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Abstract { One approach to supporting continuous media tra c is via resource reservation at
connection establishment time. The shortcomings of this @poach are the lack of exibility
in re-negotiating bandwidth parameters after connectionstablishment and the inability to
react to changing server load conditions. In this paper we ppose a \selected access scheme”
for re-negotiating continuous media delivery from a videon-demand server. We consider
the overall system perspective on resource availability tteer than a per-connection resource
management scheme. The selected access scheme is combiitedlata placement strategies
for the server to dynamically access desired video framesrfr a shared storage device. This
approach is especially suitable for video data compresseddastored using an inter-frame
encoding scheme such as speci ed by the MPEG standard. Simtibn results show that
the proposed model can utilize server bandwidth, improve éreliability of playback, reduce
the bu ering needed, and support VCR-like functions withoa blocking user access to the
storage device.
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1 Introduction

Rapid advances in storage and networking technology haveadred the support of video-on-
demand applications using computer networks. Such applitans are characterized by their
real-time nature and require a wide range of performance gaatees from the components
involved in the end-to-end transfer of data. Due to the largeolume of data involved (e.g.,
video) and the real-time nature of their retrieval, new techiques are required for the e cient

use of network and storage bandwidth, and the provision of teractive operations at an

acceptable quality of service.

Loosely, quality of service (QOS) can be associated with tii@lowing parameters: picture
resolution, frame loss over time, the distribution of droppd frames, response time, etc. A
common approach to provide guarantees on QOS is to reservecgnt resources for data
transfer at the time of session establishment. Storage resoes are then scheduled among
di erent sessions in a manner that guarantees the requiremis of individual sessions. Most
proposed resource allocation policies are static in natyralocations made during connection
establishment are constant through the lifetime of a conngon. The disadvantages of such
approaches, in contrast to dynamic resource allocation smines in which reservations can be
changed while the session is in progress, include lack oflabdity or graceful degradation
and the inability to support some interactive operations sch as fast-forward on video.

In this paper we propose a mechanism for the storage and retwal of MPEG-I or MPEG-
Il encoded video that supports VCR-like functionality whike providing QOS guarantees
through dynamic resource reservatiof. The ability of a video le system to meet the timing
requirements for multiple sessions is limited by the unprectable nature of disk seek laten-
cies [11]. Due to the time-varying characteristics of comgssed video it is di cult to predict
the disk production and the display consumption rates. Scleling is even more critical for
inter-frame encoding schemes such as speci ed by MPEG as tloss of a small portion of
data in retrieval can lead to a signi cant increase in the nurber of frames that are dropped
at the time of playout. Furthermore, it is desirable to suppa interactive access to video
(e.g., pause, reverse, fast-forward and fast-reverse) which further complicates scheduling.

We perceive two possible schemes for the retrieval and deliy of MPEG-encoded video
from a physical storage device. These afeame retrieval and block retrieval.

Frame retrieval:  In this scheme, each video frame is retrieved as an indepentientity

2\We consider true-VOD servers with read-only VCR-like functionality, and assume that no editing capa-
bilities are provided.



and the server can dynamically access video frames by theenmiporal relationships. This
scheme is appropriate for retrieving video from random acge storage or from a single-user
le system. For example, in a disk with a 30 Mb/s bandwidth andan average seek time
of 15 ms, the disk latency is 450ms per second for a frame access to 30 frame/s video
stream. However, the data transfer time is only 5@ns for the same tra c at a rate of 1.5
Mb/s without frame access. The resulting overhead is 900 %.h& frame retrieval scheme is
infeasible for large scale multiple access le systems duethe size of disk seek latencies.

Block retrieval:  Here, the le server retrieves data by switching service amg sessions.
The le system achieves a high disk bandwidth utilization byassigning long disk retrieval
times, thereby sharing the seek and latency delays among aga number of frames read
from the disk. Unfortunately, it is dicult to provide scala ble services with this scheme
(e.g., scale down the frame rate from 30 to 15 frame/s) and isiine cient for interactive
operations such as fast-forward.

The proposed \selected access scheme" is a modi cation ofetblock retrieval scheme
which provides the exibility of the frame retrieval scheme With this approach, the server
can dynamically access desired video frames from a sharedragje device and can provide
VCR-like functions. The approach permits the disk to switchkamong tasks to obtain statisti-
cal multiplexing gains and for the scheduler to dynamicallghange the bandwidth allocated
to individual sessions. The context of this work is to desiga video-on-demand server that
can satisfy a variety of objectives that include utilizing he storage bandwidth, minimizing
the total cost, providing virtual VCR capabilities, and still achieve an acceptable quality of
service.

The remainder of this paper is organized as follows. In Semti 2 we investigate the
characteristics of MPEG-encoded video data including dedmg dependencies and time-
varying behavior and develop a physical disk scheduling sshe which supports multiple
real-time temporal data streams. In Section 3 we describe aiternate storage scheme for
MPEG-encoded data and a \selected access scheme" for retgy data. In Section 4, we
describe how our selected access scheme can support VCRAiilnctions. We discuss related
work in Section 6. Section 7 concludes the paper.



2 Retrieval Model for MPEG Video Streams

We now consider the inter-frame dependencies of the MPEG @uting scheme and their
e ect on disk scheduling. In MPEG, frames are grouped using gattern that is typically
xed at the time of encoding. Fig. 1 shows a sequence of MPEGa@tded I, P and B-frames
for a group size of 10. Frames within a group are consideredhlie a logical unit. As a result,
losses are sensitive to the particular frame that is corruptl or dropped. For example, if the
beginning | frame in a sequence is lost, all frames within itgroup must be discarded as they
are dependent on the | frame for decoding. As a result of thiedendency, frame losses in
MPEG-encoded video are correlated.
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Figure 1. MPEG Frame Dependencies

The MPEG compression algorithm also introduces a highly tiervarying bandwidth char-
acteristic [6, 12]. The size of a video frame depends on theceding algorithm, frame type,
and the activity within the video sequence. Fig. 2 shows theharacteristics of the video
tra ¢ for 2400 frames (80 seconds) of video. In this examplehe video source generates 30
frame/s with an aspect ratio of 320 240 pixels. The average rate over all 2400 frames
is 06369 Mb/s and the standard deviation for the trac rate is 0 :2305 Mb/s with a
sampling interval of 10 frames.
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Figure 2: Time-Varying MPEG Video Trac

2.1 Disk Access Scheduling and Bandwidth Requirements

In this section we describe the scheduling constraints fdné acceptance of a set of multimedia
sessions and the corresponding disk bandwidth requiremsntFor demonstration purposes
we use the round-robin service scheme to support real-timeultiple stream retrieval. We
prede ne a xed length of working period Tperiod for a set of multimedia tasks as shown
in Fig. 3. However, the proposed approach is not limited to # round-robin scheme and
can accommodate alternative mechanisms such as GSS or SCANathieve a higher disk
utilization [4].

During a working period, the scheduler switches among all #aee multimedia sessions
[3]. It retrieves the exact amount of data necessary for eadession to ensure continuous
playout from the bu er. This keeps each session busy until # next retrieval period when
the bu er is ready to be re lled. (Bu er management policiesto ensure continuous playout
are described elsewhere [7, 11].) If sessiodisplays m frames per second, the le system
must read exactlym  Tperiog frames for session in the working period. Let S(i) be the
size of thesem  Tperiog frames. If R is the entire disk bandwidth, each sessionshares an
interval T (i) whereT(i) = %. As shown in Fig. 3, the total interval used for multimedia
sessions plus the disk seek latency should be less than thekiv period Tyerios t0 account
for the variances in disk seek latencies and MPEG tra c voluma. In other words, the preset
period Tperiog Must be greater than the time needed to transfer data from theisk for all
sessions.

To prevent starvation, the requirement for the length ofTerioq IS:
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Figure 3: Round Robin Scheduling Assignment
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In Eq. 1, n is the number of concurrent sessions from the disk anbaency (i) is the

switching latency from session to i + 1.

3 Disk Storage Organization and Access Scheme

As described in Section 2, a MPEG-encoded video frame cante decoded until the entire
frame and any reference frames have completely arrived. EydB-frame needs to reference
two other frames (two P-frames, one | and one P-frame, or twoframes). For example,
in Fig. 1, frame 5 (B-frame) cannot be decoded without framed4 and 7 (P-frame). In
this section, we describe a storage reorganization and assescheme that is adapted to
MPEG stream dependencies and time-varying characterisic The new mechanism provides
a selected access mechanism that improves disk performaaoce minimizes the probability
of frame loss.

3.1 Storage Pattern

To improve disk performance and accommodate the MPEG decaodi algorithm, we de ned
a xed Tperios that is @ multiple of the MPEG encoding group size. For exampl| with a
group size of 10 (Fig. 1) and a video source that generates 38nfie/s, Tyeriod IS @ multiple
of 10=30 seconds. If the prede ned period iJperiod, the le system will read 30  Tperiog
frames or 3 Tperios MPEG patterns per session. Once the length of the period is ed, we
can de ne the number of frames (or MPEG groups) to be read eweperiod. We reorganize
the MPEG frame sequence as shown in Fig. 4. In this example, wssume the xed length
period Tperiod to be ve seconds. Thus, the storage pattern contains 150 MRE frames
(15 I-frames, 45 P-frames and 90 B-frames). In the reorgaet storage pattern, the data
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Figure 4. Storage Pattern

are placed contiguously in the order of importance (headeaudio, I-frames P-frames then
B-frames). H denotes a header containing information about the anteceateand succedent
storage patterns (size of each frame) aml denotes the audio data. Each reorganized pattern
is stored contiguously on the disk to reduce retrieval latemes. This storage organization
accompanied by our re ned round-robin scheduling schemerchelp the le system predict
the retrieval status for subsequent working periods. Thisllaws the scheduler to adapt
quickly to any changes in scheduling due to user input and torgvide the best service.

3.2 Selected Access Scheme

The working period Tperiog in EQ. 1 must be greater than the time necessary to transfer tia
for all sessions from the disk to prevent starvation. Howeweas described in Section 2 and
Fig. 2, the tra c rate for a MPEG-compressed video is not contant. Consequently, the
tra c rate for the sum of all sessionsP 1 S(i) on the disk is also a random variable. The le
server accepts a set of sessions if their statistical sum é&s$ than the preset period eriog -
This means that several time varying MPEG video streams areatistically multiplexed
during the disk retrieval phase. Ifp is the maximum starvation frequency that can be
tolerated, we have

XogGi) x .
P fOt{( ? + Tlatency (l)) > Tperiod] <p (2)
1 1
This means that the probability that the preset period Tyeriod IS less than the time to
transfer data from disk is less thamp. In Eq. 2, Tiaency (i) represents the seek latency when

the disk switches service from sessidn 1 to sessioni. Because the data of subsequent



session can be placed anywhere on the disk, the latenclaency IS also a random variable.
If E(Tiaency) is the average seek latency, ,%uency the variance of seek latencyg (S) the
average size of storage pattern, and? the variance of the size of storage pattern, then the
time to transfer data from the disk Tyansfer  Can be estimated as [3]:

Tiransfer = X % + X Tlatency (i) (3)
1 1

Tyanster 1S @ sum of random variables. By the Central Limit Theorem, ithe number of
sessiond is large enough, we know that the distribution ofTyanster  Can be approximated
by a Normal distribution. We can plot Tyanster 'S probability density (Fig. 5) with a mean
value E (Tyanster ) @nd standard deviation (Tganster )- This means if the xed length working
period Tperiod @and the number of session are given, we can predict the freqag of starvation
p as shown in Fig. 5.
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Figure 5: Distribution of T

As described in Section 3.1, we measure the size of every fearancapsulate this infor-
mation in a header and place it in the storage pattern for the ngvious group. With the
reorganized storage layout, whenever a period is completeet le system has su cient in-
formation about the requirements for the next period. The & system can then calculate
the total size of the data that needs to be read for the next perd and can predict the total
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Figure 6: Access Scheduling for Fast-Forward
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retrieval time. If starvation will occur in the coming periad, it is known beforehand and the
system can make the necessary adjustments. We now describeedected access scheme" to
transfer the important data whenever starvation occurs.

We rst calculate the time for the le system to transfer data from a disk by using Eq.
3. If the transfer time Tyanster IS less than the xed-length working periodTperiod then there
is no starvation for the next period. This means that the le gstem has su cient time or
bandwidth to retrieve data for all existing sessions. In tls situation the le server scheduling
process can ask the le system to rea8(i) of data for session. S(i) is the size of the data
for session in this period and the characteristics of5(i) are already known by the scheduler
at the end of previous period. If the transfer timeTyanster IS greater than the working period
Tperiod, We can predict a starvation for the coming period. We then ¢eulate the shortage
time for the le system when it is unable to transfer data fromthe disk. We de ne the
shortage timeT;,; as

Ttait = Tiransfer Tperiod (4)

If the amount of data the le system fails to read isS;, , we haveSi; = T =R. From
Egs. 3 and 4, we have

X0 x
Stail = S(i)+ R Tlatency (i) R Tperiod (5)
1 1
We can then reschedule the access scheme by selecting thenés to be dropped from
existing sessions. Lemm out of n existing sessions be selected to absorb the starvation.
As a result, each selected session is only allowed to reg¢l) S;y =m amount of data.
This means that every selected session droj®,; =m of data and shares the impact of
starvation. Because we reorganize the storage pattern onetluisk, the le system will drop
less important data predictably. As shown in Fig. 4, less imgrtant data are placed at the
end of each storage pattern. Therefore, only B-frames willebdropped and the dropped
B-frames will be uniformly distributed across the entire rigieved block. This can guarantee
that no reference frames will be dropped thereby improvingdme loss characteristics.



4 VCR-Like Functionality

In this section we describe how this new model can provide VCRatures such ageverse,
fast-forward and fast-reverse.®

Fast-forward can be interpreted as the display of more video content tharonmal playback
in a given time interval. Let us assume that the xed length paod Tperioq IS 5 Seconds. If a
user requests a fast-forward at ve times the normal speedhé¢ le server must read frames
from parts of 5 storage patterns during a period. However sia the client can play back video
at 30 frame/s, only 150 frames from these 5 patterns can be pél out during the period.
This can be achieved by sending the 75 | frames from the 5 patts and the remaining 75
as P and B frames, distributed equally between the 5 patterrfs

For block retrieval, the le server will read the entire contguous block, Iter out any
unnecessary frames, and send only desired frames to thentlién this example, the le server
must retrieve 750 frames (@5 5s 30 frame/s) during the period (5 s) or 150 frame/s (@5

30 frame/s) from storage. This means that the fast-forwardession consumes 5 times the
disk 1/0 bandwidth as compared to regular playback. This sobme is therefore ine cient and
infeasible for a VOD server supporting multiple sessions.et.us consider the frame retrieval
approach without our storage reorganization model. The sesr can prevent the retrieval of
unnecessary frames; however, due to the frequent disk-heaxbvement required to search
for the desired video frames, this approach is still impramal. Using the assumptions from
the previous example, if we read 15 | frames a second for a f&stward session, there are
75 disk-head jumps during a period (5 s). If each disk-headmp takes 30ms, the server
will waste 2.25 s or 45% of the available bandwidth (in this @, period lengthTyeriog = 5 S;
2:25=5 = 45%).

Because our model reorganizes the MPEG frames in the physistorage device (Fig. 4),
the disk scheduler has su cient information about the future retrieval of frames (i.e., the
server knows the size of each frame in advance). The serven dgnamically retrieve desired
frames in a sequential manner as shown in Fig. 6. When the ugaitiates a fast-forward,
the scheme prevents the retrieval of any unnecessary framesd reduces the frequency of
disk-head jumps. For a fast-forward at ve times the regulaspeed, there are only 5 jumps
(four more than regular playback) that take an additional 012s of disk latency.

3Functions such as slow-play and pause require lower bandwidth than regular playout and can be easily
implemented.

4Because | frames are larger than P and B frames, there is an increase in the bandwidth requirement for
this session during the fast-forward period. This issue is further discussed in the next section.

10



Reverse playback can be interpreted as displaying video frames in the reverseder. When
the user requests reversal of video, the client station mustquest the server to retrieve the
stored data in a reverse order. As described in Section 2, MBHErames cannot be decoded
independently. The server must send the MPEG encoding grougy group in a reverse
fashion to the client station (Fig. 7). When individual MPEG groups arrive at the client
station, the MPEG decoder can decode the entire MPEG group dndisplay the decoded
frames in a reverse order.

storage pattern i for MPEG MPEG MPEG

reverse session
server group  group  group
[ ]| rewon |>C O IC -
interface 2 1 K

Figure 7: Data Flow for a Reverse Session

Fast-reverse is a scenario in which the video is played in reverse at highegd. When the
user requests a fast-reverse, the server must reschedule tlisk to access the desired frames
in a reverse order as shown in Fig. 8. Here, we illustrate a 5 fast-reverse session with a
frame rate of 15 frame/s. The server needs to read all | framé®m the 5 groups. Each |
frame can be decoded independently and is sent as an indivadigroup. If we scale up the
frame rate to 30 frame/s for this fast-reverse session, therser must retrieve another 75 P
frames in a period. In this case, we can treat one | frame and @ frame as an MPEG
group and send them in a reverse order as described earlier.

5 Dynamic Resource Allocation and Admission Con-
trol

Thus far, we have described the storage and retrieval mechams to support multiple sessions
with VCR-like features from a video server. Our approach isotallocate the available disk
bandwidth among the di erent sessions such that the probaliy of starvation is limited
(Eq. 2). The admission control policy can be stated simply asAllow a new session if the
probability of starvation after allocating resources fortiis less than a very small constant
p." In this section, we elaborate on the dynamic nature of resmce allocation in our scheme.
A dynamic allocation mechanism has the following advantageover a static one, where
resources allocated at the start of a session remain xed dag its lifetime:

Dynamic QOS: This feature allows the user to change the QOS provided by tlapplication
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Figure 8: Access Scheduling for Fast-Reverse

while it is in progress. For example, if the user requests aaige in the frame rate from
30 frames per second to 20, the bandwidth allocated for thigssion can be reduced to
support the lower frame rate. In a static scheme, the user wiabistill be allocated bandwidth
corresponding to a higher frame rate. Though the unused bawdlth will be used by other
sessions because the sessions are multiplexed, the admissiontrol mechanism will not
consider this bandwidth when a new session must be admitted@he user can also request an
increase in frame rate, and be allocated the extra bandwidiifiit is available. However, the
request will be refused if su cient bandwidth to support the new frame rate is not available.

Application of scaling gains:  Due to limitations of human perception and tolerance for
a limited degradation in quality, many video sessions are aable. Thus, for a particular

session, a user may be willing to tolerate a lower frame ratethey are charged a lower price.
This allows the server to scale down some sessions in the éwdcongestion, or to support
a new high priority session request.

Support for VCR-like features: As described in the previous section, a session might
need extra bandwidth to support fast-forward. Because | an® frames typically require a
larger than average bandwidth, it is very di cult to deliver 30 frame/s to the client station
without degrading the existing sessions from the disk. Eveif we only deliver 15 frame/s
for this fast-forward session (send only 75 | frames), due the low compression ratio (|
frames) and the additional seek latencies (four more jumpsimong the storage patterns,
the bandwidth consumption is still higher than for regular payback. Our approach is to
provide this additional bandwidth by scaling some of the otér sessions which can tolerate
a degradation in quality.

Our scheme supports the dynamic allocation scheme by readionly the most important

12



frames allowed by the bandwidth allocation for a session. Ehextra bandwidth available can
be used to serve a new session, or improve the QOS of other taxissessions. Furthermore,
our scheme allows a session to obtain the extra bandwidth s for fast-forward or to
support a new session by scaling down some of the existingssmss.

During connection set up, along with its bandwidth requirerants, each session must also
specify its threshold bandwidth, which is the bandwidth regired to support the lowest QOS
that can be tolerated by the user, and the \worth" of a connegbn which is a re ection of
how much the user is willing to pay for the connection [10]. Tédhadmission control algorithm
now reads: \Admit a session if the probability of starvationis less thanp when all the
sessions have been scaled." Thus, to generate the extra barmith needed to support a
fast-forward request for a session, the server will scalevdo all lower priority sessions. If
enough bandwidth to send the 150 frames (75 | and 75 P) duringné 5 second period is
still not available, the fast-forward will be scaled down tause only the available bandwidth.
Thus, only 50 | frames may be sent, which will be played out atQLframe/s.

The selected access scheme allows the server to take advgataf session scalability by
accessing only the required information in every period taupport the scaled sessions, thereby
freeing resources to support other sessions. This is not pitde when using a block access
mechanism in which all data must be read by the server beforedan scale a session. The
frame access mechanism allows the server to select the frarteebe read, but at the expense
of increased seek overheads, since the required frames maystored non contiguously on
the disk.

6 Related Work

Several recent studies have analyzed the performance okdistrieval schemes for continuous
media and multimedia-on-demand. Rangan et al. [11] have ddgped an admission control
algorithm for determining when a new concurrent access reggt can be accepted without
violating the real-time constraints of existing sessions.Gemmell and Christodoulakis [7]
have established some basic principles for retrieval andsage of delay-sensitive multimedia
data. Keeton and Katz [9] have developed a placement schenoe iulti-resolution video on
disk arrays for providing scalable services. Chang and Zakh[1] have proposed a placement
strategy and an admission control strategy that provides stable MPEG video service from
disk arrays.
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More recently, Jayanta et al. [8] have proposed a fast-forwhand fast-reverse mechanism
with an associated statistical quality-of-service guardaes. Chen et al. [5] have proposed a
segment selection scheme to support variable fast-forwasgpeed for MPEG video streams
by placing independent MPEG segments in a disk array. In comapison, our scheduling and
storage policies reorganize MPEG frames on a single disk. Wiake the possibility of missed
deadlines known ahead of time to the scheduler using additial header information. This
allows the scheduler to dynamically access desired frames.

7 Conclusion

In this paper we have proposed an MPEG frame storage reorgaaiion technique to comple-
ment our selected access scheme. With the proposed placeinseheme, MPEG-compressed
data are prioritized and placed contiguously for retrievafrom a storage device. The place-
ment policy enables the retrieval process to guarantee theldzery of more important frames
during periods of disk overload, thereby improving the quay of video playout in the system.
We also show the ability of this scheme to support VCR-like fuctions without blocking the
storage device by scaling the service of existing sessiofsmulation results show that the
model yields improved throughput, increases reliabilityand decreases the bu ering needs [2].
These results are coupled with the proposed VCR-like contrecheme to demonstrate that
a single storage device can support several concurrent,lytihteractive multimedia sessions.
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