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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, name®theduled Video Delivery (SVD)

In the SVD paradigm, users submit requests with specification of
start time. The provider schedules these requests to meet the Qo
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-Elient/server H.3.4 Information Systemg: 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

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-

éjations, people can plan ahead to obtain the content before it is

actually used. This provides the possibility for theheduled 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 &ast-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

continuous media are very different from traditional text-based or more beneficial. For example, if a customer can tolerate a two-hour
image-based files. Typically, continuous media imposes high band- Plan-ahead time, all requests for the same object during this two-
width and real-time requirements. Although audio and video can hour period can be combined and delivered together. Video could

be used to present information, entertain and educate people, thé?® 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-
Permission to make digital or hard copies of all or part of this work for sources by fully utilizing the interval between the time the user
personal or classroom use is granted without fee provided that copies arerequests the video and the time the user actually views it.
not made or distributed for profit or commercial advantage and that copies | arge-scale use of continuous media applications demands de-
Eearglh'shnft'ce "’:”dntherflu"r C't?tt'orr‘ %’.‘ ttfr\%fltrsttp?g;e. IO C(_’fy Ot:‘_ep""se'_]f," velopments in two directions: increasing resource provision and
pieumiézidnc;ﬁgforoa fsez €rs orto redistribute o lIsts, requires prior specitic reducing resource consumption. With the SVD paradigm, many
NOSSDAV'02May 12-14, 2002, Miami, Florida, USA. peak-time requests can be placed and executed ahead of time to
Copyright 2002 ACM 1-58113-512-2/02/0005$5.00.



utilize non-peak time server access and network bandwidth. It efficient by utilizing this characteristics.
amounts to adding more underlying infrastructure to meet higher Digital fountain [21] is a scalable approach for disseminating
demands at peak-time; therefore, increasing provision of resourcelarge files to many users. It is not suitable for video delivery with
without incurring hardware costs. In the SVD paradigm, requests short deadlines. However, it can be used together with SVD to de-
that are submitted ahead of time can provide a great opportunity liver videos. Other approaches to improving scalability are caching
for efficient scheduling and implicit combining requests, thereby [22, 23, 24], mirroring [25, 26], or CDN [27]. These methods can
reducing the overall resource consumption. In addition to multi- be used with SVD to maximize the scalability.
casting or broadcasting, which reduces the resource requirement by Interactive Multimedia Jukebox (IMJ) reduces the channel re-
combining requests across space, SVD combines requests acrosguirement by scheduling users’ requests to a certain time period, in
time. 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
2. RELATED RESEARCH 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-

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. Itis 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 posed in [29] which shares the same philosophy of the LPF algo-

as well as their scalability. rithm described in this paper. Recent research proposes patchin
VoD service is attractive since it is selective and responsive [1, with cache [30, 31] to reF:ju[::e lthe waiting time angimp rove perfor- 9
2]. With SVD, the selectiveness is retained, but the responsiveness N uting np perto
; . . _mance. Patching can also be used in SVD scheduling to minimize
has been changed into plan-ahead and guaranteed arrival. This al-

ternative can be justified in several situations. Users may be verythe channel requirement for requests with short deadlines.
h ) . PN - Two commercial works, TIVO and Replay, can record the pre-
appy to exercise planing disciplines. Communities can be edu-

cated to change their usage-patterns to conserve resources in thgcgteedrgIe_?htg?\%a:;;tgitmz'igggc\:\ll'ittiteai;ﬂZbﬁﬁrsg?zlté?‘:It;m:ndc;a
global environment. Pricing can be differentiated to provide an- Y ' y 9

other incentive. While VoD service can still be effective for short plan-ahead, but changes this passive scheme into an active one.

clips, SVD will be suitable for high-quality, full-length movies and
education/training courseware applications. 3. SCHEDULED VIDEO DELIVERY

It is critical to investigate new methods for scalable video deliv- o ) )
ery. Two approaches for scalable video delivery have been devel- The focus of the SVD paradigm is to explore benefits of different
oped. The open-loop approach [3, 4, 5, 6, 7] requires no return path@Spects. First, SVD extends_a user’s option from cllck-walt-see pat-
so it can be used for one-way cable systems, whereas the closed!€s to plan-ahead alternatives, being able to submit requests with
loop approach [8, 9, 10, 11, 12, 13] requires a two-way system. fiming anq_storage spgufncaﬂon. Se_cond, it gives servers/proxies
The closed-loop system only delivers the requested videos to usersh€ capability to be efficient and effective by combining and schedul-
but the open-loop system continuely broadcasts a video even if noind requests. Third, it alleviates the peak-time overloading problem
one watches it. Normally, only dozens of videos can be provided and improves utilization of limited bandwidth resources. N
simultaneously in an open-loop system. In the SVD paradigm, itis assumgd_ that each user has sufficient

Two major schemes have been proposed for the open-loop ap-Storage for at least one video. Reallstl_cally, normal dlsk_s have _suf-
proach. The first one simply rebroadcasts the same video in a fixedficient space to store a few two-hour videos. A 40-GB disk, which
time period, say, every 20 minutes. It results in a long average wait- 1S large enough to store a number of movie fllefs, now costs less than
ing time. The second scheme broadcasts the former segments of thé100. We also assume a broadcast or a multicast scheme so that a
video more frequently than the latter segments to reduce the wait- "umber of requests can be combined to be delivered together. A ca-
ing time. It can only reduce the waiting time if the viewer watches bPle (Hybrid Fiber/Coax) system can be used for this purpose. The
the video from the beginning, but one cannot jump to the middle of Internet with ml_JItlcast capacity will also satisfy thl_s requirement.
a video without initiating a separate video stream. ~In this paradigm, a user makes a request of video wistaat

In the closed-loop approach, a number of methods, such as batchme- The server schedules a time slot for dellve_ry of the video to
ing [9, 8, 9, 10, 14, 15], patching [16, 12, 17], catching [18], stream the user’s storage space on or before the start time. The start time
tapping [19], and stream merging [20], are used to combine more €an be as short as a few seconds and as long as 24 hours though a
requests to minimize the number of broadcast or multicast streams.|onger time can be arranged. A pricing scheme controls the overall
Most of these methods assume some storage space being availablePSt for video delivery. _ )
in the client's machine. These methods require substantial band- This paradigm also can be applied to content delivery from the
width. Normally, five to eight video channels are required to pro- Original server to proxy servers. Some contents such as news and
vide one video object. Even worse, these channels broadcast theSPOrts need to be delivered as soon as possible. This kind of con-
same video again and again, wasting significant network resources tents should have a short deadline. Some contents such as movies
The same video channels could deliver a large amount of videos if are sent to the proxy at a scheduled time with a long deadline. It
they were used in a different way. For instance, five video chan- 9IVes Fhe server schedul_er a chance to .smooth _the load and traffic
nels can deliver 60 two-hour videos during a 24-hour period. All by taking advantage of different scheduling requirements.
researches on the closed-loop approach emphasize merging more_The methods developed for videos can be applied well to non-
requests while minimizing waiting time, hence a common fact has Video data, especially for large data files. This is because stream-
been ignored. That is, not all users want to view the requested INg & large file with rate control reduces the network congestion
video immediately. Video delivery scheme can become much more compared to the best-effort approach.



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

4. SYSTEM OVERVIEW

Ck+l  anew schedule

k pk
Faig(RioC7PT) = {Pk+l a new waiting pool

There are three basic entities in the SVD paradigm: a Servicing whereP i the current waiting pool an@ consists of queues of

Unit (SU), a Planing Unit (PU) and a Consuming Unit (CU). A SU scheduled requests for each individual channel. Upon the arrival of

?:(:‘;Lﬁés Zagegi?:]trgﬁdﬁjlzrs]; aef:]::std%lg‘gulrgocf&ﬂree’ ?Jgsinfzrrnllsizleogrequesi? k, the scheduling module is invoked to change the sched-
‘ 9 ' q ule fromCK to C**+1, as well as the waiting pool frofak to Pk+1,

delivery is initiated from the PU to the SU. It goes through QoS ) . .

7 ; : Requests for a same object could be combined into a group as
negotlatlon_, and is admitted and schedul_ed at the SU.' Based on thG‘iong as they all meet deadlines. The groups are the basic unit for
agreed delivery schedule, the content will be transmitted from the scheduling. To maintain these groupé,pools, Py,P,,... Py, are

SUtothe CUin time. formed for each objedd;, asP; = {Gj o, ..,Gjn,—1}, where,n; is
the number of groups for obje€y;,

Content management module of SUThis module maintains the

record ofN video objectsQ1, ...,On. For each objedd; we have: Gy =<Ujv. v Civtjv.djv>

for 0 <v < nj, and

e 1(Oj) playback length in seconds _
e Ujy = {Rilo(Ri) = j,a(Ri) <tjy <s(Ri)} all requests

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

« p(0j) object popularity, from 1 ttN * &y =Ming,cy;,(S(Ri) +1(0j)) the deadiine of;,

cjv the channel tha;, is scheduled to

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 All requests fOfOJ that have not started their delivery should be
number, 1 is the lowest ard is the highest. in the same group. The deadline Gfy is defined as the earliest
deadline among all requests in the group, angd maintains the
length of the group that has been delivered.

tjv thetime thatGj is scheduled to

djv the length of objecD; thatG , has delivered

Planing unit. A request, once submitted by the PU, is assigned a
unigue request identifiér For each reque&t; we have:
Consuming Unit. This unit manages the user’s resources and pro-

e o(Ri) objectO; requestedo(R ) = j vides facility for a user to consume the media object requested.
Examples of resources to be handled include storage space and net-

e s(Rj) the start time of consumption work bandwidth. It may include the demodulation unit, decoding
unit, and player. Atthe playback time, interactive functions such as

e a(R;) the request arrival time 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

e q(Rj) the plan-ahead timgyRi) =s(R;)—a(R;) is tight, buffer management should be taken care by the consuming
unit too.

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

5. SVD SCHEDULING

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 infd channels if all the The SVD paradigm requires a real-time scheduling system. The
streams have the same bit ratethusM = W/r. OnceM, the main objective of scheduling is to minimize the rejection rate. This
number of channels, is fixed, the requests can be mapped onto timdn turn, can be described as two objectives:

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 2. to combine as many as possible requests together to minimize
established based on the object lentfi;), bit rater(O;), and the resource consumption.
plan-ahead timg(R ;) assuming all requests have the saytf®;):

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

The first objective is essential and the contribution of the other is
B=r(0j) x1(0})/q(Ri) =r(0;)/a, twofold. First, combining requests reduces the resource require-
ment for a given load and minimizes provider's cost. Second, it
wherea = q(R;)/I1(0;) represents a ratio of the plan-ahead time leaves more space to help other requests meet their deadlines. When
to the length of object. The higher the ratio, the less bandwidth a request is submitted by the PU, the scheduling module of the
is required. Note that this upper-bound of bandwidth requirement SU will compute a schedule. If a feasible schedule exists, the re-
is independent of the total number of requests. This relationship quest will be admitted; otherwise, it is rejected or further negoti-
indicates that longer plan-ahead time implies less bandwidth con- ated. The scheduling module guarantees to meet the requested start
sumption. time, though the video object may be actually delivered eatrlier.



Since SVD scheduling is a real-time processing problem, the
best-known Earliest Deadline First (EDF) algorithm can be applied : e
X e -~ ; . " apply Fmepr to obtain an initial schedule
with some modification. In addition to this real-time scheduling, For each channel, reconstruct an as-late-as-possible schedule
EDF used in this case also combines as many as possible requests letA. — o h ilable s|
for the same object. This modified EDF algorithm with combining etAc = {(%;,a,)} the available slots
letBe = {(bc,,b;;)} the booked slots

is named MEDF algorithm as shown in Figure 1.
g g |n|t|a”y, Ac = {(TC7 00)}, BC = {(tno\/\/7 Tc)} anch =
mark its first scheduled group affinityif djo >0

For a newly arrived reque&y, let j = o(R),

For a newly arrived reque&t For all nonaffinitygroups withc;j = ¢
let j = o(Rk) andneedresch= false sort them in descending order tgf
if 3i,dji=0 shift groupG;j; to its latest possible slot
addR toUj move slot(tj;,tj; +1(0;)) from Bc into Ac
if (s(Rx)+1(0j)) <ejii lettj; = min(eji,Lc) —1(0j)
eji =s(Ry)+1(0k)) move slot(tj,t;; +1(0;)) from Ac into B¢
needresch=true letle =t;;
else create a new grol n, in P; for objectO; For all nonaffinitygroups in ascending order of@),
letv=n; andn; =n;j +1, addR  toUjy move the less popular stream forward
ejv=-s(R)+1(0j)) move slot(tj i,tj; +1(0j)) from B¢ into Ac
needresch= true find a channeb with an earliesfay, a) from Ay,
if needresch= true such tha), < ejj, anda, —ax <1(0))

for every channet=1,2,...,M, let Tc(k+1) = thow

for every objectj = 1,2,...,N, and for every group
i =0,...,nj—1, in the ascending order ef

move slot(ay,ax+1(0j)) from Ay into By,

i . . . (k1
find a channet with the earliest available tlmE( ) Figure 2: Fpr: Less Popularity First (LPF) Algorithm

if Tc(k+1) —I—I(Oj) —dji <egjj
tji= Tc(k+1) andcjj=c o . .
Tkt _ (k1) +1(0) —dj; the scheduleability is tested. Second, the schedule is modified by
N N Vo 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
Figure 1: Fwepr: Modified Earliest Deadline First (MEDF) request groups for_ more populgr_objects tend to be left behind, in-
Algorithm creasing opport_unmes of c_omblnlng. _
An example is used to illustrates the both algorithfgepr
andF pr. Here, letM = 3, N = 5 and all objects have the same
Upon arrival of requesRy for objectOj, we first check if there length, 1(01) = 1(02) = 1(03) =1(04) = I(O5) = 6. However,
is any request group iR; whose delivery has not started. If so, they have different popularitieg(01) = 5, p(02) = 4, p(03) =3,
the newly arrived request can be combined into the existing one. p(O4) = 2, andp(Os) = 1. There are ten requests listed in Fig-
In fact, if there is such a group, it is the only group for the object. ure 3.
As a result of combining, rescheduling is required if and only if With Fumepr, R1 is scheduled first. Reques, R3, andR4
s(R) is earlier than the earliest start time of the existing requests. arrive at time 1.R, and Rz with earlier deadlines are scheduled
If there exists no such a group, a new group needs to be created ando processing.R4 is admitted too. WheRs arrives at time 3, it
rescheduling is also needed in this case. cannot be combined 161 g sinceGj o has started processing. As
The scheduling procedure is applied to groups instead of re- a result, requedts is rejected and the schedule at time 3 is shown
quests. The number of groups is usually much less the numberin Figure 4. Then requesfds and R; arrive at time 4 and are
of individual requests, especially for those popular objects. This scheduled as two new groufis o andGy 1. At time 6, requesRg
multiple-channel scheduling uses a simple heuristics based on theis merged intd51 1 to join with requesR7. At time 7, requesRg
earliest-deadline-first criteria. That is, the group with the earliest is merged intd52 to join with requesRg. However, there is no
deadline will be scheduled first. It is a preemptive scheduling algo- space left folR1, which must be rejected. The schedule at time 7
rithm. The newly arrived request with earlier deadline can preempt is shown in Figure 5. Thus, with MEDF, two requedtg,andR 1,
a running process as long as the deadline of the process is metare rejected.
When there exists no feasible schedule, the newly arrived request With Fpg, Ry is scheduled first when it arrives at time 0. Re-
will be rejected. Note thdtow is the current time. guestRy,, R3, andR4 arrive at time 1R4 andR3 with less popular-
Although this algorithm can combine requests into groups, it ities are scheduled to proced; is admitted, but its processing is
does not minimize the number of groups. To combine as much postponed. WheRs arrives at time 3, it is merged inf6; g since
as possible requests, the request groups for more popular object$s; o has not started processing. The schedule at time 3 is shown in
should postpone their delivery as long as the deadline is met. SuchFigure 6. As the time advances, requggtrrives and is scheduled
a group has a better chance to combine more upcoming requestsas a new groufsz o. And Ry arrives and is merged into gro@ o.
An algorithm that delays delivery of popular objects can maximize Attime 6, requesRg arrives and is scheduled as a new gréup,
combining. Itis called the Less Popularity First (LPF) algorithm as since groupGy ¢ has started to processing. At time 7, requsts
shown in Figure 2. rejected and requeB is combined into groufss 1. The sched-
The LPF algorithm has three major steps. First, the MEDF algo- ule at time 7 is shown in Figure 7. Thus, only one requesthas
rithm is applied to generate an initial schedule and at the same time,been rejected. As shown above, requgshas missed grouf, o

else fail to schedule the new requBst
restoreC (k+1) — Ck andpP (k+1) — pk




Ri [Ri]R2[RsJRs[Rs[Rs [R7 [Rg [ Rg | Rig

oR)) 3|1 |45 1]2]1]1]2] 1
aR;) 0|1 |1 |1|3|4|4a]|6]| 7] 7
SRy 445759688/ 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[| Gzo | G3o | G3o | Gso | G0 | G3o | Gso | Gso | Gso | Gso | Gso | Gso | — | —
channel 2 - G]_’o G]_’o G]_’o G]_’o G]_’o G]_’o - — — — — — | =
channel 3| — | Gao | Gap | Gao | Gap | Gao | Gap | — - — — — ==

where,G3o={<R; >,e=10,c=1t=0,d =3}
Gio={<Rz>e=10c=2t=1d=2}
Gap={<R3>e=10c=3t=1d=2}
Gso={<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]| Gzo | G3o | G3po [ Gap | G30 | G3o | G121 [ G11 [ G11 [ G11 [G11 [Gia | - [ -
channel2]| — [ Gio | Gipo [ Gio | G1o | G1o | G1o | Gso [ Gsp | Gso | Gso | Gso | Gso | =
channel 3] — | Gao | Gao [ Gap | Gao | Gao | Gap | Goo [ Gop | Goo | Goo | Gap | Gop [ —

where,Gsg = {< R4 >,e=13c=2t=7,d=0}
G2,0={< Re,Rg >,e= 14,C=3,t=7,,d=0}
Gi1={<R7,Rg>e=12c=1t=6d=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 Gg,o Gg,o Gg,o Gg,o Gg,o Gg,o - - — — — — — —
channel 2] — [ Gso | Gspo [ Gsp | G1o | Gio | G1o | Gio [ Gio | Gio | Gso | Gso | Gsp | —
channel 3| — | G40 | G40 | Gapo | Gapo | Gap | Gap | - - — — — — | =

where,G3p={<R; >,e=10,c=1t=0,d =3}
Gso={<Rs>e=13c=2t=1d=2}
G]_’o: {<R2,Rs >,e=10c=2t=4,d=0}
Gap={<R3>e=10c=3t=1d=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]| Gzo | Gap | Gapo | Gao | Gso | Gso | G20 | G20 | G20 [ G20 [ G20 [ Gap | - | -
channel2]| — [ Gsg | Gsg | Gsp | G1o | G1o | G1o | G1o [ Gio [ Gio | Gso | Gso | Gsp | —
channel 3| — | Gao | Gap | Gap | Gao | Gapo | Gao | G11 [ G110 | G1a | G11 | G11 | G | —

where,Gsg = {<Rs >,e=13c=2t=1,d=3}
Gopo={<Rg>e=15c=1t=6,d=1}
G1o={<R2,Rs,R7>,e=10c=2t=4d=3}
G11={<Rg,Ri0>,e=13c=3,t=7,d=0}

Figure 7: The schedule at time 7 for LPF



for just a single time slot. If it is enforced to catch grd@po, the tolan = tstart — tarrival, Which is equal tay(R;). Thus, the cost for

missed part can be patched, but the delivery will be out of the or- delivery is inverse proportional iQjan, Cy = D\fﬁ wherec; is
der. Adding patching to SVD scheduling algorithms will be in the  the cost to deliver a single video object ahds the arrival rate of
future work. requests for the video. The total cost will be:

C=cot oo
6. INCENTIVES AND PRICING A tptan]

A sample price is shown in Figure 8, assumig= $0.5,c; = $6,
andA = 0.1 per minute. When the arrival rate increases, the price
will be even lower.

We can achieve optimal efficacy only if many requests are planne
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- tplan || <10 min. | 20 min. | 30 min. | 1 hour
ble start time that does not reflect their real needs and the system price | $6.50 $3.50 | $2.50 | $1.50
resource could not be effectively utilized. Usage-disciplines and tolan 2 hours | 6 hours| 10 hours| 24 hours
pricing policies could be combined to present users such an incen- price $1.00 $0.67 $0.60 $0.54

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- Figure 8: A sample price.
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.

_ 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

The plan-ahead requests can also be encouraged by price dif_Ionger th_e plan-ahead time, the more price incentives are presented.
Users will select a plan-ahead time according to their real need.

ferentiation. Various pricing sc_hemes have been investig_at_ed _by Some users may even tolerate waiting time for lower price which
many researchers. The studies in [32] are based on a max'mlzat'mfurther increases the system efficiency

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 7 PRACTICAL ISSUES FOR INTERNET

paid, the less quality service received. In the SVD paradigm, the

plan-ahead requests still receive the high-quality video object in A5 we mentioned above, there are two essential requirements
time, but subject to price incentives. The works in [33] built @ for geploying an SVD service, sufficient local storage space and
usage-sensitive pricing model. When users access resources theyroadcast/multicast communication infrastructure. The storage re-
presumably take into account their own costs and benefits from us-qirement can be easily satisfied. The broadcast requirement is also
age, but ignore the congestion, delay, or exclusion costs that theysiraightforward in an HFC system. On the other hand, IP multicast
impose costs on other users. This phenomenon is referrednas s not been widely deployed yet and probably is not feasible in the
gestion externality It has been argued that congestion prices dis- near further. This may delay the application of SVD to the Internet.
courage usage when congestion is present, also generate revenueortynately, the server-based multicast on the overlay networks be-
for capacity expansion. The SVD paradigm shares this similar- gmes a promising approach to be practical [36, 37, 38], which can

ity to penalize the immediate requests during congestion time, but he ysed as the multicast SVD service. The server-based multicast
also provides alternatives to place a request earlier and still to con-p 55 additional advantages for reliable multicast.

sume the media at the peak time. Wang and Schulzrinne [34, 35]  Another issue on Internet is pricing. Internet service is tradi-

have recently proposed a congestion-sensitive pricing dynamically tionally free and people might not be willing to pay for the video
depending on the availability of network resources. While this gepyice either. On the other hand, it is also a tradition that peo-
scheme triggers increasing of price when congestion is dynamically pje pay for movie rental. As a substitution of movie rental, people
detected, SVD has placed an emphasis on shaping the bandwidthyqy|d Jike to pay for the SVD service. The saving of on-line deliv-
consumption in a larger time domain to provide a variety of price ery should reduce the cost for the provider and the consumer should
choices. also pay less than that in a video rental store. In addition to conve-

Inthe SVD paradigm, a proper pricing scheme can be integrated pience, the saving will turn consumers from the video rental store
to control the overall cost for delivering video objects. When the g the SVD service.

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 08. EXPERIMENTAL RESULTS

the video delivery consists of what paid to the content producer,

Cc, and the cost of video delivergg. Normally, ¢ is a constant Our simulation environment is described here and preliminary
at a certain time for a given video. Howeveg, depends on the results are presented. We show the results for various scheduling
number of requests that are combined for delivery. The number policies under various loads. The policies used in the simulation
of requests to be combined is proportional to the plan-ahead time are listed below.



Description

reject a request if it cannot be satisfied
in one minute

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

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

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

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

Sched Policy]
I:OnDemand

I:ForceWait

I:Patching

FmeprF

FLpF

The simulation parameters setting in this simulation are listed
below. The number of video$|, is 5,000. For each request made,

a video is selected using a Zipf distribution [39]. The probability
that videoOj is chosen ig(0j) = ¢/(j®), wherec is a normalized
constant. The value @ 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 08, the better the locality, and the more streams
can be served by SVD. Here, we present resultffer1. The
video length is chosen from a uniform distribution between 100
and 140 minutes with an average of 120 minutes. Plan-ahead time,
q(Rj), is uniform distributed between 1 minute and 1440 minutes
(24 hours). The request arrival rafg, 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 BynhpemandisS
proportional to the arrival ratd=rorcewaitandFpatchingrequire less
channels.Fyepr for SVD requires 3,070 channel$; pr 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-rorcewait and Fpatching im-
prove the rejection rate comparedRenpemand 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, thatis, 1C. Assumingce = $0.5 andct; = $6, Figure 11 com-
pares the number of channels required with and without consider-
ing the influence of pricing for theyepr andF pE 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 asigure 12: Comparison of Rejection Rates on 1,000 Channels.

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

5000

4000

3000

# of channel s

2000 | ¥

1000 4

- Denand
o For ced- Viai
Pat chi ng
- DEF

LPF

300

Arrival rate (per minute)

Figure 9: The Number of Channels Required.

|

30% 4

Rejection rate
N
3
E

=40

- Dermand
O For ced- Wi
Pat chi ng

- MEDF

LPF

0%

300

Arrival rate (per minute)

Figure 10: The Rejection Rates on 1,000 Channels.

3500

3000

2500

2000

1500

# of channels

1000

MEDF
LPF
MEDF- pri ce|
LPF-pri ce

Figure 11:

600

Arrival rate (per ninute)

Comparison of Number of Channels Required.

30%

25% 4

Rejection rate

LPF
MEDF- pri ce|
LPF-price

600

Arrival rate (per minute)



than that in non-peak time [41]. With rejection rate of less than 5%,
the Fonpemandservice can serve up to 5,000 requests Rfagcewait
policy serves about 10,000 requests, &ngr 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 humber 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 t
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 b
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  17.

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-
guest’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

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

geliver 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
&ts scalability.
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