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Abstract

In video surveillance applications, pre-stored imageslitedy to be accessed remotely and inter-
actively upon user request. In such context, the JPEG 200@rsige compression format is attractive
because it supports flexible and progressive access to edutidual image of the pre-stored content,
in terms of spatial location, quality level, as well as regioh. However, when the client wants to
play consecutive frames of the video sequence, the puréefRINnature of JPEG 2000 dramatically
penalizes the transmission efficiency. To mitigate thiswthack, conditional replenishment mechanisms
are envisioned. They convey arbitrary spatio-temporahgegs of the initial video sequence directly
through sporadic and rate-distortion (RD) optimized r&fref JPEG 2000 packets. Hence, they preserve
JPEG 2000 compliance, while saving transmission resouies replenishment algorithms proposed
in this paper are original in two main aspects. First, thepl@k the specificities of the JPEG 2000
codestream structure to balance the accuracy (in termg-pidies) of the replenishment across image
subbands in a rate-distortion optimal way. Second, theg tato account the still background nature
of video surveillance content by maintaining two refereimages at the receiver. One reference is the
last reconstructed frame, as proposed in [2] and [3]. Theratha dynamically-computed estimate of
the scene background, which helps to recover the backgrafiada moving object has left the scene.
As an additional contribution, we demonstrate that the efdeé nature of the JPEG 2000 codestream
easily supports prioritization of semantically relevaegiions of interest while browsing video content.
An interesting aspect of this JPEG 2000-based prioritizais that it can be regulated a posteriori, after
the codestream generation, based on the interest exprbgstte user at browsing time. Simulation

results demonstrate the efficiency and flexibility of the rappgh compared to INTER-based solutions.
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. INTRODUCTION

We consider application scenarios for which a client - tgflica human controller behind a PC or
a wireless PDA - remotely accesses pre-encoded contentredply possibly multiple (overlapping)
surveillance cameras, to figure out what happened in the preditscene at some earlier time. In such
context, a desired browsing interface should allow the @s®l-to randomly select any spatio-temporal
segment of the video(s) at arbitrary resolution so that, itypcal interactive browsing scenario, the
end-user can first survey the (multiple) video(s) at low terapand spatial resolution, and then focus
on higher resolution displays of short video segments céredt, or decide to zoom in on a specific
spatial area or object of interest, either in a particularmfe or video segment. Regarding deployment,
we are interested in a browsing architecture that can soafamdle large volumes of content, captured
by distinct cameras, on multiple sites, at distinct timetanss. Therefore, the content has to be stored
efficiently in a compressed format, and the computational ssociated to content storage, access and
distribution has to be limited

To address the above requirements, we have decided to hwikystem on the JPEG 2000 compression
standard [4]. JPEG 2000 indeed provides a natural solutioruppast the required access flexibility,
through low complex manipulation of pre-encoded bitstrefh [6], without the need for computationally
expensive transcoding -i.e. decompression followed bypression- operations. In the meantime, we
have also renounced to exploit temporal prediction duriogp@ression, so as to preserve the capability
of random temporal access to each individual frame of theemse. To mitigate the penalty induced by
a strict INTRA coding structure, we have adapted conditisaplenishment principles to the specificities
of JPEG 2000 and of video surveillance scenes. This has beenadome levels. First, next to the
previously reconstructed frame, the pre-computed estimatf the scene background has been considered
as a potential candidate to reconstruct the current fraradsence of replenishment information. Second,
decisions about the replenishment of JPEG 2000 packets hamedpéimized in the RD sense by taking

into account potential semantic information, e.g. definiome knowledge about the regions interesting

1Even in cases for which a given content is only accessed by a few ¢libetserver is expected to handle a large number

of contents simultaneously, thereby making computational load on thersamvimportant issue
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the user in the scene. Interestingly that knowledge is égalondependently of the compression engine,
which means that it can be provided a posteriori, at trarsonstime by each individual user.

In final, the integrated contributions of our paper result ivideo server that:

« implements a multi-reference replenishment scheme feepoeded JPEG 2000 content, and demon-
strates the relevance of the approach in scenarios capttivvideo sequence with still cameras,
as often encountered in a video surveillance context;

» promotes adaptive and user-driven access to video contemtetining a JPEG 2000 scheduler
that adapts to heterogeneous channel conditions and upgérements (in terms of spatio-temporal
interest) at low computational cost and in a post-compoessiay, based on a set of pre-calculated
annotations;

« circumvents the drawbacks of closed-loop prediction systby restricting transmissions to INTRA
content. This is especially relevant when addressing hgdéelous clients dealing with different
prediction references in lossy environments.

« does not aim at competing with state-of-the-art hybrid @idempression algorithms [7] [8]. Instead
of compression efficiency, our proposed solution rather exsigks the capabilities for spatio-
temporal random access required for interactive navigatwough the (individual) frames or seg-
ments of the video sequence.

The novelty of our proposed server mainly lies in (1) the eitgtimn of multiple references in a
replenishment framework, (2) the RD optimal and semanyicakighted scheduling of pre-computed
JPEG 2000 packets, and (3) the efficient implementation of thedsding algorithm, to handle numerous
heterogeneous clients simultaneously.

The outline of this paper is the following. Section Il presestsoverview of the interactive browsing
system. Section Ill details the scheduler implemented orséneer side to select the JPEG 2000 packets
that provide rate/distortion optimal replenishment, giube reference(s) expected on the client side.
Section |V further explains how this system can be deployeadipt to client resources and interest in
the scene in a cost-effective way. The integrated approadiigated through Section VI, and conclusions

are drawn in Section VII.

I[I. APPLICATION SCENARIO AND SYSTEM OVERVIEW
A. Remote interactive browsing in a surveillance context

To motivate the use of JPEG 2000 to store and disseminate Kameei video content, it is interesting

to consider a typical interactive browsing surveillancersrio, and to compare the channel and computa-

July 17, 2008 DRAFT



tional resources required when accessing pre-recordeertoremotely either based on hybrid (INTER)
or JPEG 2000 (INTRA) compression formats.

The envisioned surveillance scenario significantly extehdscommon VCR functionalities [9]. Typi-
cally, a graphical user interface (GUI) allows the humantamier to visualize the chronology of recorded
- and possibly pre-analyzed - events through a timeline wtresolution key frames (scenario 1). The
user can then select some time segments of the video to yliapligher resolution (scenario 2). (S)he
can also interactively select and further zoom in on somasaoé interest, in a particular video segment
(scenario 3) or frame (scenario 4) of the displayed sceneillestrative purposes, Table | reviews the
four access scenarios involved in the above describeddalypiowsing session, manipulating content
captured at 15 fps, with a still 2 Mpixels camera. The scesatlifferentiate themselves by the spatial
resolution at which they access the content, and by thecpéati segment of the video they actually
access. In particular, scenaricenvisions the display of a chronological time-line of veoylresolution
frames. Scenari@ considers the display of a video segment at low resolutioen&to 3 considers a
cropped and subsampled version of the video, while scedaromsiders the access t@&4x288 window

in a randomly selected frame of the original video sequence.

’ H Scenario Encoded signal resolutio# Displayed fraction of initial imag%
1 Time-line of very-low-resolution frames 192 x 144 1/1
2 Low-resolution video segment 384 x 288 1/1
3 Zoom in (spatially) random video segment 768 x 566 1/4
4 || Zoom" in (spatio-temporally) random frame segment 1536 x 1132 1/16
TABLE |

CONTENT ACCESS SCENARIOS DEFINITIONCONTENT HAS BEEN CAPTURED AT15FPS WITH A 2 MPIXELS CAMERA.

For each scenario, Table Il then compares the averageebiggtiired to access a typical surveillance
content based on distinct codecs. For each coding schemeauid spatial resolution, the encoding
parameters have been tuned to reach an approximate PSNR of, 3® dBat the displayed signals are
roughly comparable for a given scenario, but distinct emgpdchemes.

In our analysis, we first consider the four codecs corresponth the first four columns of Table II.

J2K encodes and decodes the video images based on the JPEQqiQbra. CRB refers to the original
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Scenario H J2K ‘ Proposed CRB | AVC, | + 14 P | AVC, All | ‘ svC ‘ AVC FMO, | + 14P

1 (kbits/sample)|| 24 24 20 20 20 20
2 (kbits/sec) 1020 189 78 840 93 78
3 (kbits/sec) 702 148 215 2190 251 101

4 (kbits/sample)|| 32 32 494 415 537 57

TABLE I

AVERAGE BANDWIDTH CONSUMPTION FOR EACH ACCESS SCENARIO ANDGR DISTINCT ENCODING SCHEMESAT 35d5.
FOR THEJ2K AND CRB METHODS, A SINGLE FINE-GRAINED CODESTREAM IS GENERATED FOR THE FOUR SCENARIOS AND
COULD BE USED TO MEET OTHER RATE CONSTRAINTSSVCAND AVC STREAMS ARE GENERATED TO TARGET THE FOUR
PRE-DEFINED SCENARIOS AND DIFFERENT VERSIONS OF THEAVC STREAM ARE GENERATED FOR EACH SCENARIO WHILE

SVC ONLY REQUIRES A SINGLE STREAM

solution described and validated in the rest of the papeelits on JPEG 2000 packets, but implements
multiple-reference and RD optimized conditional replamgnt mechanisms to reduce the bandwidth
consumption when accessing video segments charactenyzstilllbackgrounds. The two next solutions
build on the H.264/AVC standard, and encode one INTRA frameryegecond (column 3) or all frames
in INTRA (column 4). For both AVC solutions, four distinct eams are generated, corresponding to the
four spatial resolutions considered by the scenarios ifeThbrhe two last solutions respectively built
on SVC and AVC FMO are detailed below.

In Table Il, bandwidth is defined in kbits/sample or kbits/skpending on whether the scenario
considers the access to an individual frame or to a (sevexrsls) video segment. As AVC is not
supposed to provide spatio-temporal random access ciigagbilve assume that entire frames have to be
decoded to access the frame/video segment of interestmases 3 and 4. Moreover, partial GOPs have
to be decoded to access a single and randomly selected frameMC 1+14P in scenario 4. Hence,
depending on the position of the frame to access in the GObpder of P frames have to be decoded
in addition to the first Intra frame of the GOP. This explains vitwy cost to access a sample in scenario
4 is higher for AVC 1+14P than for AVC I.

A careful analysis of the first four columns of Table Il revetiiat the INTRA nature of JPEG 2000
strongly penalizes J2K compared to AVC (1+14P) when videarsegs have to be transmitted. It also

reveals that J2K provides an attractive solution when ramdpatial and/or temporal access is desired
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(scenarios 1 and 3) or when a single frame has to be displapethdrio 1 and 4). The lack of spatio(-
temporal) random access capabilities significantly peaafiyC-based solutions compared to J2K and
CRB solutions in scenarios 3 and 4. Interestingly, we olesémat our proposed CRB solution preserves
the advantages of J2K, while smoothing out its main drawb&gplecifically, CRB appears to be the only
solution that is able to deal with all scenarios with a barlviof 200 kbps and a latency smaller than
one second for scenario 4. This definitely demonstrates teearete of our study that, we should remind

it, relies on the stationarity of the scene background, arttitis specially suited to surveillance contexts.

Before moving to the actual description of our CRB solutibris worth making two comments about
AVC-based video coding schemes.

First, the scalable extension of MPEG-4 AVC, namely SVC [10],béem the encoding of a high-
quality video bitstream that contains one or more subsstrbams that can themselves be decoded with
a complexity and reconstruction quality similar to that iaghd using MPEG-4 AVC with the same
guantity of data as in the subset bitstream. Hence, SVC pievlea multiplication of streams, but does
not fundamentally affect the conclusions drawn from Tahldhis is illustrated by column 5 in Table II.
There we present a SVC solution for which the first resolution feen encoded based ona |l + 14 P
GOP structure. For the second and third resolutions, framnespredicted based on the highest lower
resolution and the previous frame. To improve random accapabilities, the last and finest resolution
only exploits the lower resolution as a reference (and netgrevious frame). We observe in Table Il
that SVC achieves about the same performance as the fouonemivisioned for AVC | + 14P. This is
not surprising since SVC encounters some (minor) penaltynveémebedding the four versions in a single
bitstream.

Second, it is possible to exploit the flexible macroblock drdgroncept of MPEG-4 AVC to define a
grid of block-shaped slices that can be accessed indepiydbereby improving the spatially random
access capabilities of AVC, at the expense of some codingesfti’. Column 6 in Table Il presents
the bandwidth requirements corresponding to the four @nésl scenarios when the AVC I+ 14P codec
considers independent slices@afx 64 pixels. We conclude that, for a given targetted quality obhidget,
results equivalent or even slightly better than the oneinbtawith J2K could be obtained with MPEG-4
AVC or SVC standards for the fourth scenario, by encoding megolution frames in INTRA (to allow

for random temporal access) and based on a set of indepesidest However, in such remote browsing

2For example, [11] considers a low resolution base layer encoded witbmampensation, and a high resolution enhancement

layer encoded in a set of independent slices that are only predictedtti® base layer.
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scenarios, JPEG 2000-based solutions still remain atteadtie to their inherent fine grained scalable and
embedded nature. With JPEG 2000, there is no need to work withistwated decoder architectures,
able to handle a discrete set of (embedded) versions of the santent, encoded at distinct quality and
resolution levels. With JPEG 2000, the client just handles gembdes conventional JPEG 2000 packets
to browse arbitrary portions of the content in a progressind fine grained manner, both in quality
and resolution. Such progressivity is especially desirednéerving heterogeneous terminals, for which
transmission resources and interest in the scene are definegich individual user at transmission time.
Hence, the core of the paper mainly consists in explainirdyd@monstrating how dedicated conditional
replenishment mechanisms efficiently preserve the fine giailegible nature of JPEG 2000 to adapt
streamed content to individual user needs while saving daitt@udget when serving surveillance video

segments, thereby reaching the performance presentee IGRIB column of Table II.

B. Proposed video server overview

As explained in the previous section, the purpose of ourpiafe explore how JPEG 2000 can support
the efficient transmission of video sequences. As a still en@gmpression standard, JPEG 2000 encodes
the video frames independently, and does not exploit thenpiad temporal correlation existing between
consecutive frames. The approach makes the access to eadghduatimage direct and flexible, but
penalizes the costs associated to the transmission of &e eitleo sequence. To mitigate this drawback,
we propose to adopt a rate-distortion formalism so as taiceshe transmission of each image to the

data units that bring a sufficient benefit per unit of transrissiost.

Our approach follows the conditional replenishment pplec[2] [3] in that only the parts of the current
image that significantly differ from a reference maintainédha receiver are transmitted. However, our
work extends the initial replenishment scheme in three magpects, which correspond to the three
novel contributions of our paper:

« First, it exploits the specificities of the JPEG 2000 standartiam, for a given bit budget, it balances

the size (in terms of code-blocks) and the accuracy (in terhist-planes) of the replenishment in
a rate-distortion optimal way.

« Second, it proposes to maintain two reference images at teéves. Next to the last reconstructed
frame, as proposed in [3], our system maintains an estimfatieeoscene background as a second
reference. Hence, for each frame, the system only trangimtsJIPEG 2000 data units that are
not properly approximated at the receiver, neither basedhenbackground estimate, nor based

on the previous reconstructed frame. In our experiments,bidickground is estimated based on
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Gaussian mixtures that collect the statistics of past imsayaples in specific pixel locations, as
described in Section V. When the current background estimdfieiently differs from the reference
background available at the client, the current backgrognolansmitted to the receiver, and the
reference background is updated. The simulations present&gkction VI demonstrate that this
second reference significantly decreases the requiredniission resources in case of stationary
scene background, as encountered in video surveillandexien

« Third, as an additional original and crucial contributionyr sstudy also demonstrates that most
of the computation needed to take the replenishment desisian be performed off-line, without
preventing the server to adapt its replenishment (schaglutiecisions to the actual transmission
resources and semantic interest defined on-line by a panticiser during the browsing session.
In practice, all these pre-computed informations are gathé a file, namedate-distortion index
file in the following. The above statement has important and ésterg practical consequences. In
particular, it means that a single index file is pre-computed axploited to cover the multiple
scenarios considered in Table Il, each scenario being deresi as a particular interest expressed
by the user. It also means that our proposed server nataadpts to fluctuating and heterogeneous

bandwidth conditions.

The proposed video server is depicted in Figure 1. Thanks tonfoemation gathered in the pre-
computed index file, the server is able to schedule pre-endlcddEG 2000 packets to address the needs
and resources of each individual client. On-line procagsiriving adaptive scheduling decisions only

implies minor computational cost.

Il. JPEG 2000CONDITIONAL REPLENISHEMENT

In this section, we first review the JPEG 2000 standard. Then, plaiexhow conditional replenishment
is implemented to transmit a JPEG 2000 frame in a rate-distodptimal way, when a given reference is
known to be available at the receiver. Finally, we define threthods for efficient streaming of a video
segment based on JPEG 2000 packets replenishment. The schffiarelsydtheir ability to exploit the
background estimate as a replenishment reference and por$upe prioritized transmission of regions

of images that are of particular interest to the user.

A. JPEG 2000 image representation and codestream abstraction

The JPEG 2000 standard describes images in terms of theirtdiseagelet coefficients. An important

guestion raised by conditional replenishment of JPEG 200€ficieats is related to the granularity of
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Fig. 1. Proposed video server architecture. Using a pre-calculated,itice server selects the optimal packets to transmit
to each client, based on their individual needs and resources. Thpeg ¢f clients are illustrated: a PDA client with a low
resolution and low bandwidth, a laptop client with a high bandwidth and a clemisfng on two regions of interest for which

he is expecting a high quality.

refreshment of those coefficients. Specifically, one needs derstand to which extent it is possible to
define the resolution, the subband, the position and the sérmmtion accuracy of the coefficients that are

refreshed. That issue is directly related to the JPEG 2000 torwiach can be summarized as follows.

According to the JPEG 2000 standard, the subbands issued li®mavelet transform are partitioned
into code-blockghat are coded independently [4] [5] [12]. Each code-blockaded into an embedded
bitstream, i.e. into a stream that provides a representdliat is (close-to-)optimal in the rate-distortion
sense when truncated to any desired length. To achievdisitation (RD) optimal scalability at the
image level, the embedded bitstream of each code-block riftipaed into a sequence of increments
based on a set of truncating points that correspond to theugrate-distortion trade-offs [13] defined
by a set of Lagrange multipliers. A Lagrange multiplietranslates a cost in bytes in terms of distortion.
It defines the relative importance of rate and distortion.e@i¥, the RD optimal truncation of a code-
block bitstream is obtained by truncating the embeddedréém so as to minimize the Lagrangian cost
function£(\) = D(R)+ AR, whereD(R) denotes the distortion resulting from the truncatioriRtbytes.
Different Lagrange multipliers define different rate-disiam trade-offs, which in turn result in different
truncation points. For each code-block, a decreasing sequef Lagrange multiplier$), },~o identifies
an ordered set of truncation points that partition the doldek bitstream into a sequence of incremental
contributions [13]. Incremental contributions from the s& image code-blocks are then collected into

so-called quality layers@Q,. The targeted rate-distortion trade-offs during the trtincaare the same
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for all the code-blocks. Consequently, for any quality layelex, the contributions provided by layers
09, through Q; constitute a rate-distortion optimal representation & émtire image. It thus provides
distortion scalability at the image level. Resolution abdity and spatial random access to the image
result from the fact that each code-block is associated tpemific subband and to a limited spatial

region.

Although they are coded independently, code-blocks arddauttified explicitly within a JPEG 2000
codestream. Instead, the code-blocks associated to amgselution are grouped infarecincts based on
their spatial location [4], [14]. Hence, a precinct corrasgs to the parts of the JPEG 2000 codestream
that are specific to a given resolution and spatial locatianagonsequence of the quality layering defined
above, a precinct can also be viewed as a hierarchyaokets each packet collecting the parts of the
codestream that correspond to a given quality among all-btmkks matching the precinct resolution

and position. Hence, packets are the basic access unit idPEE& 2000 codestream.

B. Rate-distortion optimal replenishment of a JPEG 2000 frame

The conditional replenishment framework originally intuogd in [2] and exploited more recently in

multicast transmissions [3] has to be adapted to JPEG 2000résat

Given a targeted transmission budget and a reference imagjatde at the receiver, we now explain
how to select the JPEG 2000 packets of the current image cedesBo as to maximize the reconstructed
image quality. As the JPEG 2000 codestream consists in a seeoinpts organized in a hierarchy of
layers (see Section IlI-A), the problem consists in selective indices of the precincts to refresh and their
quality of refreshment, so as to maximize the reconstruqueality (or minimize the distortion) under
the bit budget constraint, knowing that non-refreshed ipots are approximated based on the wavelet

coefficients of the reference image.

To simplify notations, and without loss of generality, thegncts are labeled by a single indexTo
solve the problem efficiently, we assume an additive disinnnetric, for which the contribution provided
by multiple precincts to the entire image distortion is dgoathe sum of the distortion computed for
each individual precinct. We definé?(i) and d"¢/ (i) to denote the distortion computed when i
precinct of the image to transmit is approximated based ©u first layers and based on the reference
image, respectively. We also denctdi) to be the size in bytes of thefirst packets of the*” precinct

andT is the available bit budget.
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Fig. 2. Rate-Distortion points for a given precinct. The figure presenth the set of RD points corresponding to the
JPEG 2000 codestream truncation poimst§, and the additional RD point corresponding to the approximation of teeinmuot

by the reference imagenpsy. The set of RD trade-offs provided by the JPEG 2000 codestreanm lieamnvex-hul. The novel
trade-off authorized by the reference image lie on the distortion dkis: (0). Global convex-hull (circles) has to be considered

for RD optimal allocation at image level.

The problem of RD optimal allocation of a bit budget across tao§émage blocks (precincts in our
case) characterized by a discrete set of RD trade-offs hers éseensively studied in the literature [15]—
[17]. Under strict bit budget constraints, the problem isdrend its solution relies on heuristic methods or
dynamic programming approaches [17] [18] [19]. In contradten some relaxation of the rate constraint
is allowed, Lagrangian optimization and convex-hull approximation ba considered to split the global
optimization problem in a set of simple block-based localisien problems [15], [16]. The convex-hull
approximation consists in restricting the eligible tramssion options for each block (or precinct) to the
RD points sustaining the lower convex hull of the available points of the block. In our case, this
corresponds to the computation, for each precinct, of tmwechull sustaining both the JPEG 2000 and
the reference RD points, as depicted in Figure 2.

Hence, given a bit-budget and the set of accessible cormi®RID points for each precinct, overall
RD optimality is achieved at the image level by transmittihg packets corresponding to the convex-hull
RD points selected in decreasing order of benefit per unit tef @ to exhaustion of the transmission

3This is the case in a streaming context since buffers absorb momeatarfluctuations. Hence, the bits that are saved
(overspent) on the current frame just slightly increment (decrembatpudget allocated to subsequent frames, without really

impairing the global performance of the communication.
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budget [15]. The approach is detailed in [20]. It is equivhi@nprinciple to the one defined in [14], but
accounts for the availability of a reference image by preysoting for each precinct the convex-hull
sustaining all accessible RD points.

The solution is RD optimal in the sense that, for the achieviethuziget, it is not possible to attain
a lower reconstructed image distortion based on differefreshment decisions. This is because, by
construction, it is not possible to find a non-transmittedkeathat provides a larger gain per unit of rate

than the gain provided by a transmitted packet.

C. Video segment replenishment methods

In this section, we introduce three different replenishtmeechanisms to stream a video segment. They
all follow the algorithm defined in Section IlI-B, but differ ithe reference they use for replenishment,

or in the way they compute the distortion associated to aiqeec

In a video streaming context, we consider the transmissfdiname ¢, and denoteif’q(z') to be the
distortion measured when approximating ¥ precinct of framet, based on the first layers of the
corresponding precinct in framg — k). In particular, the replenishment of precinicat time ¢ with ¢
layers is denoted by?(i) = d\"(). In absence of replenishment, the reference distortiompfecincti
at timet is denotedd;"ef(i). The size in bytes of the firgt JPEG 2000 packets of precincof framet¢

is noteds] (i), for eachq € Q.

We now introduce the three replenishment methods consldaréhe simulation results presented in
Section VI. They are denoted and defined as follows:

o The CR - Conditional Replenishment — method follows the converaigeplenishment mechanism
originally introduced in [3] and adapted to the wavelet dom@he reference image is the previously
reconstructed image, and the MSE is considered to measudistbetion. Formally, when the latest
replenishment of precingtoccurredk! frames earlier than with ¢, the reference distortiomfef(i)
for precincti at time ¢ is equal todff’qé(i). Here, all distortion metrics are computed based on
the Square Error (SE) of wavelet coefficients, so as to approxithateeconstructed image square
error [13]. Formally, letB; denote the set of code-blocks associated to predinand letc,[n]
and¢,[n] respectively denote the two-dimensional sequences oinatignd approximated subband
samples in code-block € B;. The distortiond(i) associated to the approximation of the precinct
by ¢é,[n] coefficients is then defined by

d(i) = Y wg Y (é[n] — cpln])’ (1)

beB; neb
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wherew,, denotes the L2-norm of the wavelet basis functions for thévantsb to which code-
block b belongs [13]. Equation (1) is adopted to compufe!(i) and d;*/ (i) for all i,%,q and
t.

« TheCRB - Conditional Replenishment with Background — method isshand proposes to consider
both the previous image and the estimated background aghl@ssferences for each precinct. In
practice, for a given precinct, the image that best appratésithe precinct is selected as the reference
for that specific precinct. Hence, lettirbg(i) to denote the distortion obtained when approximating
the i*" precinct of framet based on the latest version of the background, the refemistartion is
now defined byd}/ (i) = min[d"% (i), b,(i)]. As for the CR method, the distortion measures the
SE of wavelet coefficients. Our simulations demonstrate thiB Gignificantly outperforms CR in
the surveillance scenario.

» The CROI — Conditional Replenishment with Regions of Interest —dio# the mechanism intro-
duced by CRB, but defines the distortion based on a weighted $&waflet coefficients, so as to take
into account the knowledge the server may have about thergensagnificance of approximation
errors. We assume that the information about the semarigwarece of approximation errors is
provided at the precinct level based on user feedback or o $ond of automatic pre-analysis of
the scene. We define the semantically weighted distortioret@g; (i) = w:(i)d; (i), wherew,(7)
denotes the semantic weight assigned toitherecinct at timet. From a functional point of view,
the CROI approach provides a mechanism to take the user aeedsterest into account to define
replenishment decisions. It is worth noting that the corwelt analysis performed on non-weighted
distortions (see Section 11I-B) remains valid, as long aswmghting affects in a similar way all
the packets of a precinct, which is the case if weights are elfat the precinct level. Hence, the
complexity of CROI is equivalent to the one of CRB, indepariljeof the interest (weights) defined
by the user. This is a key difference with most earlier contidns that have considered semantically
meaningful weighted distortion metrics in the past, e.g[2ih]. Most earlier contributions exploit
those metrics either before or during the encoding stepoittrast, our work supports the posterior
definition of semantics weights, at transmission time forhealient, thereby allowing to serve
multiple clients, with different semantic interests, hgm a single JPEG 2000 codestream, and

without any significant complexity increase.
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IV. SERVING MULTIPLE HETEROGENEOUS CLIENTSINDEX FILE DEFINITION

In this section, we consider the practical deployment of rif@enishment system described in Sec-
tion Ill, to serve a large number of heterogeneous clientBewgreserving an acceptable computational
complexity. The objective is thus to support low cost adamtato user requests and resources. When
the server has to cope with a large number of clients, pgssitxtessing distinct streams, the real-time
calculation of thed?(i) and d;*/ (i) values of interest becomes computationally intractatsieortler to
decrease this complexity, we propose to separate the gratéso phases. During an off-line phase, the
server performs once and for all most of the computatioratiyensive operations, and stores the results
in an index. This index is then exploited for on-line adapsebeduling of packets, based on the actual

resources and interest of a particular client.

J2K Background
- B?Ckgtljld % > DWT »  Entropy » Reference
estimation Coding J2K packets
RD Index File
» SE Distortion :
Measures > bil)
Delay ; ;
Video | > DWT Polay SE o ——»{ 0™ ()
(R,D) _| d() = di(i)
J2K Points =1 sf)
» Entropy
Coding
> J2K
Packets

Fig. 3. Off-line operations leading to the creation of the RD index file at tineese

Based on the conditional replenishment concepts presentelction 111, the information that is needed
by the server to take optimal scheduling decisions is §triichited to the measures of JPEG 2000 packet

sizes and both types of distortiodé’q(z’) andb;(¢). This information only depends on the input signal,
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and not on earlier and user-dependent replenishment desisHence, they can be computed off-fine
and stored in an index file that will then be used during theagtieg session to adapt the replenishment
decisions to each individual client. The process is illusttain Figure 3, which can be described as
follows.

The scene background is estimated based on the original \ddetent, typically based on Gaus-
sian mixtures (see Section VI-B.1). Each background estirtieteis transmitted to the client is then
JPEG 2000 encoded, and used to compute the distortion validgsDistortion valuesi (i), also denoted
(i), ands! (i) values are directly computed based on JPEG 2000 encoding loireicidual frame of
the original video. In contrast, the computation of ttfé’(z‘) values, for allk > 0, implies a significantly
larger effort, both in terms of computation and memory reses. To mitigate this effort, we propose to

use the following approximation:

k—1
k? A a} 07 y 17 mazx [
d; (i) = d%,(0) + Y e (i) (2)
=0
() d, M) d ()
RN SN
e o o
d‘_k (i)
O o . O
& - d (i
7 @ o 0O e
S @« O O O
* | | | L
Frames ) t1 t

Fig. 4. Path used to approximate the distortion of the previous referecmepared to the optimal path (dashed arrow). This
approximation significantly decreases the pre-processing complexdtystanage requirements, without significantly impairing

the streaming performance.

In this equationdgfk(i) denotes the distortion resulting from approximating ifeprecinct of frame
(t—k) based ony layers, with0 < ¢ < ¢nq.- The second term accounts for the fact that we are interested

in the distortion measured when approximating ttfeprecinct of framet based on the firsj layers in

40ff-line means here that computations are performed independentlyeadictual semantic weighis; () or transmission

resources experienced by a particular user.
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frame (t — k). Therefore, we have to estimate how well #i& precinct of frame(t — k) approximates
the corresponding precinct in frameBy assuming that the errors on precinct coefficients are meran,
we can interpret the SE distortion as a measure of the variahtlee random variable associated to
errors. In addition, if we admit that errors between congeepairs of frames are independent, then we
can simply estimate the SE between tHeand (t — k)" frames based on the sum of the SE measured
between all pairs of consecutive frames betwg@en k) andk, ending in the second term of Equation 2.
The approximation process is illustrated by Figure 4, whicpicte the hierarchy of layers associated to
frames indexed from to ¢ — k. We observe that anyf’q(i) can be approximated based on a distortion
computation path that only relies Qﬁéq(i) andd#qm‘” () values, which significantly reduces the amount
of values to compute and store in the index file, compareﬂYXt%(z’), whereX andY variables take all
possible values, and < @ < gmaz-

We will see in the next section that this approximation does mave a significant impact on the
system performances. To estimate the complexity, we défirie be the depth of the index file. In other
words, I; defines the number of previous frames considered for the leéilmu of the previous reference
distortion. Hencedf’q(z’) is computed for alk < I;, which shows that the complexity increases linearly
with the index depthl; for the optimal algorithm. By using the approximation, weke&ahe number of
calculations independent of the value gf and turn theO(1; * gmqa.) cOmplexity intoO(1y + Gmaz)-

The gain is further illustrated in Figure 5, which plots the nogynand computational complexity
requirements for 3 different implementations of our pragbseplenishment framework within a video
server. TheOptimal Onlinestrategy computes the reference distortion required ferréte allocation of
each individual user at transmission time, knowing the egebeduling history of the user. Ti@ptimal
Offline strategy computes and stores all possible reference titistoioff-line, without any approximation,
by anticipating all the precinct references resulting frpossible earlier transmission strategies. The
Proposed approximationstrategy only pre-computes the distortion resulting frbm approximation of a
precinct based on its previous correspondence, encodée aighest quality level, i.e. it only computes
dy® = (i) for all i andt. It then uses Equation 2 to estimate the missing referendertiims df’q(i),
with & # 1 andq # ¢maz-

In Figure 5(a), we observe that the memory required byQp&mal Offlinestrategy increases linearly
with I, while it remains constant for the other strategies. In Fdi(b) the server complexity is measured
in terms of the numbers of arithmetic operations requiredtfie computation of the distortiory is
set to 10. We observe that the complexity of f@ptimal Onlinestrategy increases significantly with

the number of users, since the computation are performezpartiently for each client. For the other
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Fig. 5. Comparison of (a) memory and (b) computational resourceshfee different implementations of the proposed
replenishment framework. Memory is depicted as a function of the iddexh,, while computational resources are presented
as a function of the number of server clients.

strategies, most operations are performed offline, and ttii@ual required online operations appear to
be insignificant compared to the offline operations. This is refteby nearly horizontal curves for these

strategies in Figure 5(b).

V. BACKGROUND ESTIMATION

The goal of the background estimation process is to createxdkd@ional reference frames for the
replenishment module. Each background pixel is estimatea shding window, based on a mixture
of Gaussians model [22] [23] [24]. This approach automdiicslipports backgrounds characterized by
multiple states, like blinking lights, grass and trees mguin the wind, acquisition noise, etc. Furthermore,
it naturally updates the background model -in an unsupedvisanner- when the scene conditions are
changing.

Figure 6 shows the mixture of Gaussians model for a pixel atesgiven time. Computation of that
model is based on the aggregation of all luminance valuesrebd for that specific pixel in the previous
frames belonging to the sliding window. The model is updatedofiows, each time a novel luminance
value is observed for the pixel. The novel luminance obsiEnvas compared to the current mixture. The
pixel is assigned to one of the Gaussians if the distancedsetithe its luminance and the Gaussian mean

is lower than a given threshold, chosen to be proportionghéoGaussian standard deviation -typically
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Fig. 6. Statistical modeling of a background pixel using three Gaussidméiple Gaussians aggregate the pixel luminance

values observed in a sliding window.

1.6 times the standard deviation. If the pixel belongs to onehefmost probable Gaussians, the pixel
is classified as background and the relevant Gaussian pa@niet. mean, variance, and frequency, are
updated. Otherwise, the pixel is classified as foregroundfamgarameters of the associated Gaussian are
updated according to this additional luminance value. At lbleginning of the process, a new Gaussian
is initialized each time a pixel is classified as foregroundil uthe pre-defined maximum number of
Gaussians is reached. The maximum number of Gaussians isamgtar that should theoretically be
adapted to the number of different states a pixel of the hackgl can have according to the different
noises (acquisition, vibrations, etc.). In practice thBassians per mixture perform well in most indoor
and outdoor conditions.

At any time, the background can thus be estimated based amd¢he of the most probable Gaussian
for each pixel. In our replenishment system, those backgtdtames are used to update the reference
background at the client when major background changesedeetdd. Note that at the very beginning of
the sequence, typically during the first 2 seconds, the baakgrestimate is unstable since the number of
samples to model each Gaussian is very small. In order ta guohibitive background updates during
this period and because our system deals with pre-encodetertp the initial background reference
available from the beginning of the sequences is the stadiievate obtained after a few seconds of
Gaussian mixture processing. In a real-time transmissionext, the first frame would be considered as

being the best reference until the Gaussian mixtures carohsidered as stable.
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VI. EXPERIMENTAL VALIDATION

In this section, we first analyze the performances of the megoeplenishment method when serving
a single pre-encoded content at multiple rates. For comparpurposes, we provide the compression
performance achieved by MPEG-4 AVC at similar bitrates. Wen tiflastrate how the transmission of a
video segment can be adapted to favor semantically relevaat of the content. In practice, those regions
of interest can be defined either automatically based on saealgsis mechanisms, or interactively by
each individual user. The remarkable feature of our systesiti the fact that the adaptation of forwarded
content to user needs and resources is performed at low catigmal cost by the scheduler, without
the need to generate and manipulate multiple encoded wersibthe same content. Finally, we briefly

consider the behavior of our proposed scheme in presencarafmission errors.

Our approach has been tested exhaustively, but we presentesults onSpeedwayand CAVIAR
video sequences. Those sequences correspond to CIF videxHaance sequence, captured with a fixed
camera at 25 fps, and are available on the WCAM and CAVIARqmtsj websites [1], [25]. Regarding
the JPEG 2000 compression parameters, each sequence hasnibededewith four quality layers
(corresponding to compression ratios of 2.7, 13.5, 37 andarfl with three code-blocks per precinct
(one in each subband). Precinct sizes have been set to 64&632,3and 16x16 for the four remaining
lowest resolutions. In all simulations, the reference lgacknd ¢ 50 kbytes) is sent only once at the
beginning of the transmission because it remains suffigiemthstant during th8 seconds corresponding

to the whole sequence duration.

A. Bandwidth usage efficiency

Figure 7 and 8 present the rate distortion curves of the peap@RB system for théSpeedway
and CAVIAR sequence respectively. We will focus on the latter one fer fitllowing analysis. Two
curves correspond to CRB: the optimal algorithm and the gtilmal algorithm using the approximation
described in Section IV. The system is compared to MJ2 and CR;hwiespectively correspond to
independent transmission of JPEG 2000 frames and to conaahtionditional replenishment (i.e. without
background reference). For completeness, the graph atde BIPEG-4 AVC with two different Intra
Periods (IP). It is worth noting however that AVC relies on itist encoded versions to address each
target bitrate, while JPEG 2000-based solutions addresspieutate constraints based on a single pre-
encoded codestream. Regarding the rate control, thetbitigs been uniformly distributed on all frames
for JPEG 2000-based methods. With AVC, we have adapted theigation parameters to reach the

expected bit-rates.
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Fig. 7. Rate distortion curves of the proposed algorithms compared withavid AVC for theSpeedwaysequence. Frame

rates and encoding parameters are defined in the text.

Unsurprisingly, MJ2 appears to be the worst scheme from gooession efficiency point of view. At
very low bitrates, the CR method improves MJ2 by 15 dBs and G&Bier improves CR by more
than 5 dBs. The difference between CR and CRB tends to decvatis¢he bitrate, as the relative gain
brought by the background approximation decreases. Thepsota CRB approximation behaves very
similarly to the optimal algorithm. At 200 kbps, the diffeiee is smaller than 0.5 dB, and decreases as
the target bitrate increases. This illustrates that theaqimiations described in Section IV to implement
a computationally efficient video server do not alter signifibathe proposed system. Compared to
MPEG-4 AVC, CRB results are very convincing, given the inceeexibility offered by a JPEG 2000-
based server (see Section II-A). At 250 kbps, CRB PSNR is 13 dBeaBWwC IP-1, and comparable
to AVC IP-15. Furthermore, we observe that the CRB curve is flatian the AVC and MJ2 curves.
This relative slower increases of quality with the bitrateesionot reflect any sub-optimality regarding

the way CRB uses the available bit budget. Rather, it coomdp to the fact that precincts that get the
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Fig. 8. Rate distortion curves of the proposed algorithms compared withavd AVC for theCaviar sequence. Frame rates

and encoding parameters are defined in the text.

opportunity to be transmitted at increased rate only maddiramprove the quality, compared to the

invested bit budget. This is because those precincts wetiallyiapproximated based on the reference,
at zero transmission cost. As a consequence, the gain inygisatomputed with respect to the reference
approximation, while the transmission cost is comparedeto.zin contrast, for MJ2 and AVC schemes,
an increment of quality induces an increment of bit budgat torresponds to the refinement of already
partially transmitted coefficients (finer quantization witr@ or additional layer with MJ2), and not to

the complete transmission of the information needed tocémiitom a reference-based approximation to

an actual transmission of JPEG 2000 coefficients.

To figure out what the RD curves plotted in the two previous figurean from a perceptual point of
view, Figure 9 presents snapshots of Bgeedwaysequence compressed with the MJ2, CR, and CRB
methods at 250 kbps. We observe that at very low bitrates, @Riderably improves the MJ2 method,

but still remains blurry compared to CRB.
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Fig. 9. MJ2, CR, and CRB methods for the 10th frame of $ipeedwapequence transmitted at 250 kbps, 25 fps and in CIF

format.

B. Semantically weighted adaptive streaming

We now consider two scenarios for which the server adaptpdtket scheduling decisions to the
specific interest expressed by the client about the scenertorh both scenarios, moving objects are
considered to be more important than the scene backgronritelfirst scenario, this knowledge is used
to prioritize the refresh of moving objects. In the secondnseio, the same knowledge is exploited to
mitigate the impact of a noisy content acquisition procasshe replenishment decisions. Bottom line,
both scenarios illustrate the flexibility of the proposed CiRBthod, and its ability to integrate individual

user needs at transmission time, based on a single JPEG 20@@quéed codestream.
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1) Rol-based streamingin a video surveillance context, Regions of Interest areegaly defined to
be mobile objects, possibly matching pre-defined featurgs §ize, position, texture, etc.) or behaviors
(e.g. people entering restricted areas). In our simulatigthout loss of generality, we have considered
that the user is interested in the moving vehicles ofSpeedwagequence, so that the Rol segmentation
mask is simply derived from the background estimation medwhich inherently partitions the current
image into moving foreground and still background regiosse(Section V). Note that any other Rol
definition could be envisioned, including a Rol defined intévaty during the streaming process. This is
because, as explained in Section IlI-C, the encoding prasdssally independent of the Rol definition.

To maximize the impact of Rol prioritarization, the semantieightsw(i) are set to one (zero) for
precincts that belong to the Rol (non-Rol) afedkhe strategy is aggressive but defines a limit case that
allows to get a clear idea about the potential benefit to drawfa semantic weighting of distortion.

Figure 10 presents the PSNR of Rol and non-Rol regionSpefedwayor several JPEG 2000-based
streaming methods. We observe that, for the MJ2 method, dheRol quality is always higher than the
Rol because most of these background regions, like the noddhe sky, are very efficiently compressed.
Indeed, since these regions are quite predictable, the JPEGe2ropy coder easily reduces the number
of bits used to code them compared to regions with a lowerigaallity. The Rol contains the cars that
are characterized by a large amount of details, which ased#iiently compressed. Compared to MJ2,
the CR method offers a higher quality for the Rols, which espond to the zones that are more often
refreshed. This trend gets reinforced by the CROI methodghvrapidly maximizes the Rol quality but
maintains constant background quality. This is explainedhgyfact that the non-ROI areas are never
refreshed by CROI, and are only defined using the backgrouiederece transmitted at the same high
quality for all bitrate§. The CRB method behaves like CR at high bit rates, but offeriglaeh non-Rol
quality at low bit rates, since the background referencelmnised to increase non-Rol quality.

2) Noisy sequencdn this paragraph, we consider a noisy version of$ipeedwagequence to further
illustrate the flexibility of our proposed streaming seng&pecifically, we show that our proposed method
naturally support the exploitation of a priori knowledgeoabthe relevance of approximation errors in
the scene. In the scenario considered here, we have addezl®@dussian noise with a standard deviation

of 10 to theSpeedwagequence. The noise simulates the effect of adverse sanasliconditions: noisy

®Here, we consider that a precinct belongs to the Rol if at [8%sbf its supporting pixels are labeled as Rol pixels. The
supporting pixels of a precinct are obtained by dyadic upsampling of ibeinet subband support.
®Note that in our simulation, once the Rol reaches its maximal quality, CR&$ dot transmit additional data to improve

the non-Rol region, even if some bit-budget is available.
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Fig. 10. Rol and non-Rol quality as a function of the total transmission faatehe CR, CROI, CRB and MJ2 methods

(Speedwayequence).

camera acquisition, bad weather, presence of traffic lightaaving objects (trees, ...). The noise causes
luminance changes in the background regions, but thesegebaare not relevant with respect to the
surveillance purpose of the application and should nogéigreplenishment mechanisms. Hence, the
approximation error observed on background areas shouldebected compared to errors measured
in the foreground moving areas. In our simulation, this im@ly done by using the CROI method,

with distinct weights assigned to foreground and backgdopirecincts. Indeed, one characteristic of the
segmentation algorithm presented in Section V is that thkdvaand Gaussians widths are automatically
adapted to the sequence noise, i.e. the Gaussians haveea bighdard deviation in noisy sequences

than sequences with a lower noise. This feature preventsitiés pf the background to be considered
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as foreground pixels, even in case of strong noise, whiclirimstguarantees that the Rol replenishment
prioritization allocates transmission resources to theaib moving in the scene, and not to the non-

relevant variations of background caused by the noise.
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Fig. 11. Rol and non-Rol quality for the CROI, CRB, and AVC methodsdamral and noisy conditionsSpeedwagequence).
In all cases, the PSNR is calculated using the original (non noisy) seguenreference.

Moreover, the background estimation process filters theesemputemporally and provides a denoised
version of the background. Thus, we expect the CROI methodffts a denoised, and perceptually
more pleasant version of the sequence at the client side.iFhienfirmed visually, and illustrated in
Figure 11 where the original sequence is taken as referencentpute the PSNR values obtained when
transmitting the original and noisy sequences based on @I QCRB and AVC methods, respectively.
The left part of the figure focuses on tiRol. In normal conditions, all transmitted bits of the CROI
method are dedicated to the Rol, which explains the highdiopeances of this method compared to
CRB, and even to AVC for sufficiently large rates. In noisy dtinds, the Rol quality of all methods
sharply decreases since it is computed with respect to tiginar sequence, while all codecs attempt
to describe the noise. The right part of the figure represerteidh-Rol quality. In normal conditions,
AVC outperforms CRB and CROI. In more details, the CROI mdtiainimizes the rate allocated to
non-Rol regions, thereby preventing the non-Rol qualityincrease with the bit budget. In contrast,
CRB progressively refreshes the non-Rol regions as theagldtol + non-Rol) available rate increases,

providing a higher overall non-Rol quality. In noisy condits, we observe that CROI outperforms both
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CRB and AVC. Since the non-Rol regions are modified by the ndiseaeh frame, the CRB (AVC)
method regularly refreshes (corrects prediction errors tftose regions, mainly to render noise effects,
which ends up in decreasing the quality compared to ther@igiignal. On the contrary, since the CROI
method knows a priori that most of the changes affecting tekdpround are due to noise, it concentrates
the refresh on Rol regions and almost never refreshes théRnbmegions, thereby providing a higher
background quality compared to the original (without npsequence. The same argument also explains
why the non-Rol quality -measured with respect to the odbsequence- is higher than the Rol quality
when considering the CROI encoding scheme. In short, Rdensi coded accurately while a denoised
filtered background is used as the reference for the non-Bslijting in a non-Rol signal which is closer

to the original.

C. Error resilience capabilities

The conditional replenishment transmission framework @ratterized by the fact that the refreshed
information is transmitted in INTRA, without any referencethe past. Hence, it naturally provides some
resilience to transmission errors, since an error only mesngerceptible until the next successful refresh.
Unfortunately, this assertion also means that areas tlataaely refreshed become more sensitive to
transmission errors than other regions. In order to prepensistent errors when transmitting video in
noisy environments, a particular attention should thuséax®tkd to those regions that become temporally
stable after a period during which they were significantlyngiag. Indeed, for those regions, if the last
refreshment before a stable period is lost, then the regutgconstruction error affects the whole stable
period, with dramatic perceptual impact.

In this section, we propose a preliminary analysis of thdemphment system performances in a
noisy environment and propose simple methods to validateirguition. The problem formalization
should be done in a rate distortion framework, similarly tbalvwe have done in [26] for the resilient
transmission of JPEG 2000 codestreams, and incorporate tehgposiderations related to the variability
of the temporal impact of errors in our replenishment frawmdgwThe optimization of the replenishment
scheduling taking into account this variability is beyome tscope of this paper. However, we provide
an illustrative example based on an adaptive schedulingaahéuristic protection which retransmits
important refresh.

To validate our intuition, Figure 12 considers an error-grghannel characterized by independent and
identically distributed (iid) bit errors, and assumes thaiacket is lost as soon as one of its bits becomes

erroneous. The figure compares three scheduling methods. Ttihenrss the conventional replenishment
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method CR). The second one, denot&R Robust,lknows the channel BER and takes it into account
to schedule JPEG 2000 packets. Specifically, it uses a first orgepxamation to compute the reference

distortion, and accounts for the packet loss probabilitgampute the benefit expected from JPEG 2000
packets transmissions. The third one, dend@®d Robust Il extends the previous method by adding a

simple heuristic to improve the robustness of critical eshr.

38 ‘
CR
— B — CR Robust |
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Fig. 12. Comparison of three replenishment methods as a function afhdmenel bit error rate for th8peedwaysequence
at 500 kbps. Transmitted JPEG 2000 packet are considered as lssbags one of their bits becomes erroneous. The three

methods are described in the text.

Formally, according to the notations introduced in Sectiti€| (kf, q;) and (kj_,;,q; ;) denote the
index and quality level associated to the two latest refresit of thei’” precinct. Those refreshments
occurred respectively at timg— k) and (¢ — k! _kifk’;')' Here, to simplify notations, we omit the precinct
and time indexes fok andgq, and just uséki, q1) and (ks, g2), with k1 = kf, k> = ki +k;_,,, to denote
the instants and quality levels associated to the two lagéistshments of precinét Hence,df“ql (1) and
dfz’qz (4) denote the distortion measured when approximating:therecinct at timet either based on
the last or last but one refreshment. If we denetdhe probability that the last refreshment of precinct
1 at time ¢ has been lost, the first order approximation of the refereis®rtion can be computed as
A (i) = (1 = p1) d (i) + py ¥ (i). It corresponds to a first order approximation since it igaore

the fact that the last but one refreshment might also be Ristilarly, the benefit expected from the
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refreshment of thé'” precinct at timet can be estimated based on the knowledge of the channel BER.
Those refinements of the expected distortions are impleméanteitie CR Robust Imethod. However,
they are unable to prevent the appearance of persistent emroegions that become stable, e.g. after
a moving object discloses a still background. This is becayss typically small, makingp; de’QQ (1)
insignificant compared to changing areas in the frame. Taugivent this drawback, we propose a
simple heuristic to identify the regions that are expectedetmain stable for some time after significant
changes, and force an additional refreshment for them, $0 assure with a high probability that they
will be correctly received at the client. In practice, thisdone by setting’;*/ (i) to d*>% (i) for the
regions for WhichalfQ"I2 (1) > df“‘“ (1), which are regions that appear to be significantly changirigree

(t — ko) and stable at timet(— k7). The curveCR Robust llin Figure 12 implements that heuristic.
Unsurprisingly, we observe that it significantly improveg ttesilience of the conditional framework to
losses. We conclude after this preliminary analysis thaadaptation of the scheduling algorithm should

enable the replenishment framework to efficiently suppadregsrone channels.

VIlI. CONCLUSIONS

This paper considers remote interactive browsing of JPEG 2008t captured by still cameras.
Rather than transmitting each frame independently to tiemtsl as it is generally done in the literature
for JPEG 2000 based systems, our proposed streaming seryes adoonditional replenishment scheme
to exploit the temporal correlation of the video sequence.aAfirst contribution, we propose a rate-
distortion optimal strategy to select the most profitablekptsto transmit. As a second contribution, we
provide the client with two references, the previous retoieted frame and an estimation of the current
scene background calculated at the server side, whicHisigmily improves the transmission system rate-
distortion performances. As a third and significant outcomeedescribe a post-compression rate allocation
mechanism, which enables the server to adapt in real-timedhtent forwarded to heterogeneous -both
in terms of resources and interest- clients using a singtecpmpressed version of the sequence. An
index is pre-calculated offline to reduce the computatiooadi lat the server while scheduling the packets
according to the needs and resources of each individualtckxtensive simulations have revealed that
the proposed system significantly outperforms both naivepeddent transmission of consecutive frames,
and conventional replenishment mechanisms. At 500 kbpsdigtortion of the proposed method for the
CAVIAR sequencis 10 dB above INTRA AVC, 2.5 dB below AVC with an Intra Period & and 16 dB
above MJ2. These results encourage the development ofateegand entirely JPEG 2000-based storage

and transmission video surveillance systems, without geslrto transcode the content to an MPEG-like

July 17, 2008 DRAFT



29

format before its transmission.
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