours| 5 hours| 10 hours
price $6.50 $3.50 | $2.50 | $1.50 | $1.00 | $0.70 $0.60

Table I: Sample price fok = 0.1.

depends not only on the plan-ahead time, but also on the popularity of the video. When the arrival rate increases,
the price will be lower. Two more sample prices foe= 0.01 and\ = 1 are shown in Tables Il and Ill, respectively.
A request on a popular video is charged a lower price because it will likely be combined to other requests and the



delivery cost is low. As an example, for a video)of 1, a request on the video with 6 minute plan-ahead time costs
only $1.50. On the other hand, people have to wait for a long time to watch a non-popular video with a low price.

thian || <100 min.| 200 min. | 5 hour. | 10 hour| 20 hours| 50 hours
price $6.50 $3.50 $2.50 | $1.50 $1.00 $0.70

Table Il: Sample price fok = 0.01.

tpian || <1min. | 2min. | 3min. | 6 min. | 12min. | 30 min. | 1 hour| 2 hours
price $6.50 | $3.50 | $2.50 | $1.50 | $1.00 | $0.70 | $0.60 | $0.55

Table Ill: Sample price fok = 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 be willing to wait
longer for a better price, which further increases the system efficiency.

SVD provides flexibility to both providers and users. Providers are able to deploy the service incrementally.
A few channels and low-cost servers can be deployed initially to test the demand of the video service. Since many
requests can be combined, much more requests can be serviced compared to true VoD. With this limited deployment,
some users who make short-time requests will be asked to change their requests to a longer plan-ahead time but given
a lower price. More channels and servers will be deployed later if the provider identifies more users willing to pay
higher price for short-time requests. Again, the high price discourages short-time requests or generates revenue for
service expansion otherwise.

5 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 manage-
ment 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 SUThis module maintains the record Nfvideo objects0Qy,...,Oy. For each
objectO; we have:



e 1(0j) playback length in minutes

e r(0j) average playback bit rate in Mbps

e p(Oj) object popularity, from 1 t&N

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 popularity of an object varies from time to time and is represented by a number, 1 is
the highest andll is the lowest.

Planing unit. A request, once submitted by the PU, is assigned a unique request idénfiieeach reque&t; we
have:

o(Ri) objectOj requestedy(Ri) = j

s(R;) the start time of consumption

a(Rj) the request arrival time

q(Ri) the plan-ahead timeyRi) =s(Ri) —a(R), which is equal tdpjan

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

Transmission module of SUConsidering the outgoing network bandwidth as well as the server’s output capacity,
the total available bandwidilV can be equally partitioned intd channels if all the streams have the same bitrate
thusM = W/r. OnceM, the number of channels, is fixed, the requests can be mapped onto the 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 leii@t), bit rater(O;), and plan-ahead timgR ;). Assume all
requests have the samER):

B=r(0j) x1(0j)/a(Ri) =r(0;)/B,

wheref = q(Ri)/1(0j) 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 consumption.



Scheduling module of SUThe functionality of this module is to apply a scheduling algorithm to realize mapping

Ck+l  anew schedule

Fag(Rk,C*,P¥
alg(R 1, C%, ):>{pk+l a new waiting pool

wherePX is the current waiting pool an@X the current schedule for each individual channel. Upon the arrival of
requesR i, the scheduling module is invoked to change the schedule @otn Ct1, as well as the waiting pool
from PK to P*+1,

Requests for a same object could be combined into a group as long as they all meet deadlines. A group is the
basic unit for scheduling. To maintain these groupgools,Py,P»,... Py, are formed. a®; = {Gj,o,---,Gj,nj—l},
where n; is the number of groups for obje0,

Gj7V =< ijv’ejvv’cjv\/’tj:\/’djvv >

for 0 <v < nj, and
e Ujv={Rilo(Ri)=j,a(Ri) <tjy<s(Ri)} allrequestsingrouf;y

e &y =mingcy;, (S(Ri) +1(0))) the deadline 06,

e Cjv thechannelthdb; is scheduled to

tjv thetime thaG; is scheduled to

e dj, thelength of objec®; thatG;j, has delivered

All requests forO; that have not started their delivery should be in the same group. The deadltg &f
defined as the earliest deadline among all requests in the groug; anthintains the length of obje€; that group
Gjv has delivered.

Consuming Unit. This unit manages the user’s resources and provides facility for a user to consume the media
object requested. Examples of resources to be handled include storage space and network 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 content 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.

6 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:



e to schedule deliveries to meet the requested start time; and

e 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 requirement 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 request will be admitted; otherwise, it is rejected or further negotiated.
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 the MEDF
algorithm as shown in Figure 1.

Upon arrival of requesRy for objectO;, we first check if there is any request grouginwhose 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 @tRj 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 requests. 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 algorithm. 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 thalw 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 Least Popularity First (LPF) algorithm
as shown in Figure 2.

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

10



For a newly arrived requeBtg
let j = o(R ) andneedresch= false
if Ji,dj; =0
addR toUj;
if (s(Rk)+1(0))) <ej,i
ej,i = S(Rk) +1(0)
needresch= true
else create a new grol n, in P; for objectO;
letv=n; andnj = nj+ 1, addR x toU; v
ejv=-s(Rx)+1(0j)
needresch= true
if needresch= true
for every channet =1,2,...,M, IetTC(kJrl) = thow
for every object = 1,2,...,N, and for every group
i=0,...,nj — 1, in the ascending order ef;;
find a channet with the earliest available tim‘Q(
if Tc(k+1) +1 (Oj) —dji <egjj
tji= Tc(k+1) andcjj=c
Tc(k+l) = Tc(k+1) +1(0j) —dj;
else fail to schedule the new requBst
restoreC (kt1) = Ck andP (k+1) = pk

k+1)

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

For a newly arrived requeBy, let j = o(R ),
apply Fmepr to obtain an initial schedule
For each channel reconstruct an as-late-as-possible schedule
letAc = {(aci,azj)} the available slots
letBc = {(bc,,b;)} the booked slots
initially, Ac = {(T¢, )}, Bc = {(thow, Tc)} @andL¢ = o
mark its first scheduled group affinityif djo > 0
For all nonaffinitygroups withcjj = ¢
sort them in descending ordertgf
shift groupGj; to its latest possible slot
move slot(t;i,t;i +1(0;)) from B¢ into A¢
lett;; = min(ej,Le) —1(0))
move slot(t;i,t; ;i +1(0;)) from A¢ into B¢
letLe =t
For all nonaffinitygroups in ascending order of@),
move the less popular stream forward
move slot(tj ;,tji +1(0j)) from Bc into Ac
find a channeb with an earliestay, a;) from Ay,
such thagl < e;;, andaj, —ay < 1(0;)
move slot(ax,ax+1(0j)) from Ay into By,

Figure 2:F_pg: Least Popularity First (LPF) Algorithm
11



The request groups for more popular objects tend to be left behind, increasing opportunities of combining.

An example is used to illustrates the both algorithfaggpe andF pg. Here, letM = 3, N = 5 and all objects
have the same length(O;) = 1(02) = 1(03) =1(04) = 1(0s) = 6. However, they have different popularities,
p(01) =1, p(02) = 2, p(03) =3, p(04) = 4, andp(Os) = 5. There are ten requests listed in Figure 3.

With Fyepr, Ry is scheduled first. Requed®s, R3, andRy arrive at time 1.R, andR3 with earlier deadlines
are scheduled to processiry is admitted too. WheRs arrives at time 3, it cannot be combineddg sinceG o
has started. As a result, requBstis rejected and the schedule at time 3 is shown in Figure 4. Then redlsemtsl
Rz arrive at time 4 and are scheduled as two new grdissandGy 1. Attime 6, requesRg is merged intd5 1 to
join with requesRy7. At time 7, requesRg is merged intd5; to join with requesRs. However, there is no space
left for R10, which must be rejected. The schedule at time 7 is shown in Figure 5. Thus, with MEDF, two requests,
Rs andR1, are rejected.

With Fipr, Ry is scheduled first when it arrives at time 0. RequébstsR3, andR, arrive at time 1.R4 andR3
with less popularities are scheduled to procégsis admitted, but its processing is postponed. WRermrrives at
time 3, it is merged intd1 o which has not started yet. The schedule at time 3 is shown in Figure 6. As the time
advances, requeBj arrives and is scheduled as a new gréigp. Next,R7 arrives and is merged into gro( o.
Attime 6, requesRg arrives and is scheduled as a new gr&up, since grouf5, o has started. At time 7, request
Rq is rejected and requeRt o is combined into groufs, 1. The schedule at time 7 is shown in Figure 7. Thus, only
one requesRRo, has been rejected. As shown above, reqHgstas missed grouf, o for just a single time slot. If
it is enforced to catch grou, o, the missed part can be patched. Adding patching to SVD scheduling algorithms
will improve performance further.

7 Scalability of SVD

An analysis for scalability of the SVD paradigm is provided in this section. We assume ideal scheduling is used, that
is, the system is not idle all the time and utilization is 100%. This will provide a performance bound for SVD. We
will derive a formula for the number of channels at a given request arrival rate. This depends on request distribution,
request arrival rateajj, the number of videos in the video repositoN){and the length of video. Without lossing
generality, we assume all video objects have the same léngth

Batching combines the requests arrived in some time period and satisfies them together. Since SVD shares
behaviors of batching to some extent, we will derive the equivalent batchingdrtioefore the number of channels
can be computed. We assume that the latest start time (deadline) of a request is uniform distributed between time 1
and timeTg.

12



Ri [Ri[R2[Rs[Ra|Rs[Rs [R7 [Rs [Ro | Ruo

o(Ry) 3145121 ]1]2]1
a(Ry) 0| 1|1 1|3 4|46 7|7
SRy 4 4[5 7|5]9|6]|8|8]7
Deadline| 10 | 10 | 11 | 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]] Gao | Gapo [ Gso | Gso | Gap0 | Gapo | Gso | Gso | Gspo | Gso | Gso | Gso | — | —
channel 2 - Gl,o Gl,o Gl,O Gl,O Gl,o Gl,O — — - - - — | =
channel 3| — | Gao | Gao | Gap | Gag | Gap | Gap | — _ — _ — | — =

where,Gzo={<R1>,e=10,c=1t=0,d=3},G0={<R>x>,e=10,c=2t=1,d=2}
Gso={<R3z>,e=10,c=3;t=1,d=2},Gsp={<Rs>,e=13c=1t=6,d =0}

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 G370 G37o G37o G37o 6370 Gs,o Gl,l Gl,l Gl,l Gl,l Gl,l Gl,l - -
channel 2 - Gl,O Gl,O Gl,O Gl,O Gl,O Gl,O 6570 GS,O GS,O GS,O GS,O GS,O -
channel 3] — | G40 | Ga0 | Gao | Gao | Gap | Gap | G20 | Gao | Goo | G2o | Gop | Goo | —

whereGsp={<Rs>,e=13c=2,t=7,d=0},G0={<Rs,Ro >,e=14,c=3,t=7,,d =0}
G]_71 ={<R7,Rg>,e=12c=1t=6,d=1}

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 G370 G37o G37o G37o G37o G370 - - - - — — — —
channel2|| — | Gsp | Gso | Gso | G10 | G1o | Gio | G10 | G1o | Gio | Gso | Gsp | Gsp | -
channel 3 - G47o G47o G47o G47o G470 G470 - — — — — — —

where,G3o={<R1>,e=10,c=1t=0,d=3},Gs0o={<Rs>,e=13c=2t=1,d=2}
Gio={<Rz,Rs>,e=10,c=2,t=4,d=0},Gs0o={<Rs>,e=10c=3t=1,d =2}

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 G370 G37o G37o G37o G370 6370 Gz,o GZ,O GZ,O GZ,O GZ,O GZ,O - -
channel2|| — | Gso | Gso | Gso | G1o | G1o | G10 | G1o | G1o | G1o | Gso | Gso | Gspo | —
channel 3| — | G40 | Gao | Gao | Gap | Gap | Gao | G11 | Gi1 | Gi1 | Gi1 | G1a | G1a | —

whereGsp={<Rs>,e=13c=2t=1,d=3},G0={<Rs >,e=15c=1t=6,d=1}
Gl,O ={<R2,R5,R7>,e=10,c=2,t=4,d =3}, Gl71: {<Rg,R10>,e=13c=3,t=7,d=0}

Figure 7: The schedule at time 7 for LPF
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The probability that a request accesses video okject

1
p; = 9., where C= ——.
J =17
This is called the Zipf distribution [37]. Video objeG4 is the most popular and video objéy is the least popular.
For simplicity, we assume that the request arrival times are evenly distributed. When the request arrival rate for all
video objects is, the arrival rate for an individual video obje@f can be computed by

Ca
Aj=ap = T 1)

The requests arrive at different time with different deadlines. If no time deadline falls betweeg tingktime
to +t;, no stream needs to be issued. The longéstthe equivalent batching tinile which be derived.

Define evenB] as the deadline of the request that arrivess &lls intot + i, where 1< i < Ty. Since deadlines
are evenly distributed, probability of evelif is

1
1y _
P(B;) T

Consequently, define eveAt = B! and the conditional probabilitf(B,|A, ;...A}) is shown as below, standing for
the deadline of the request, arrived adloes not fall intd + 1, ...,t + x— 1 and falls intat + x:

1
AL LA = —————
PBYIA, 1.A) = =

And, the conditional probabilitf(A,|A, ,...A}) for an individual request arrived ts,

1 _ Tg—X
—x+1 Tg—x+1

PKIA,-1..A1) =1~ P(BA, 1A} =1- =

In general, for every time slot requests arrive with their deadlinestatty, where 1<ty < Ty. EventAy is de-
fined as none of deadlines of alfequests, arrived atfalls intot + k. The conditional probability?(Ax| Ax_1...A1),
that is, none of deadlines of allrequests falls intb+ 1, ...,t + Xis

Td—X

P(Ax|AX_1...Al) - (m

)’ (2)

Starting from timet, with arrival rateA, define evenCy as that none of requests’ deadlines is before time
t + k. Therefore, for the requests arrived aprobability of none of their deadlines is earlier than time slek is
P(AkA«—1...A1). Consequently, for the requests arrived &ti, probability of none of their deadlines is earlier than
timet + kis P(Ax—iAx—i—1-.-A1). For all the requests arrivedtat + 1, ...,t + k— 1 and from Equation 2,

P(CA) = P(A1)P(A2A1)...P(A...A1)
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SinceP(A2A1) = P(A2|A1)P(A1), we have

P(C) = P(A1) P(A2] A1) L. P(AA 1. A1)

(Ta— DM (Tg— 22D (Ty— k)

(Ta) (Tg = DAKRD ™ (Tg — K+ 1)A
1 X :
= W ”(Td —iy
=

Overall, define evenDy as, starting front, none of requests’ deadlines falls before k and at least one of
request’s deadlines falls intet+ k. The probability of evenDy is,

1 Ty —k A k-1 .
P(Dk) = P(Ck—l) - P(Ck) = (Td)\(k_l) - ( de)\k ) ) il:l(Td - |))\

T (Ta—kAk
— 47 \Vd7 Y Té‘d" iEl(Td —iy ®3)

Average distance or the equivalent batching tifpéor video objecQ; is computed as,
Ty T4 TN _ (T — KN k=2
Tij=Y kxP(Dy) = (k x 4O [ (Ta—i)N ], (4)
kgl kZl Tg“k il:l
where| is the arrival rate for video obje€t;.

Given the equivalent batching timig, A;Tj requests can be combined. WheT; < 1, no request can be
combined. Sinceéj is monotonously decreased withthe entire video repository can be divided into two sets by
aturning point v The first set, named &, is from video objec; to video objectO, where requests can be
combined. The other set, named$s is from video objecO,.; to video objectOy where requests cannot be
combined. The value of can be obtained by

v=Max(j)|A;T; > 1.
Without lossing generality, assurigT; = 1. Thus from Equation (1),
C
AT = vaTj =1,

and
v=_CaT,.

Sincev < N,
v = Min(CaTj,N).
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In order to understand importancetofning point v define a parameterto measure what percentage of requests
belongs to the first set of videdS:

A=Y ZJ =1 J i

VY SNy J Z

Let us find out requirements on the number of channels for the two sets of videos.

<
j

e S;. For every video objedD; € S; during equivalent batching tim§, we can combin;T; requests since
AjT; > 1. Therefore, foO;, at mostL/T; channels are required. The total number of channels required to
serve video se$; is,

my = TE (5)

HM<

Notice thatm is independent of arrival rate.

e S. For every video objedD;j € S, sinceA;T; < 1, during equivalent batching timg, no request can be
combined. Therefore, the total number of channels required to serve vid€pisetqual to the number of
requests which belong ®

mp = (l_p)aLa (6)

whereal is the total number of requests.

From Equations (5) and (6), the number of channels for request arrival isite

m=m+m= Z£+1 p)aL (7)

Equation (7) can be applied to both batching and SVD. Here, in SyY3,the equivalent batching time for video
objectOj, whereas in batching; is the specified batching time and could be the same for all video objects. Based
on this equation the required number of channels for batching and SVD is plotted in Figure 8. Here, the parameters
are set adl = 1,000,L = 120 minutesT = 20 minutes, andg = 1440 minutes.

The average equivalent batching time for all video objects is as follows:

T:

9 x Tj.
1

||Mz

Equation (7) can be simplified to

VoL L

Z? +(1-plaL= vT+(1 p)aL (8)
The general scalability can be addressed based on vajue of
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Figure 8: The required number of channels for batching and SVD.

e WhenCaT < N andp < 1, from Equation (8)

m= CaT% +(1-p)aL=(C+1—-p)aL>CalL

The number of channels for the simple VoD is knowraasindC is a constant for a given value bf. Thus,

the number of channels proportional to the number of requests. The system is not scalable under this condition.

e WhenCaT > N andp = 1, from Equation (8)

L
m:ml:N?.

The number of channels is independent of the number of requests. The system is scalable to the number of

requests.

For a given number of video objectd, andC are constant. Thus, when< % the system is not scalable

and whema > % the system is scalable. The batching and SVD will result in the different division of the above

two situations. Figure 9 shows the relation between the turning points and the number of videos for batching and

SVD. For 5,000 video objects, batching needs 2,300 requests/minute to become scalable and SVD needs only 50

requests/minute.
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Figure 9: The relation between the turning point and the number of videos for batching and SVD.

8 Experimental Results

Our simulation environment is described here and preliminary results are presented. We show the results for various

scheduling policies. The policies used in this simulation are listed below.

Scheduling Policy]|

Description

Fonbemand reject a request if it cannot be satisfied in one minute
FBatching force delay of delivery up to 10 minutes to wait for more upcoming requests and will reject
the request if it cannot be satisfied in 12 minutes
Fpatching the on-demand plus patching policy, rejecting a request if it cannot be scheduled
Fvepr the modified earliest-deadline-first policy, rejecting a request if it cannot be scheduled
FLpr 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 video d¥jests,000.

For each request generated, a video is selected using a Zipf distribution [37]. The video length is chosen from

a uniform distribution between 100 and 140 minutes with an average of 120 minutes. Plan-aheagRjmeés

uniform distributed between 1 minute and 1440 minutes (24 hours). The request arrival rate is set from 5 to 500 per

minute.

Performance of various scheduling policies are compared against two metrics: (i) the required number of chan-

nels if no requestis rejected; and (ii) the rejection rate for a fixed number of channels. Figure 10 shows the number of

channels required for the five policies. The number of channels requirBemandgiS proportional to the arrival

rate. Fgatching@NdFpatchingrequire less channels. It can be seen hat for SVD performs much better than other
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Figure 11: The Rejection Rates on 200 Channels.
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policies. The number of channels required by the batching policy is 51% to 56% of that of the on-demand policy.
The number of channels required by the patching policy is 46% to 52% of that of the on-demandmgdisy.for

SVD requires 708 channels when the arrival rate is 100/mirkig- further improves the performance and requires
only 657 channels. The comparison of theoretical and experimental results for SVD is shown in Table IV. The LPF
algorithm generates schedules that are close to perfect scheduling.

Arrival rate (per minute) || 20 | 40 | 60 | 80 | 100
Theoretical result 276 | 380 | 461 | 529 | 589
Experimental result (LPF) 287 | 412 | 498 | 584 | 657

Table 1V: The channel requirement for SVD.

When the resource is limited, some requests will be rejected as the arrival rate increases. Figure 11 shows the
rejection rates on 200 channels for these policiegatching and Fpatching improve the rejection rates compared to
Fonpbemana For rejection rate of 5%, both of them can serve about twice of that for the On-Demand policy. SVD
utilizes the user-provided deadlines and significantly reduces the rejection rate.

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 behavior as that the request distribution is reverse proportional to the price,
that is, 2/C;. Assumingc; = $0.5 andc; = $6, the number of channels required with and without considering the
influence of pricing for thé-wepr andF_pr policies are shown in Figure 12, where “MEDF-price” and “LPF-price”
are for performance with pricing. Figure 13 shows their rejection rates on 200 channels. These figures show that the
number of channels and the rejection rates can be further reduced when users are influenced by pricing.

Consider a HFC system, assume there are 200 channels as the system capacity which is equivalent to 25 analog
cable channels for 3Mbps MPEG-2 videos. Assume six hours peak time per day [30] and the arrival rate in the peak
time is five times higher than that in non-peak time [38]. With rejection rate of less than 5%g#Bemandservice
can serve up to 1,000 requests, Fgxichingand theFpaiching policies serve about 2,000 requests, &ngr about
35,000 requests in 24 hours. The SVD can serve about 35 times more requests compared to the on-demand service.

9 Discussion

The work presented in this paper aims at a framework of scheduled 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 capability. A number of issues to be investigated based on the SVD framework are
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discussed here.

As we mentioned above, there are two essential requirements for deploying an SVD service, sufficient local
storage space and the broadcast/multicast communication infrastructure. The storage requirement 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 becomes a promising approach to be
practical [39, 40, 41], which can be used as the multicast SVD service.

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

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 can be 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 model needs to be established to take into account the relationship
between the requesting time and the request’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
requests 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 paradigm. When all clients request immediate 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 delivery system, SVD has a number of advantages over the existing
schemes. First, requests that are submitted ahead of time can provide a great opportunity for efficient scheduling
and combining, as a result, reducing the overall resource consumption significantly. Second, peak-time requests can
be executed ahead of time to utilize non-peak time server access and network bandwidth. It effectively increases the
usable system resource. Compared to VoD, SVD provides not only immediate access of video, 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 and patching approaches, SVD is able to combine more requests, reducing the
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system resource requirement further. Compared to Near VoD, SVD does not send the same video repeatedly. The
same number of channels can provide a large selection of video titles.

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. It is not a common real-time
scheduling problem which does not combine requests.

Analysis and simulation results have been presented in this paper to show that SVD is a scalable and inexpensive
approach to distributing and delivering videos. SVD requires much less resources to provide an on-demand video
service compared to the true VoD. Integrating SVD with patching, and considering peak time behaviors will further
improve scalability of video delivery.
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