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Abstract

In this paper, we present a novel disk failure recovery
method that utilizes the inherent redundancy in video
streams (rather than error-correcting codes) to ensure that
the user-invoked on-the-fly failure recovery process does
not impose any additional load on the disk array. We also
present a disk array architecture that enhances the scal-
ability of multimedia servers by: (1) integrating the re-
covery process with the decompression of video streams,
and thereby distributing the reconstruction process across
the clients; and (2) supporting graceful degradation in the
quality of recovered images with increase in the number of
disk failures.

1 Introduction

Recent advances in computer and communications tech-
nologies promise to lay afoundation for designing sophis-
ticated multimedia information services in a wide range
of application domains. The realization of such services,
however, requires the development of high performance,
scalable multimedia servers which can provide servicesto
clients over high speed networks.

Due to the immensity of the sizes and the data rate re-
quirements of multimediaobjects, such multimediaservers
will undeniably be founded on large disk arrays. Whereas
several research groups have recently investigated tech-
niques for ensuring continuous recording and retrieval of
digital audio and video streams from a disk array [4], the
problem of meeting the real -time requi rementsimposed by
these operationsin the presence of disk failure have not re-
ceived much attention. A scalable multimedia server must
not only provide mechanisms to rapidly recover from a
disk failure without losing data, but must also ensure that
the recovery process operates without taking the system
off-line and has minimal impact on system performance.
Algorithmsfor efficient failurerecovery in multi-disk mul-
timedia servers is the subject matter of this paper.

1.1 Relation to Previous Work

Duringthe past few years, we have seen adramaticincrease
in the number of academic and industria research projects
investigating the design of fault-tolerant storage systems
[2,10]. Inmost of these systems, fault-tol eranceisachieved
either by disk mirroring [1] or parity encoding [5, 13].
Disk mirroring achieves fault-tolerance by duplicating data
on separate disks (and thereby incurs 100% storage space
overhead). Parity encoding, on the other hand, reduces
the overhead considerably by employing error correcting
codes. For instance, inaRAID level 5disk array consisting
of D disks, parity computed over datastored across (D —1)
disks is stored on another disk (e.g., the left-symmetric
parity assignment shown in Figure 1(8)) [6, 9, 13]. In such
architectures, if one of the disksfail, the data on the failed
disk isrecovered by taking an exclusive-or operation on the
data and parity blocks stored on the surviving disks. That
is, each user access to ablock on thefailed disk causes one
request to be sent to each of thesurvivingdisks. Thus, if the
system isload balanced prior to disk failure, the surviving
disks would observe at least twice as many reguestsin the
presence of afailure[8].

The declustered parity disk array organization [7, 11,
12] addresses this problem by trading some of the array’s
capacity for improved performance in the presence of disk
failures. Specificaly, it requires that each parity block
protect some smaller number of datablocks (say (G — 1)).
By appropriately distributing the parity information across
al the D disksin the array, such a policy ensures that each
surviving disk would see an on-the-fly reconstruction load
increaseof (G—1)/(D—1)insteadof (D—1)/(D—1) =
100% (see Figure 1(h)).

In summary, several research groups have recently de-
vel oped techniques for designing fault-tolerant disk arrays
[3]. However, most of the anaytical as well as simulation
models developed for failure recovery anaysis have pre-
sumed conventional workload. That is, theload isassumed
to predominantly consist of small read and write operations,
that are aperiodic, independent of each other, and do not
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Figure 1 : Left-symmetric and declustered parity organizationsfor RAID architecture. M; ; and P; denote dataand parity

blocks, respectively, and P; = M; o © M;1 - - ©M; (G_2)

have any rea-time constraints. On the contrary, retrieval
of digital audio and video streams impose real-time con-
straints, the dataaccesses are sequential aswell asperiodic,
and the data streams contain inherent redundancy. Hence,
direct application of conventiona techniques for recover-
ing data from afailed disk in an array may impose higher
overhead than necessary, and hence may requirethe server
to operate at lower utilization levels during the fault-free
State.

1.2 Research Contributions of This Paper

In this paper, we present a novel failure recovery method
that utilizes the inherent redundancy in video streams
(rather than error-correcting codes) to recover from disk
failures in multimedia servers. Since human perception
is tolerant to minor distortions in video playback, rather
than perfectly recovering images stored on the failed disk,
our method approximates the lost image data by exploit-
ing spatial and temporal redundancies inherent in video
streams. We illustrate our method by presenting: (1) a
Self-Recovering JPEG (SRJ) compression algorithmwhich
partitions each image into several sub-images such that a
reasonabl e approximation of an image can bereconstructed
even when one or more of its sub-images are not avail-
able, and (2) a Sdf-Recovering Array of Disks (SRAD)
architecture that combines the SRJ compression a gorithm
with techniquesfor efficient placement of video streams on
disk arraysto ensure that on-the-fly recovery does not im-
pose any additional load on the disk array. Together, they
enhance the scalability of multimedia servers by integrat-
ing the recovery process with the decompression of video
streams, and thereby distributing the reconstruction process
acrosstheclients, and by supporting graceful degradationin
thequality of recovered imageswithincrease inthe number
of disk failures.

We have eval uated the eff ectiveness of the SRJ compres-

sion agorithm as well as the SRAD architecture through
extensive experimentation. We present and analyze our
results.

The rest of the paper is organized asfollows: The fault-
free operation of a multi-disk multimedia server as well
as simple methods of utilizing parity encoding techniques
for failure recovery in multimedia servers are described in
Section 2. The SRJ compression agorithm and the SRAD
architecture are presented in Section 3. Section 4 describes
our experiments, and finally, Section 5 summarizes our
results.

2 Multi-Disk Multimedia Servers

Digitization of audio yields a sequence of samples and that
of video yieldsa sequence of images. Werefer to acontin-
uously recorded sequence of images or audio samples as a
media stream. To effectively utilizeadisk array, amultime-
diaserver must interleave the storage of each mediastream
among thedisksin the array. The unit of datainterleaving,
referred to as a media block, denotes the maximum amount
of logically contiguous data that is stored on asingle disk.
Successive media blocks of a stream are placed on consec-
utivedisksusing around-robinallocation a gorithm. Parity
blocks are derived by taking an exclusive-or operation of
a sequence of media blocks of a stream. The parity block
together with all the media blocks over which the parity is
computed are referred to as a parity group.

To precisaly describe the fault-free operation, consider
amultimediaserver that isservicing » clients, each retriev-
ing a video stream (say S1, 5%, ..., Sy, respectively). Let
R.,, Vi € [1,n], denote the playback rate (expressed in
images/sec) of video stream S;. Dueto the periodic nature
of media playback, a multimedia server can service these
clients by proceeding in rounds. During each round, the
server retrieves a fixed number of images for each client.
Thus, if 7 denotes the duration of a round, then to en-



sure continuousplayback, the number of images of streams
51,89, ..., Sy, retrieved during each round is given by:

fi=T*Ry; Vie[ln]

Since the server maintains each video stream in its com-
pressed format, accessing f1, f2, ..., fn imageswill require
theserver toretrieve k1, ko, ..., k, mediablocksof streams
S1, 59, ..., Sy, respectively. If a media stream is encoded
usingavariablebit rate (VBR) compression algorithm, then
the sizes of images may vary. Hence, the mapping from
fi to k; may vary from one round to another. For media
streams encoded using Constant bit rate (CBR) compres-
sion algorithms, on the other end, themapping from f; to k;
isfixed. Regardless of the compression algorithm, during
thefault-freestate, aserver only retrieves mediablocksand
skips over all the parity blocks.

In the presence of a disk failure, however, recovering
images stored on the failed disk will require the server to
retrieve additional media and parity blocks from some of
the surviving disks. In the simplest case, on accessing a
block from the failed disk during a round, a server may
retrieve all the blocks within its parity group, recover the
lost information, transmit the set of requested blocksduring
the round to the client site, and then discard the additional
blocks. Although relatively straightforward to implement,
the transient increase in load on disks induced by such a
scheme may yield servicetimes (i.e., thetota timespentin
retrieving images during around) that exceed 7, resulting
in playback discontinuitiesat client sites.

A server may reduce the increase in load on surviving
disks by exploiting the sequentiaity of video playback. To
illustrate, consider adisk array withaparity groupsizeof 5.
Denote the set of diskswithinaparity groupas1,2, ..., G,
and assume that, at the beginning of round r, disk i (i < ()
fails. Let the number of blocks to be accessed from disk
¢ during round » be denoted by »}. In such a scenario, to
recover each of the n] blocks, the server will, in the worst
case, access an additional block from each of the surviving
(G —1) disksinthearray during round . Notice, however,
that due to the sequentiality of video playback, a subset of
the (G' — 1) blocks accessed for recovering a block will be
requested by the client within the next few rounds. Hence,
theserver can buffer such blocksand transmit themto client
sites during appropriate rounds. Consequently, an increase
in the workload on the disks during round » dueto aclient
will be followed by a corresponding reduction in the load
due to the client during successive rounds. In fact, if the
server can maintain cumulative parity information for the
blocksbeing transmitted to client sites, then over asequence
of rounds, the server will access exactly one additional
block (namely, theparity block) for each client fromthedisk
array (yielding an average increase inload of 1/(D — 1)).

Since thisa gorithm recovers mediablocks stored on failed
disk in the same round in which they are accessed, we refer
to it as an aggressive failure recovery algorithm. On the
other hand, the server may employ a conservative failure
recovery algorithminwhich the playback of video streams
is suspended until blocks congtituting at least one parity
group have been read-ahead and buffered at the server.
This will replace a sequence of playback discontinuities
incurred by the aggressive a gorithm with a one-time pause
invideo playback.

The fundamental limitation of both of these agorithms
isthat, dueto thelarge playback rate requirementsof video
streams, their additional buffer space requirement can be
prohibitivelylarge. Moreover, sincethe process of recover-
ing blocks stored on the failed disk is performed centrally
at the disk array controller, the overhead of the recovery
processitsdlf increases linearly with the number of clients.
Consequently, such algorithms do not scale very well. To
addresstheselimitations, we now proposean agorithmthat
minimizes the overhead of failure recovery by exploiting
the inherent redundancy in video streams.

3 Exploiting Inherent Redundancy of
Video Streams

In a disk-array-based multimedia server, since each me-
dia block contains one or more images and since severa
blocks of a stream are stored on each disk, a single disk
failure will result in the loss of several image sequences.
If, on the other hand, each image is partitioned into sub-
images and if the sub-images are stored on different disks,
then asingle disk failurewill result in the loss of fractions
of several images. In the simplest case, if the sub-images
are created in the pixel domain (i.e., prior to compression)
such that none of theimmediate neighborsof apixe inthe
image belong to the same sub-image, then even in the pres-
ence of asingle disk failure, al the neighbors of the lost
pixelswill beavailable. Inthiscase, the high degree of cor-
relation between neighboring pixels will make it possible
to reconstruct a reasonable approximation of the origina
image. Moreover, no additional information will have to
be retrieved from any of the surviving disksfor recovery.
Although conceptualy elegant, such pre-compression
image partitioning techniques significantly reduce the cor-
rel ation between the pixel sassigned to the same sub-image,
and hence adversely affect image compression efficiency
[15, 16]. The resultant increase in the bit-rate requirement
may impose higher load on each disk in the array even
during the fault-free state, thereby reducing the number of
video streams that can be simultaneously retrieved fromthe
server. In what follows, we first present a self-recovering
JPEG (SRJ) compression agorithm that addresses the lim-
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itations of the pre-compression image partitioning tech-
nique, and then integrate it with placement techniques for
disk arrays to derive a self-recovering disk array architec-
turefor video streams.

3.1 Self-Recovering JPEG (SRJ) Algorithm

Since human perception is less sensitive to high frequency
componentsof avideo signal, most compression algorithms
transform video signalsinto the frequency domain so asto
separate low and high frequency components. For instance,
the JPEG compression standard fragments image data into
a sequence of 8x8 pixel blockswhich are separately trans-
formed into the frequency domain using discrete cosine
transform (DCT). DCT uncorrelates each pixel block into
an 8x8 array of coefficients such that most of the spectral
energy is packed in the fewest number of low frequency
coefficients. Whereas the lowest frequency coefficient (re-
ferred to asthe DC coefficient) captures the average bright-
ness of the spatial block, the remaining set of 63 coeffi-
cients(referred to asthe AC coefficients) capturethe details
within the 8x8 pixel block. The DC coefficients of suc-
cessive blocks are difference encoded independent of the
AC coefficients. Withineach block, the AC coefficientsare
guantized to remove high frequency components, scanned
inazig-zag manner to obtain an approximate ordering from
lowest to highest frequency, and finally run length and en-
tropy encoded. Figure 2 depictsthe main stepsinvolvedin
the JPEG compression algorithm [14].

The sdf-recovering JPEG (SRJ) algorithm, that we
present in this section, is an enhancement of the JPEG
compression standard, and is motivated by the following
two observations:

¢ Since the DC coefficients capture the average bright-
ness of each 8x8 pixd block and since the average

brightness of pixels gradually changes across most
images, the DC coefficients of neighboring 8x8 pixel
blocks are correlated. Consequently, the value of DC
coefficient of ablock can be reasonably approximated
by extrapolating from the DC coefficients of theneigh-
boring blocks.

To formally capture this observation, consider an im-
age containing Nrow x NcoL of 8x8 pixel blocks.
Let us define the 8-neighborhood of a block at loca
tion (x, y) (denoted by B(z, y)) asthe set:

Na(B(e.y) = {B(i,j) | la—il < 1 orly—j| < 1}

Then, the DC coefficient of the B(z,y) can be ap-
proximated as:

DCpsy) = é * >
B, ENs(B(z,y))

DChi )

where DCpy; ;) denotes the DC coefficient of block
B(i, j)-

¢ Due to the very nature of DCT, the set of AC coef-
ficients yielded for each 8x8 block are uncorrelated.
Moreover, since DCT packs the most amount of spec-
tral energy into afew low frequency coefficients, quan-
tizing the the set of AC coefficients (by using a user-
defined normalization array) yields many zeroes, es-
pecialy at higher frequencies. Consequently, recov-
ering a block by simply substituting a zero for each
of thelost AC coefficient is generally sufficient to ob-
tain a reasonabl e approximation of the original image
(at least as long as the number of lost coefficients are
small and are scattered throughout the block).

Thus, even when partsof acompressed image have been
lost, a reasonable recovery is possible if: (1) the image
in the frequency domain is partitioned into a set of sub-
images such that none of the DC coefficients in the 8-
neighborhood of a block belong to the same sub-image,
and (2) the AC coefficients of ablock are scattered amongst
multiplesub-images. Notethat thisisdistinct fromthe pre-
compression image partitioning technique since the sub-
images are created in the frequency domain, as opposed
to in the pixel domain. In fact, as we shall demonstrate
later, it is this feature of the SRJ compression algorithm
that enables reasonable failure recovery without incurring
any significant degradation in compression efficiency. To
clearly define the SRJ compression agorithm, we will first
determinethe degree of image partitioning(i.e., thenumber
of sub-imagesthat must be created so asto satisfy theabove
requirement), and then define a method for scattering the
AC coefficients.



3.1.1 Determining the Degree of Image Partition-
ing

The minimum val ue of the degree of image partitioning can

be determined using the following theorem:

Theorem 1 To ensure that none of the blocks contained
in a sub-image are in the 8-neighborhood of each other in
the original image, the image must be partitioned into 4
sub-images.

Proof: The necessity and the sufficiency of this condition
can be derived by construction[17]. |

Notice that when an image is partitioned into 4 sub-
images, each sub-image contains 25% of the image data
in the frequency domain. Consequently, if the informa
tion contained in a sub-image is not available, the image
will have to be reconstructed from the remaining 75% of
the data. Since the quality of the reconstructed image is
directly dependent on the amount of original image data
available for reconstruction, increasing the degree of im-
age partitioning improves the quality of the reconstructed
images. However, as we shal point out later, increasing
the degree of image partitioning decreases the correlation
between the DC coefficients of the blocks assigned to the
same sub-image, and thereby deteriorates the compression
efficiency. Hence, the degree of image partitioning must
be chosen so as to simultaneously optimize the quality of
reconstructed image and the compression efficiency.

3.1.2 Scrambling AC Coefficients

To enable better recovery, the AC coefficients of a block
should be scattered amongst multiple sub-images. To
achieve this objective, the SRJ compression algorithm em-
ploysa scrambling technique which when given a set of N
blocks of AC coefficients, creates a new set of N blocks
such that the AC coefficients from each of the input blocks
are equally distributed amongst all of the output blocks.
To precisely describe the scrambling technique, let us
denote the set of N blocks of the originad image as O;,
i € [0, N — 1], and the new set of N blocks created as
O;. Assumi ng that the AC coefficients are numbered from
left-to-right in a row-major order and that AC’gl denotes
the k' AC coefficient (k € [1, 63]) of block O;, then the
scrambling operation assigns AC’gl to be the k*" coeffi-

cient of block O; where j = (i 4 k) mod N. Thus, each
resulting block contains exactly 5 coefficients of each of
the original blocks. Specifically, one of the blocks con-
tain the DC coefficient and (5 — 1) AC coefficients, and
al theremaining (N — 1) blocks contain (5¢) AC coeffi-
cients. Figure 3 illustratesthe operation of scrambling AC
coefficients of four 4x4 blocks.
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Figure 3 : Scrambling AC coefficients. Here Ag, By, Cy
and Dy denote DC coefficients, and Vi € [1,15]
A;, B;, C; and D; represent AC coefficients.

3.1.3 Combining Image Partitioning and Scram-
bling Techniques

Given that each image in a video stream is being parti-
tioned into N (N > 4) sub-images, the SRJ compression
algorithm involves two steps: (1) select aset of N blocks
from the origina image, and scramble the the set of AC
coefficients within the blocks to create a new set of N
blocks; and (2) assign the resulting blocks to sub-images
(one block per sub-image) such that none of the DC coef-
ficients contained in a sub-image belong to blocksthat are
in the 8-neighborhood of each other. Since N > 4, the
latter objective can be achieved by assigning the scrambled
blocks to sub-images in a round-robin manner, and by en-
suring that the assignment of the first block from each row
is offset by 2 sub-images from the corresponding block in
the previous row.

Noticethat since each invokation of the scrambling tech-
nique requires N' blocks from the same row of the image,
the number of blockswithineach row of the original image
must be an integral multiple of V. In the event that this
condition is not met for the originad image, each row of
blocks may required to be padded with additional “zero”
blocks (i.e., blocks with the DC as well as dl of the AC
coefficients set to zero). Since a sequence of zeroes can be
efficiently run-length and huffman encoded, the additi on of
such zero blocks does not yield any noticeable increase in
the size of the compressed image.

Once al the blocks within the image have been pro-
cessed, each of the NV sub-images can be independently
encoded. Specificaly, the DC coefficientswithin each sub-
image are encoded with aloseless DPCM scheme using the
DC coefficient from the previous block as a 1-D predic-
tor. Similarly, the 2-D array of 63 AC coefficients within



each block isformatted as a 1-D vector using a zigzeg re-
ordering, and then run-length and huffman encoded. Note
that the huffman tables utilized for this purpose can either
be optimized over each individual sub-image or over the
entireimage. Whereas the former approach will require a
huffman table to be stored with each sub-image, the latter
requires a single huffman table to be stored for an entire
image. However, in such a scenario, to guarantee the avail-
ability of the huffman table even when one or more of the
sub-images are not available, it must be replicated across
multiple sub-images.

At thetime of decompression, once each sub-image has
been run-length and huffman decoded, the SRJ algorithm
employs an unscrambler to recover blocks of the origina
image from the corresponding blocks of the sub-images. In
the event that the information contained in a sub-image is
not available, the unscrambling modul ea so performsapre-
dictive reconstruction of thelost DC coefficients from the
DC coefficients of the neighboring 8x8 blocks. Lost AC co-
efficients, on the other hand, are replaced by zeroes. Since
the scrambl er modul e empl oyed by the encoder ensuresthat
each block within a sub-image contains coefficients from
several blocks of the original image, the artifacts yielded
by such arecovery mechanism are dispersed over theentire
reconstructed image, thereby significantly improving the
visual quality of theimage.

As a final note, observe that since successive blocks
within a sub-image do not bel ong to the 8-neighborhood of
each other, the correl ation between their DC coefficientsis
smaller than the neighboring DC coefficientsintheorigina
image. The reduced correlation diminishes the efficiency
of DPCM encoding of DC coefficients, and hence increases
the total size of the compressed image (as compared to the
corresponding JPEG image). The effect of scattering AC
coefficients of a block across severa sub-images, on the
other hand, does not have any significant impact on the
compressed image size. Thisis because, due to the very
natureof DCT, AC coefficientsareuncorrelated. Moreover,
alarge fraction of the quantized AC coefficients are zeroes.
Since the scattering algorithm does not ater the relative
position of an AC coefficient within the zig-zag ordering,
the effect of scattering on the efficiency of run-length and
huffman encoding is minimal. Thus, the increase in com-
pressed image size yidded by the SRJ agorithm can be
mostly attributed to the need for replicating huffman tables
and the uncorrelation of successive DC coefficients.

3.2 Self-Recovering Array of Disks (SRAD)

The SRJ compression agorithm, when applied to a se-
guence of images constituting a video stream yields N
sequences of sub-images. We refer to each such sequence
assub-stream. To ensureeffectiverecovery, theserver must

organize each of the sub-streams on the array such that the
disks over which the sub-streams are striped do not over-
lap (i.e, even in the presence of a single disk failure, at
least (V — 1) sub-streams are available). Werefer to adisk
array architecturethat employs such placement methodol o-
giesasa Saf-Recovering Array of Disks (SRAD). A careful
analysis of this process of recovering from disk failureil-
lustrates the following salient characteristics of the SRAD
architecture:

¢ Since each image in the video stream isreconstructed
by extrapolating information retrieved from the sur-
viving disks, the failure recovery process does not
impose any additional load on the disk array.

e Since the recovery of lost image data is integrated
with the decompression agorithm, the reconstruction
processiscarried out at client sites. Thisisan impor-
tant departurefromthe conventional RAID technology
— distributing the functionality of failurerecovery to
client siteswill significantly enhance the scal ability of
multi-disk multimedia servers.

¢ Since the recovery process only exploits the inherent
redundancy in imagery, client sites will be able to
reconstruct a video stream even in the presence of
multipledisk failures. Thequaity of thereconstructed
image, albeit, will degrade withincreaseinthe number
of simultaneoudly failed disks (i.e.,, SRAD supports
graceful degradationin theimagequality withincrease
in the number of failed disks).

Observe also that although the quality of the recovered
image in the presence of a single disk failureis acceptable
for most applications, to prevent any accumul ation of errors
across multipledisk failures, the server must also maintain
parity information to perfectly recover the contents of the
failed disk onto a spare disk. In such a scenario, on-line
reconstruction onto asparedisk can proceed simply by issu-
ing low-priority read requests to access media blocksfrom
each of the surviving disks[8]. By assigning low priority
to each read request issued by the on-line reconstruction
process, the server can ensure that the performance guaran-
tees provided to all the clients are met even in the presence
of disk failures.

4 Experimental Evaluation

To evaluate the effectiveness of the SRJ compression a-
gorithm and the SRAD architecture, we have carried out
extensive trace-driven simulationsin an environment con-
sisting of an asynchronous disk array with 16 disks. Each
media stream is assumed to beinterleaved across the entire
array. The characteristics of each disk are shown in Table



Disk capacity 2 GBytes
Number of disksin the array 16
Bytes per sector 512KB
Sector per track 99
Tracks per cylinder 21
Cylinders per disk 2627
Minimum seek time 1.7ms
Maximum seek time 225ms
Maximum rotational latency | 11.1ms

Table 1 : Disk Parameters of Seagate-Elite3 disk used in
the paper

1. Clients are assumed to arrive at the beginning of the
simulation and remain in the system till theend of thesim-
ulation. The video stream accessed by clients are assumed
to be independent and encoded using a Variable Bit Rate
(VBR) compression technique. The conventional SCAN
disk scheduling algorithmisemployedfor retrieving media
blocks from a disk during each round. The playback rate
of each video stream is assumed to be 30 images/sec with
an average data rate requirement of 8 Mb/sec.

4.1 Parity-Based Failure Recovery

As we had pointed out in Section 2, the two of the limi-
tations of parity-based failurerecovery agorithmsinclude:
(2) theincrease in the load on the surviving disks induced
by the user-invoked on-the-fly recovery process, and (2)
the higher buffer space requirement. Figure 4(a) depicts
the increase in load on the surviving disks yielded by the
naive RAID implementation (in which the set of blocks
accessed from the parity group for reconstruction are dis-
carded immediately after recovering the desired block) and
the aggressive failure recovery algorithm. It demonstrates
that both of these algorithmsinduce alargeincreaseinload
(nearly 100%) during rounds immediately following the
disk failure. Whereas the naive implementation sustains
the increased load for dl the succeeding rounds, the aver-
age increase in the load on surviving disks yielded by the
aggressive algorithmis about 6%.

The buffer space requirement of the aggressive failure
recovery algorithm, on the other hand, is dependent on the
relativeval ues of the parity group sizeand theaverage num-
ber of disksaccessed for each client during around. Figure
4(b) depicts the variation in the buffer space requirement
with increase in parity group size, assuming that, prior to
failure, each client accessed two disks on an average during

each round.

4.2 SRJ algorithm and SRAD Architecture

Figure5 describesthe SRJcompression and thedecompres-
sion algorithm in detail. As per the algorithm, when the
information contained in a sub-image is not available, the
quality of the reconstructed image is directly dependent on
the amount of original image data avail able for reconstruc-
tion. Hence, increasing the value of the degree of image
partitioning, N, improves the qudlity of the reconstructed
images. However, withincreasein IV, the efficiency of the
compression algorithmdeteriorates. Figure6illustratesthe
visual quality of the reconstructed image for variousvalues
of N.

To quantitatively capture theimprovement inthe quality
of the reconstructed images with increase in N, we have
also computed the Peak Signal to Noise Ratio (PSNR) for
al the images. For an M x N image of resolution r
bits/pixdl, if p(z, y) and p’(z, y) denote the pixel values at
location (, y) intheoriginal and the reconstructed images,
respectively, then the PSNR va ue can be defined as:

ro_ 2
(o2

where

o= ey~ (x.y)

r=1y=1

Figure 7(a) depict the variation in the PSNR value of
the recovered image with increase in V. Figure 7(b), on
the other hand, illustrates the degradation in compression
efficiency (measured in terms of percentage increase in
compressed image size) with increase in N. In practice,
a server can choose an appropriate value of N depending
upon the desired quality of the reconstructed image and the
maximum tolerable degradation in compression efficiency.
Our experiments indicate that N = 8 yields acceptable
image quality, and results in an increase in compressed
image size by about 6%.

Figure 8 illustrates that the quaity of the reconstructed
image gradually deteriorates with increase in number of
failed disks. It also demonstrates that the simple methods
employed by the SRJ algorithm to extrapolate DC and AC
coefficient values significantly improve the qudity of the
reconstructed image.

5 Concluding Remarks

In this paper, we have demonstrated the limitations of the
conventiona parity-based failure recovery agorithms, and
have presented anovel failurerecovery method that utilizes



Figure 4 : (a) Increase in load on disks yielded by the parity-based failure recovery algorithm (adisk is assumed to fail at
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SRJ-Compress {

Input: Image consisting of NROW X NCOL
8x8 pixel blocksand the value of V;
Perform DCT on each 8x8 pixel block;
Quantize the coefficients using a user-defined matrix;
NCoOL’ = NcoL rounded to the next higher
multiple of V;
Pad each row of the transformed image with
(NCcoL’ — NooL) zero blocks;
for (i = OtoNrROW — 1) {
OFFSET = (2 % 1) mod N;
for (j = OtoncoL’ — 1) {
k = (j + OFFSET) mod N;
Assign DCp(; ;) to sub-image k;
for (m = 1t063) {
Assign AC; ;) to sub-image
(k+m) mod N;
}

}

}

for each sub-image {
DPCM encoding of the DC coefficients;
Run-length encode the AC coefficients;
Huffman encode the resultant stream;

1

SRJ-Decompress {
Input: IV sub-images;
for each sub-image {
Huffman decode the bit stream;
Run-length decode AC coefficients;
Inverse DPCM for DC coefficients;
}
for (j = OtoNrROW — 1) {
OFFSET = (2 # j) mod N;
for({ = OtoncoL’ — 1) {
k = ({ + OFFSET) mod N;
if sub-image % is available
DCpy; 5y  next DC coefficient
from sub-image &;
else
Derive DCB(Z'J');
for (im = 1to0 63)
if sub-image (k + m) mod N is available
ACE; ;) + m'™ AC coefficient from
sub-image (k + m) mod N;
else
}
}
}
Perform inverse quantization of each 8x8 block;
Perform inverse DCT on each 8x8 block;

1

Figure 5 : SRJ compression and decompression a gorithms
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Figure 6 : Reconstructed imagefor N = 4, 8,12, 16 withasingledisk failure
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Figure 8 : Variation of quality of reconstructed image for
multipledisk failures

theinherent redundancy invideo streams (rather than error-
correcting codes) to recover from disk failuresin multime-
dia servers. We have demonstrated that our architecture
is inherently distributed, scalable, and supports graceful
degradation in the quality of the reconstructed images with
increase inthe number of disk failures. Although presented
within the framework of the JPEG compression standard,
the concepts presented in this paper can be easily extended
to other compression techniques.
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