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systems with robustness to paket losses. The most ommon method of pro-tetion against paket losses is re-transmission of the lost pakets. Howeverthis approah is unaeptable for appliations, in whih real-time transmis-sion is required as well as for multiasting appliations with a multitude ofreeivers. For these kinds of appliations Forward Error Corretion (FEC)methods are preferable.It has been shown (see, for instane, [B93℄ ) that paket losses on theInternet an our at high rates, leading to dramati derease in quality ofreeived video. Due to the unpreditable harater of paket losses, it isimpossible to hoose the rate of the FEC ode, that will provide aept-able image quality. Therefore in real-time video transmission appliationswe need a loss protetion system, that will provide a graeful degradationproperty. This property guarantees that the quality of transmitted datasmoothly dereases with a growing rate of paket losses. Therefore, an ef-�ient multimedia transmission system should ontain two omponents: aneÆient rate-salable ode and an eÆient loss protetion algorithm, thatassigns di�erent degrees of loss protetion (and redundany) to di�erentparts of data.To ful�l these requirements we will desribe a ombination of a wavelet-based video ompression method with an eÆient loss protetion sheme. Astate-of-the-art ode based on wavelet deomposition of images and blok-based motion ompensation is employed for video ompression. The twomain omponents of our loss protetion system are a Priority EnodingTransmission (PET) algorithm ([ABE+94℄) and a Cauhy-based implemen-tation of Reed-Solomon odes (see [BKK+95℄) . The PET system [ABE+94℄assigns di�erent degrees of redundany �(i) to di�erent parts of the data,further alled bloks. These degrees of redundany an be spei�ed by theuser. Then, the information in part i an be ompletely reonstruted bythe reeiver, if at least a �(i) fration of pakets was reeived.The rest of this paper is strutured as follows. In setion 1.1 we willdesribe prior researh on loss protetion of video data. In setion 1.2 themain idea of our approah will be desribed and the high-level desriptionof the system will be given. A more detailed desription of the ode willbe given in the subsequent setions 2.1 and 2.2. In setions 3 and 4 we willdisuss implementation details and results of experiments.1.1 Related WorkThe problem how to protet video data against losses in network transmis-sion was onsidered in a number of papers. In the H.263++ standard,2



support for Reversible Variable Length Codes (RVLC ) is provided. Adata stream, enoded with RVLC odes an be deoded from both dire-tions, beause odewords of an RVLC ode are symmetri. Sine there areminimum-redundany reversible odes, RVLC odes an be used instead oflassi Hu�man odes without dereasing ompression ratios. This methodleads to a ertain robustness against bit errors without inreasing data re-dundany and it an be applied to all situations, in whih Hu�man odesare used.Several papers disuss varying degrees of protetion and how they areapplied to di�erent parts of video stream. Various degrees of protetion wereassigned to the di�erent types of MPEG frames in [S95℄. The author hasused a PET system ([ABE+94℄) to redue the total expansion of the datastream after the loss protetion. A more detailed desription of the PETsystem and its appliations to video ompression will be given in setion 2.2.Boye [B99℄ has introdued a HiPP (High Priority Partitioning) shemefor unequal loss protetion of MPEG-2 data. The video data is split into twoparts, so that I-frames, motion vetors and low frequeny DCT oeÆients ofP-frames belong to the high priority part. Compressed B-frames and the lowfrequeny DCT oeÆients of P-frames belong to the low priority part. In[B99℄ only high priority part is proteted against losses with Reed-SolomonCodes. In [GLM+99℄ unequal loss protetion algorithm from [MRL99℄ wasapplied to H.263 videos. All the above methods have applied unequal lossprotetion to DCT-based video ompression.1.2 Main Idea of the Wavelet based PET enoderThe main ontribution of this paper is the design of an eÆient video sys-tem, that ombines motion-ompensated wavelet video ompression withloss protetion, based on Priority Enoding Transmission (PET) [ABE+94℄.In our ompression system we modify the frame predition order, so that theenoded video data an be deoded at di�erent frame rates without dereasein quality of deoded frames (temporal rate salability). Our frame predi-tion shema distinguishes between two types of P-frames, so that framesof the �rst type (P1-frames) an be deoded independently of the seondtype P-frames (P2-frames). We assign di�erent priority levels to P1- andP2-frames.The ompressed wavelet oeÆients from I-frames are also divided intoseveral priority levels, aording to their importane for image reonstru-tion. By assigning di�erent amounts of redundany to di�erent prioritylevels we ahieve gradual degradation of video quality as the number of lost3



pakets grows.Our algorithm has the following key properties:1. The PET algorithm is used to redue the overall redundany for thevideo data stream.2. A modi�ed frame predition shema divides intra-oded frames intoseveral lasses. This separation of information allows us to ahieve atrade-o� between ompression eÆieny and robustness.3. Di�erent degrees of redundany are assigned to di�erent groups ofwavelet oeÆients in the I-frame as well as to di�erent types of P-frames.2 Algorithm Desription of the Code2.1 Video Compression SystemVideo ompression systems usually onsist of the following parts: transformoding, motion ompensation and statistial oding. Transform oding ex-ploits spatial redundany in individual frames and motion ompensationredues the dependenies between two or more frames.In this paper we have hosen wavelet transform as a transform od-ing method sine it deorrelates spatial information in the image frames.Wavelet-based oding is employed for ompression of I-frames and for errorvalues of preditive-oded frames. The wavelet transform an be hara-terized by two sets of �lters - g=g0 and h=h0 where g is a high pass and his low pass �lter. The related �lters g0 and h0 are the respetive synthesis�lters. By applying �lters g and h �rst in horizontal and then in vertialdiretion we divide an image into four frequeny bands: high-high (HH),low-high (LH), high-low(HL) and low-low(LL). These operations are reur-sively repeated on the LL band, resulting in a hierarhial struture, whihis alled the wavelet pyramid and whih is shown on Figure 1 and 2. In theinverse wavelet transform we reverse the order in whih �lters are appliedto subbands and replae analysis �lters g and h with synthesis �lters g0 andh0. Wavelet-based image ompression methods turn out to be superior toDCT-based ompression for many appliations. Wavelets provide an eÆ-ient spatial deorrelation sheme whih is adapted to the average powerdeay as a funtion of spatial frequeny in natural images. This transformoding an also be used for eÆient rate-salable ompression ([SP96℄ and4
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[S93℄). In order to ahieve rate-salability we have to ode wavelet oef-�ients in suh a way, that important information is transmitted beforeimage details. This goal an be ahieved if wavelet oeÆients with largemagnitude are transmitted �rst. Besides that, most signi�ant bits of eahoeÆient should be enoded before less signi�ant bits. Therefore, multiplepasses through the data are neessary. Below we will give a short sketh ofan approah to rate-salable wavelet ompression (see also [SP96℄ and [S93℄).Let us �rst onsider a lassi�ation sheme to determine when WaveletoeÆients are de�ned as signi�ant. We start by setting the thresholdvalue T to vmax=2, where vmax is the maximal value of a wavelet oeÆient.CoeÆients, whose value is larger than the threshold value T are lassi�edas signi�ant, their oordinates are transmitted and their oeÆient valuesare added to the list of signi�ant oeÆients. In a seond pass the thresholdvalue is lowered by a fator of 2 and the oordinates of those oeÆients,that are signi�ant with respet to the new threshold value, are enodedand transmitted. We also enode the �rst most signi�ant bit, that wasnot enoded during the previous passes, for every oeÆient in the list ofsigni�ant oeÆients. Then we add the oeÆients, that are signi�ant withrespet to the new threshold value, to the list of signi�ant oeÆients. Thisproess is repeated until the required data rate is ahieved or the thresholdvalue deays below a pre-de�ned minimal value.Shapiro [S93℄ desribed an eÆient method for enoding the oordinatesof signi�ant pixels, based on grouping wavelet oeÆients into a tree stru-ture alled zerotree or Spatial Orientation Trees (SOTs). The key obser-vation in the zerotree oding of natural images is the following fat: if aoeÆient at the node N is insigni�ant, then its desendants whih odehigh frequeny information at that position are also likely to be insigni�ant.This heuristi is based on the fat that natural images often ontain areaswith smoothly varying intensities or olors and sharp intensity edges. Theedges then ause large wavelet oeÆients in all frequeny bands. Resultsof Shapiro were further improved by Said and Pearlman [SP96℄, who useda slightly di�erent method for traversing the Spatial Orientation Trees. Inthis paper we use zerotree-based wavelet ompression for enoding I-frameson the basis of the Said and Pearlman onept.Motion ompensation is used in video ompression for reduing temporalredundany between two or more frames. In blok-based motion ompensa-tion the urrent frame is divided into square-shaped marobloks. For everymaroblok in the urrent frame we searh for the most similar maroblokin the previous frame. The sum of the mean square errors is used as ameasure of similarity. 6



During transmission only the di�erene between the best mathed blokin the referene frame and the ompressed blok in the urrent frame isenoded. We also have to enode the motion vetors that indiate the hori-zontal and vertial distanes between the urrent maroblok and its mathin the referene frame. The predition errors between the urrent frame andthe referene frame are enoded either with blok-based methods, suh asDCT ompression or with the non-blok-based methods, suh as the wavelettransform. DCT-based oding of predition errors usually generates blokartifats whih are onsidered as one of its main drawbaks. Suh blokartifats our espeially often at low bit rates. Therefore, we have deidedto use wavelet ompression for enoding predition errors in this projet.The wavelet transform was also employed to enode predition framesin [MSC+97℄ and [ON93℄, but these odes do not produe salable bit-streams. In [WG97℄ a rate-salable wavelet ode is desribed whih usesmotion ompensation in the wavelet domain. It turns out, however, thatmotion ompensation works muh better in the spatial domain than in thewavelet domain. Shen and Delp [SD99℄ desribe a rate-salable wavelet-based video ode, that is based on the so-alled adaptive motion ompen-sation. Suppose, that the target data rates of the rate-salable ode are inthe range RL � R � RH . In the adaptive motion ompensation we preditthe urrent frame, using the referene frame, deoded at the lowest possiblebit rate RL. However the results of [SD99℄ appear to be inferior to the H.263ompression sheme in terms of PSNR, espeially for low and medium bitrates.In [TZ94℄ Taubman and Zakhor desribe a video ompression algorithmbased on 3-D subband deomposition. Their method does not use mo-tion ompensation, and therefore an be used to produe an embedded bit-stream. Other methods, using 3-D subband oding approah are desribedin [PJF95℄, [CP96℄ and [KPB96℄. However these methods are not apable toeÆiently exploit the temporal redundany. As another drawbak of Taub-man's and Zakhor's approah a large number of frames has to be enoded atthe same time. This onstraint auses high memory requirements and longdelays during enoding and deoding.As motivated in the introdution, we need rate-salable video odingfor erasure-resilient transmission. There are three types of rate-salabilityfor video oding: spatial salability, SNR salability and temporal salabil-ity. Temporal salability and spatial salability allows us to deode the bitstream with di�erent image resolutions. SNR salability ontrols the deod-ing quality of individual frames. Temporal salability means that the framerate of the deoded video depends on the number of deoded parts of the7



P
2 1

P P
2 1

P P
2I P

1Figure 3: An example of the \predition pyramid" with two types of P-framesvideo stream.In this paper we introdue a predition sheme that supports temporalsalability of the produed video bitstream. This predition sheme is basedon a hierarhial rather than a onventional linear predition struture andit is shown in Figure 3. All P-frames are divided into two lasses, P1 and P2.Frames P1 are predited with help of the previous I-frame or the previous P1-frame. P2-frames are predited using the previous P1- frame. In the urrentversion of the software only P-frames are used. However the approah,desribed above an be extended to ompression strategies with bidiretionalpredition.2.2 Priority Enoded TransmissionConstruting a transmission system that protets data against paket lossesis a well-known problem in the theory of error-orreting odes. A solutionbased on Reed-Solomon odes was desribed in [B93℄.This system as well as another solution, whih was desribed in [R89℄,have only one priority level and therefore are not appropriate for the trans-mission of multimedia data, espeially in the ase of multi-asting applia-tions, when data have to be transmitted to multiple reeivers. In ase ofmultimedia appliations we are interested in dividing the transmitted in-formation into several (if possible, into a large number of) parts, adheringto the importane of the data for the appliation. Sine loss protetion isahieved at the expense of redundany, and sine we have only limited band-width at our disposal, it is desirable to assign di�erent redundany fators(and hene di�erent loss protetion) to di�erent data layers.The problem of transmitting messages with a prioritized informationontent was disussed in [S92℄. The ore idea is to de�ne di�erent han-nels whih transmit information at di�erent priority levels. Eah deoderthen reeives data from as many hannels as possible. The loss protetion8



sheme, desribed in this paper is based on the PET method, �rst desribedin [ABE+94℄. The PET system aepts as input a message of length m,paket size l and a non-dereasing priority funtion � : f1; : : : ; mg ! (0; 1℄.Priorities �(i) an be spei�ed by the user and they should be adapted topsyhophysially pereived perturbations of the video stream due to paketlosses. The system generates n pakets of length l, suh that the i-th wordof the message an be deoded from any set of n=�(i) enoding pakets.In [ABE+94℄ an algorithm is presented, that onstruts a PET with to-tal enoding length P 1=�(i)1�d=l + l. They also show, that girth� = P 1=�(i) isa lower bound for the length of enoded message in a PET system. Further-more, Reed-Solomon odes are used in [ABE+94℄ to enode di�erent partsof the message.However, we observe that any Maximum Distane Separable ode anbe implemented without hanging the result of the paper in a signi�antway, beause PET system an be used with an arbitrary MDS ode (see[ABE+94℄). In this paper we have used XOR-based Cauhy oding (see[BKK+95℄ for a detailed desription of this method, that is based on Cauhymatries).Appliations of PET for transmission of multimedia data are desribedin [S95℄ and [MRL99℄. In [MRL99℄ PET is applied to the loss protetion ofwavelet-ompressed images. A wavelet-based image ompression method isombined with PET for loss protetion. The authors use an SPIHT methodof Said and Pearlman to enode the wavelet oeÆients. They also presentan algorithm for assigning priorities to di�erent parts of the bit stream, gen-erated with the SPIHT method. This algorithm is based on the assumption,that probabilities pi are known, where pi is the probability that i paketswere lost.An appliation of PET to loss protetion was also desribed by F. Riemen-shneider [R00℄. He applied PET to transmission of images, ompressed withthe SPIHT method. We observe that the same method an be ombinedwith any zerotree-based wavelet ompression algorithm. In [R00℄ the bitstream is divided into bloks Bi, where Bi orresponds the i-th iteration ofthe zerotree algorithm (see setion 2.1). We assign maximal weight wmaxto the �rst four bloks. The weight w(Bi) assigned to blok Bi for i > 4is determined by the formula w(Bi) = 2�i+3wmax. Redundany assigned toblok Bi is proportional to the normalized blok weight w(Bi)=Pw(Bi).In [S95℄ PET was applied to transmission of MPEG video sequenes.Di�erent priorities were assigned to I- P- and B- frames. The author on-siders di�erent strategies for assigning redundanies to di�erent frames. He9



also assumes that probabilities pnk ;n of losing nk out of n pakets are knownto the system.In this paper we apply PET to loss protetion of wavelet-ompressedvideo. We divide the video stream into priority levels in a way, that exploitsboth temporal and spatial salability of the video ode, used in our sys-tem. Sine we alloate more bits to I-frames than to P-frames we divide thewavelet-ompressed I-frames into three priority levels. The �rst level orre-sponds to the �rst four passes of the zerotree algorithm. The seond prioritylevel orresponds to the next three iterations. The third level orrespondsto remaining iterations (i.e to eighth, nineth and so on iterations).All P-frames in a single group of frames are assigned to the seond andthird priority levels. In our video ompression algorithm we use the predi-tion sheme depited in Figure 3. P1-frames and P2-frames are assigned tothe seond and third lass, respetively. In order to ahieve robust videotransmission we inrease the frequeny of I-frames in the video stream. Ourgroup of frames onsists of nine frames: one I-frame, four P1-frames andfour P2-frames.In ase that only P1-frames were deoded (i.e, if we are able to deodeonly the �rst and the seond priority level) we repeat every P1-frame twie.If only the �rst priority level was deoded we deode the I-frame, usingavailable information about the �rst four iterations of the zerotree algorithm.Then we repliate the deoded I-frame eight times. If, beause of the highrate of paket losses, we were not able to deode even the �rst priority level,we repliate the last deoded frame from the previous group of frames ninetimes.3 Implementation Details and Experimental Re-sultsIn our ode implementation we have used blok-based motion ompensa-tion with marobloks of size 16�16 pixels. The sum of absolute di�erenesserves as a measure of mismath between marobloks. Only luminaneomponents of marobloks are used in mismath measurements. The bestmathing maroblok is seleted in a searh range of 12 pixels in both hor-izontal and vertial diretions entered around the oordinates of the en-oded blok in the referene frame. A bonus value of 100 is subtrated fromthe mismath of the zero displaement vetor whih robusti�es our imple-mentation against random utuations in the intensities. Half-pel displaedmarobloks are also onsidered in the same searh range in the referene10



frame.Four andidate motion vetors for a maroblok an parametrize a mo-tion model, if the mismath value exeeds a ertain maximal value. Thefollowing heuristi is implemented to deide between one and four motionvetors per maroblok: If the sum of absolute di�erenes between the bestmath in the referene frame and the enoded blok exeeds the thresholdvalue of 500, we divide the 16x16 maroblok into four 8x8 bloks and per-form the motion estimation for every blok separately. We add the penaltyvalue of 750 to the total mismath value for the four 8x8 bloks. If the to-tal sum of absolute di�erenes of the four bloks together with the penaltyvalue exeeds the mismath value for the 16x16 maroblok, then four sepa-rate motion vetors are enoded. Otherwise only one motion vetor for themaroblok parametrizes our motion model.The values of the motion vetors are enoded with predition oding andHu�man oding. For predition three losest motion vetors for the bloks,loated to the left and above of the urrent blok are seleted. For reasonsof robust statistis the median of the three motion vetors are used as thepredition value and the di�erene between the predited and atual valuesof the motion vetors are enoded. Golomb-Rie oding is employed toenode predition errors for the motion vetors. In addition, wavelet odingis used to ompress predition errors for P-frames.A ritial omponent of the PET system relies on a data driven hoieof the redundany fators. We have assigned redundany fators of 5, 3 and2 to the �rst, seond and third priority levels, respetively. Slight hangesof these fators will only a�et the transmission quality in a moderate way.For our experiments we have seleted several video sequenes from theMPEG test set, e.g., we have experimented with the sequenes \Coast-guard", \Foreman" and \Mother and Daughter". The video sequenes arerepresented using the YUV olor spae. In the table 1 results of experimentswith the seleted video sequenes are summarized. The ompression ratiosof the video sequenes is �xed at 24 and 48 kilobits per seond and the framerate is 10 frames per seond. Due to applied loss protetion algorithm theompressed video data will be expanded and we will need approximatelythree times higher data rates to transmit the video stream. The averagePSNR (sum of PSNRs for all frames divided by the number of frames) ismonitored as a distortion measure.In �gure 4 the PSNRs for di�erent frames of the mother and daughtersequene ompressed at 48 kbps are plotted. The next four pitures show theresults of experiments with the same sequene, when random paket losseswith probability 0.35 ourred. (i.e. we used a random number generator11



File Compression Rate Loss Rate average( in kbps ) PSNRoastguard 48 0 27.12oastguard 48 50.00% 27.12oastguard 48 75.00% 24.55foreman 48 0 27.54foreman 48 50.00% 27.52foreman 48 75.00% 24.42mother and daughter 24 0 30.56mother and daughter 24 50% 29.59mother and daughter 24 75% 21.29mother and daughter 48 0 33.64mother and daughter 48 50% 33.6mother and daughter 48 75% 32.08Table 1: PSNRs for standard video sequenesto mark every paket as lost with probability 0.35 ).The upper graphi of Figure 5 shows the PSNRs for individual frameof the sequene. The lower graphi on Figure 5 shows perentage of paketlosses for di�erent frames. Sine in our model we apply loss-resilient odingto groups of frames and we have hosen the size of a group of frames tobe nine, perentage of paket losses remains onstant for groups of nineonseutive frames. The upper graphi on Figure 6 shows average motionvetors for di�erent frames of the sequene. Average motion vetor valuefor a frame is omputed, aoriding to the formula PNi=1 avi=N , where N isthe number of marobloks. If one motion vetor is used in a marobloki avi equals to the norm of the motion vetor. If four motion vetros areused, avi equals to the averag of the norms of these motion vetors.The lower graphi on Figure 6 shows the PSNR between an enoded anddeoded frame and the previous input frame.In our ode loss protetion is applied to a group of frames. Thereforewe may expet a similar harater of losses for the groups of frames withthe same perentage of the lost pakets. However in the experimental re-sults ertain di�erenes in quality between di�erent groups of frames andalso between di�erent frames from the same group an be observed. Thesedi�erenes are explained by the harater of our loss protetion method.If the data from P2 frames an not be reonstruted we replae P2-frames12



by previous P1-frames. The quality of suh reonstrution depends on theproperties of individual frames in the video sequene. In frames with vividmotion our frame repliation strtegy leads to worse results than in frameswith insignifaant motion. Besides that in motion intensive frames PSNRsbetween the orignal frames and the deoded frames, used in repliation, arehigher.Signi�ant utuations in PSNR values an be observed in �gure 5.These utuations are aused by the fat that the number of paket lossesexeeds a ertain threshold value and only two of three priority levels anbe used in the deoding. In this ase P2-frames in the orresponding groupsof frames are not reonstruted and the previous P1-frame replaes the lostP2-frame. While this strategy works very well for groups of frames withmoderate motion ontent it leads to redued PSNR values for other frameswith vivid motion. To support this hypothesis we show PSNRs of framesfrom the same mother and daughter sequene, ompared to previous de-oded frames in this sequene in �gure 6 Groups of frames with higher av-erage motion vetors and with lower PSNRs are haraterised by the higherutuation rates. We like to emphasize, however, that our approah yieldsgood results both in terms of average PSNR and in terms of subjetive videoquality.
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Figure 6: Average motion vetors. PSNRs between the deoded frame andthe previous input frame 16



4 Summary and Further ResearhIt was shown in this paper that we an onstrut a rate-salable ode andahieve graeful degradation in ase of image transmission (see, for instane[MRL99℄). However, smooth dependeny of video data quality on the num-ber of lost pakets is still a partially unsolved problem.This di�erene between image and video transmission an be explainedby di�erenes in ompression methods. Several transform-based odingmethods, designed for ompression of still images suh as wavelet ompres-sion methods, an also be used to produe a salable bitstream. EÆientvideo ompression methods, however, must additionally exploit temporalredundany, i.e. the dependenies between individual frames. To avoid re-peated oding of similar piees of data in di�erent frames predition-basedoding provides a solution. In spite of its eÆieny this lass of odingmethods is not appropriate for salable ompression.The video system presented in this work addresses this problem by mod-ifying the order in whih frame predition is performed. This system sup-ports eÆient and rate-salable video ompression. Combined with the PETalgorithm our system results in eÆient video transmission at moderate de-gration in image quality. The novelty of this system is an appliation ofeÆient enoding algorithm for the loss protetion with rate-salable videoompression algorithm.In the video ode, presented in this paper, only P-frames have beenused for predition. It would be interesting to use bi-diretional preditionfor enoding P2-frames, sine it promises to yield better ompression. An-other improvement an be expeted from DCT-based ompression to enodepredition errors in P-frames. This hoie ould lead to a more exible rate-salability of the video ode and to the higher number of priority levels inour enoding sheme.5 AknowledgmentsIn this projet we have extensively used the soure ode of the video ode,designed by H. J. Klok, A. Polzer and J. M. Buhmann in the BMBFresearh projet Eletroni Eye (01 M 3021 A/4).17
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