
Bandwidth Redu
tion for Video-on-DemandBroad
asting Using Se
ondary Content InsertionAlexander Golynski Alejandro L�opez-OrtizGuillaume Poirier Claude-Guy QuimperAbstra
tAn optimal broad
asting s
heme under the presen
e of se
ondary 
on-tent is proposed. The s
heme proposed works both for movies en
odedin a Constant Bit Rate (CBR) or a Variable Bit Rate (VBR) format.It is shown experimentally that se
ondary 
ontent in movies 
an makeVideo-on-Demand (VoD) broad
asting systems more eÆ
ient. An eÆ-
ient algorithm is given to 
ompute the optimal broad
asting s
hedulewith se
ondary 
ontent, whi
h in parti
ular signi�
antly improves overthe best previously known algorithm for 
omputing the optimal broad-
asting s
hedule without se
ondary 
ontent.1 Introdu
tionThe traditional way for television broad
asting 
ompanies to broad
ast theirprograms is to send through a medium (air or 
able) a sequen
e of TV shows.Viewers take notes of programs they want to wat
h in a prepublished broad-
asting s
hedule (e.g. \TV Guide") and wait until it is broad
ast. If a 
ustomermisses the broad
ast time of the desired TV show, it is impossible to re
overit. The use of a VCR to re
ord the show at the predetermined time addressesthis problem but requires the viewer to know in advan
e whi
h TV show s/hewill miss. Alternatively, a Video-on-Demand (VoD) system allows users to se-le
t a TV show or a movie from the broad
aster's movie sele
tion and to startwat
hing it at any time.Multi
asting systems 
reate a 
onne
tion between a 
lient and a server. Two
lients downloading the same movie at the same time may partly share the same
onne
tion. If the viewers download the movie at di�erent times, the 
onne
tion
annot be shared and two point-to-point 
onne
tions are established requiringmore bandwidth from the server. In 
ontrast, broad
asting systems broad
ast astream of data on a medium to whi
h the 
lients tune in. This solution requiresa 
onstant amount of bandwidth regardless of the number of 
lients listening tothe media. 1



Many broad
asting s
hemes have been proposed. Most divide a movie intoseveral segments with ea
h segment periodi
ally broad
ast on a separate 
han-nel. When the 
lient 
onne
ts to the system, it listens on all these 
hannels.After waiting for a period w, the 
lient 
an start wat
hing the �rst segment.The s
heme ensures that the next segment is fully downloaded before the 
ur-rent segment has been wat
hed. The broad
asting s
hemes 
an be divided intotwo 
ategories. The �rst 
ategory of s
heme assign the same bandwidth toall 
hannels. This is the 
ase for pyramid broad
asting [22℄, permutation-basedpyramid broad
asting [1℄, fast broad
asting [10℄, 
lient-
entri
 approa
h [6℄, andgready equal bandwidth broad
asting [8℄ among others. The se
ond 
ategorydivides the movie in segments of equal size but assign di�erent bandwidth to the
hannels. Among this 
ategory �gure harmoni
 broad
asting [9℄, 
autious har-moni
 broad
asting [17℄, quasi harmoni
 broad
asting [17℄, and poly-harmoni
broad
asting [18℄.These s
hemes presented above 
an broad
ast movies en
oded at a 
onstantbit rate (CBR). For variable bit rate (VBR) en
oding, the quality remains 
on-stant throughout the movie but the 
onsumption rate varies. For the MPEG4 format, the 
onsumtpion rate 
an vary from 5 Kbits/s to 1 Gbits/s. Severalbroad
asting s
hemes exist for VBR en
oded movies. The Variable BandwidthHarmoni
 Broad
asting (VBHB) [19℄ and VBR Broad
asting (VBR-B) [20℄ arebased on the 
autious harmoni
 and fast broad
asting s
hemes, respe
tively.Tra
e adaptive fragmentation (TAF) [13℄ improves over VBR-B. The Loss-Lessand Bandwidth EÆ
ient s
heme (LLBE) guarantees optimal server bandwidthbut requires an o�-line 
omputation beforehand. The Stair
ase Broad
asting(SCB) [14℄ and Simple VBR Stair
ase Broad
asting (SVSB) [5℄ also address theproblem of optimizing 
lient bandwidth.Introdu
ing se
ondary 
ontent like advertisements or previews in VoD hasbeen studied as a means to redu
e the bandwidth required in multi
asting sys-tems [12, 2, 11℄. This te
hnique slows down the leading stream by insertingadvertisements and let it merge later with the trailing stream. In this paperwe show that the bandwidth requirements 
an be redu
ed by introdu
ing se
-ondary 
ontent in broad
asting systems both under CBR and VBR en
oding.We �rst introdu
e some 
on
epts used by VoD broad
asting systems and thenshow how we 
an redu
e the bandwidth in the Harmoni
 [9℄ and LLBE [15℄broad
asting s
hemes. The LLBE s
heme requires an o�-line 
omputation. Wegive an algorithm with time 
omplexity of jF j2O(plogn log log jF j) whi
h outper-forms the previously best O(njF j2) algorithm des
ribed in [15, 7℄. To pla
e thisimprovement in 
ontext, the number of frames F in a typi
al movie is in theorder of 200,000. Hen
e our improved algorithm has a run time several ordersof magnitude faster than the previously best known method.
2



2 Ba
kgroundBroad
asting systems 
onsider movies as an ordered set of frames F = ff0; f1; : : :gsu
h that the size of the ith frame is fi bytes. Constant bit rate en
odings pro-du
e movies with frames of equal size. Variable bit rate en
odings produ
emovies with frames of di�erent sizes. The se
ondary 
ontent is represented by amulti-set of 
ommer
ial pauses C = f
1; : : : ; 
mg where ea
h pause 
i 
ontains� frames shown before the movie frame f
i . Ea
h advertisement frame ai inA = fa0; a1; a2; : : :g has ai bytes. An advertisement is en
oded by � 
onse
u-tive frames in A starting with frame ak� for an integer k. These advertisementsare shown during 
ommer
ial pauses but no assumptions 
an be made aboutthe order in whi
h the advertisements will be presented.Broad
asting systems like Harmoni
 Broad
asting (HB) [9℄, Pyramid Broad-
asting (PB) [22℄ and Loss-Less-Bandwidth-EÆ
ient (LLBE) [15℄ partition themovie frames F into n segments S = fS1; : : : ; Sng ea
h 
ontain 
onse
utivemovie frames. Ea
h segment Si is broad
ast repeatedly over a logi
al 
hannelCi with bandwidth bi.When 
onne
ting to the system, a 
lient starts downloading all segmentsover all logi
al 
hannels for a period of w units of time and then starts wat
hingthe movie. After these w units of time, the �rst segment is fully downloadedand is ready to be shown. After wat
hing the �rst segment, the se
ond segmentis fully downloaded and ready to be shown and so on. In this s
heme, ea
h timea segment is fully downloaded, the 
lient stops listening on the 
orrespondinglogi
al 
hannel.S
heduling a movie 
onsists in segmenting the movie frames in n segmentsand assigning the bandwidth bi su
h that ea
h segment is fully downloaded bythe 
lient before wat
hing it. A natural goal to this problem is to minimize thetotal amount of bandwidth B =Pni=1 bi used by the system.We �rst present how to modify the Harmoni
 s
heduling s
heme to in
ludeadvertisements in 
onstant bit rate videos and then show how to insert adver-tisements in variable bit rate videos using LLBE.3 Harmoni
 Broad
astingThe harmoni
 broad
asting s
heme [9, 16℄ is simple and eÆ
ient for 
onstantbit rate en
oded movies. It 
onsiders a partition of the movie frames into nsegments of jF jn frames ea
h of w units of time. We assume the physi
al mediais divided into 
hannels. Ea
h 
hannel has the exa
t 
apa
ity to transmit onemovie in real time. Harmoni
 broad
asting sends the movie in segments withea
h segment taking a fra
tion of a physi
al 
hannel. Let bi be the fra
tion3
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 broad
asting s
heme for a movie with 7 segments. b)Modi�ed harmoni
 broad
asting s
heme for 7-segment movie with p = 2. Thereis a 
ommer
ial pause before S4 and S6. This s
heme requires more bandwidththan a) for this example but would require less if there were more than 24 moviesegments.of a physi
al 
hannel used to send segment Si. We have bi = 1i for a total ofB =Pni=1 1i = Hn physi
al 
hannels where Hi is the ith harmoni
 number.This s
heme ensures that a user arriving at time t has fully downloadedsegment Si by time t+ iw and is ready to wat
h it. Engebretsen and Sudan [4℄proved this s
heme is optimal assuming there is a maximum waiting time of wand there is a least one 
lient 
onne
ting every w units of time.We generalize the harmoni
 broad
asting s
heme to in
lude advertisements.Consider the same movie of K segments where we insert 
ommer
ial pauses ofw units of time at every p movie segments starting from S2p. We therefore haveKp �1 
ommer
ial pauses before the movie segments S2p; S3p; S4p; : : :. Let N(x)be the number of 
ommer
ial pauses before segment Sx.N(x) = � 0 if x < 2pbxp
 � 1 if x � 2p (1)We broad
ast ea
h movie segment Si at speed bi = 1i+N(i) to ensure theyare fully downloaded at time t+ i+N(i). Noti
e that advertisements delay thewat
hing time of following movie segments and therefore redu
e the bandwidthof the 
orresponding 
hannels (see Figure 1). This bandwidth gain would belost if we were broad
asting ea
h advertisement on its own 
hannel but we
onsider a unique 
hannel Ca with bandwidth 1p that sequentially broad
asts alladvertisements in arbitrary order. A user arriving at time t will download at4
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al 
hannels required to broad
ast a movie of 120segments.least i � 1 
omplete advertisement segments by time t + iw. Surprisingly, thegain 
aused by postponing movie segments 
an be greater than the bandwidthused for the advertisement 
hannel. It follows that adding advertisements 
anredu
e the amount of bandwidth required for a broad
asting system.We 
ompare our s
heme to the standard harmoni
 broad
asting s
heme by
reating two versions of a same movie. The �rst version is the movie withoutadvertisements. The se
ond version of the movie 
ontains the advertisementframes whi
h we treat as movie frames. We apply the normal broad
astings
heme to the two versions of the movie and 
ompare it with our broad
ast-ing s
heme. Figure 2 shows a 
omparison of the required number of physi
al
hannels with respe
t to the advertisement frequen
y p.4 LLBE with Se
ondary ContentIn the previous se
tion, we des
ribed how 
onstant length advertisements 
anbe inserted at �xed intervals of time in CBR en
oded movies. In this se
tion,we give more 
exibility with respe
t to the appearan
e time and the duration5



of ea
h 
ommeri
al pause. Moreover, we explain how to insert advertisementsin VBR en
oded movies.Nikolaidis et al. [15℄ proposed the Loss-Less and Bandwidth-EÆ
ient (LLBE)broad
asting s
heme that 
an be applied to videos with variable bit rate en
od-ings. We generalize this s
heme to introdu
e 
ommer
ial pauses at any positionin the movie and of di�erent durations.Let the ve
tor C represent the 
ommer
ial pauses. Component Ci indi
atesthe earliest movie frame that su

eeds the ith 
ommer
ial pause. For instan
e,if C = [10; 42; 108℄, there are three 
ommer
ial pauses respe
tively presentedbefore the movie frames f10, f42, and f108. All 
ommer
ial pauses are � frameslong. In order to form a longer 
ommer
ial pause, one 
an insert two 
ommer-
ial pauses before the same movie frame. For instan
e, the se
ond 
ommer
ialpause in C = [10; 42; 42; 108℄ is twi
e longer than the others. Let N(C; x)be the number of advertisement frames shown before the movie frame fx i.e.N(C; x) = �jfCi 2 C j Ci � xgj where jSj denotes the 
ardinality of set S.Using this fun
tion, we dedu
e that the number of frames (both movie framesand advertisement frames) displayed before frame fx to be x+N(C; x).Consider a segmentation S of the movie su
h that ea
h segment Sji =ffi; : : : ; fj�1g in S 
onsists of the 
onse
utive movie frames fi to fj�1. Sum-ming the size of ea
h movie frames gives the size in bytes of the whole segment,i.e. Pj�1i fi. We re
all that before wat
hing segment Sji , the 
lient needs towat
h i + N(C; i) movie and advertisement frames. Given that the movie isplayed at a 
onsumption rate of R frames per se
ond and that the 
lient mustwait for w se
onds before starting wat
hing the movie, there are w + i+N(C;i)Rse
onds elapsed before the 
lient starts to wat
h segment Sji . Putting all resultstogether, the required bandwidth to broad
ast segment Sji is:b(i; j) = RPj�1k=i fkRw + i+N(C; i) (2)A question remains: how do we segment the movie into n segments Ssi+1si su
hthat the total bandwidth B =Pni=1 b(si; si+1) is minimized? Nikolaidis et al [15℄give an algorithm for 
omputing the optimal solution for variable bit rate en-
oding without advertisements. We generalize their solution to in
lude adver-tisements and also provide a faster algorithm to 
ompute the segmentation.We 
onstru
t a graphG of jF j+1 nodes su
h that ea
h frame fi is representedby a node i plus an extra sink node jF j+1. There is a dire
ted edge (i; j) withweight b(i; j) for ea
h pair of nodes i < j. Edge weights 
an be 
omputed in
onstant time using an array A[1::jF j℄ su
h that A1 = 0 and Ai+1 = Ai + fi.The summation in Equation 2 
an be 
omputed in 
onstant time using Aj�Ai.Finding the n-segmentation of a movie with minimum bandwidth 
onsists in6



�nding the shortest path of n links where ea
h link represents a segment. This
an be a
hieved by running the Bellman-Ford algorithm and stopping afterthe nth iteration as suggested by Nikolaidis et al. [15℄. This solution requiresO(njF j2) steps. We suggest a faster way to 
ompute this segmentation usingthe 
on
ave Monge property of the graph.De�nition 1 (Con
ave Monge Property [21℄) Let b(i; j) be the weight at-tributed to an edge (i; j) of a weighted dire
ted a
y
li
 graph G. Graph Gsatis�es the 
on
ave Monge property if the inequality b(i; j) + b(i + 1; j + 1) �b(i; j + 1) + b(i+ 1; j) holds for all 1 < i+ 1 < j < n.Lemma 1 The s
heduling graph G satis�es the 
on
ave Monge property.Proof In order to prove that G satis�es the 
on
ave Monge property, we haveto show that b(i; j) + b(i + 1; j + 1) � b(i; j + 1) + b(i + 1; j). We know thati � i+ 1 and that N(C; i) � N(C; i+ 1) and thereforeRfjRw + i+ 1 +N(C; i+ 1) � RfjRw + i+N(C; i) (3)Adding (4) on ea
h side of Equation 3 results in (5).RPj�1k=i fkRw + i+N(C; i) + RPj�1k=i+1 fkRw + i+ 1 +N(C; i+ 1) (4)b(i; j) + b(i+ 1; j + 1) � b(i; j + 1) + b(i+ 1; j) (5)Consequently, graph G satis�es the 
on
ave Monge property. 2The 
on
ave Monge property suggests that altering the size of the segmentsat the end of the movie will not a�e
t the bandwidth as mu
h as altering thesize of the segments at the beginning of the movie.Lemma 2 There exists an algorithm that 
omputes the n-link shortest path ofthe s
heduling graph G in jF j2O(plogn log log jF j) steps.Proof By Lemma 1, graph G satis�es the 
on
ave Monge property. S
hieber'salgorithm [21℄ �nds the k-link shortest path for su
h a graph in jF j2O(plog k log log jF j)steps. This algorithm veri�es the lemma when k = n. 2From the two previous lemmas, we obtain the following theorem.7



Theorem 1 There exits an algorithm that 
omputes the optimal segmentationof a movie in jF j2O(plogn log log jF j) steps.Proof The proof follows from Lemma 1 and Lemma 2. 2This is an important improvement over the previous O(njF j2) algorithmsuggested in [15, 7℄ sin
e most movies have more than 200,000 frames (jF j).Indeed our implementation of LLBE resulted in run times in the order of severalhours in a personal 
omputer running Linux.We now have to determine the bandwidth of the advertisement 
hannel. Re-
all that an advertisement is a sequen
e of � frames ak� : : : a(k+1)� � A, su
ha sequen
e must be downloaded by the 
lient before it is played. If a 
lient
onne
ts while the system has already broad
asted the beginning of an adver-tisement, the whole advertisement is lost sin
e there is no guaranty that thebeginning 
an be downloaded later. In order to download x 
omplete advertise-ments, a 
lient has to download �(x+1) frames. Noti
e that the size in bytes ofthese frames might be di�erent depending on whi
h advertisement is broad
astwhen the 
lient 
onne
ts to the system. Let W (x) denote the size in bytes ofthe largest window (in terms of bytes) of �x 
onse
utive advertisement frames.W (x) = maxi=1:::jAj i+�x�1Xj=i aj mod jAj (6)The bandwidth b
 of the advertisement 
hannel must be high enough toensure that W (i+ 1) bytes are broad
ast before playing the 
ommer
ial pauseCi. We therefore have.b
 = maxi=1:::jCj W (i+ 1)FwF + 
i + �(i� 1) (7)Equation 6 
an be 
omputed in linear time. We �rst 
ompute the size of awindow for i = 1. We obtain the size of the window for i+ 1 by subtra
ting aiand adding ai+�x mod jAj. After performing this operation for all values of i,we 
an 
ompute the value W (x) in O(jAj) steps. It follows that Equation 7 
anbe 
omputed in O(jCjjAj) steps.A system broad
asting a set of M di�erent movies 
an use a single adver-tisement 
hannel for all movies. We simply have to 
ompute the value b
 forea
h movie and 
onsider the highest one. Noti
e that as the number of moviesin
reases, b
 be
omes negligible when 
ompared to the total system bandwidth.8



5 ExperimentsWe have re
orded a movie broad
ast on a publi
 TV 
hannel and en
oded itwith the MPEG 4 format. The movie is 2 hour 41 minutes long and 
ontains 37minutes of advertisements divided into 12 
ommer
ial pauses. Ea
h 
ommer
ialpause is either 180 or 210 se
onds long. We represent these 
ommer
ial pauseswith our model by a series of 6 or 7 
onse
utive 
ommer
ial pauses of � =30 se
onds ea
h. The movie was pre
eded by 1 minute of advertisements forthe TV station, the distributor, and the produ
er of the movie. Sin
e thereare few produ
ers and distributors for main stream movies, we assume theiradvertisements are pre-downloaded on the 
lient side. We therefore treat the�rst minute of advertisements as the laten
y time of w = 60 se
onds. We
ompare our broad
asting s
heme with LLBE. The later has been 
omparedwith other broad
asting s
hemes in [15℄.Table 1 shows that broad
asting a movie with LLBE without advertisementsrequires a bandwidth of 579.49 Kb/s. Inserting advertisements in
reases theduration of a movie whi
h in
reases the required bandwidth in VoD systems.With LLBE, inserting advertisements in the movie in
reases the bandwidth to658.19 Kb/s whi
h represents an in
rease of 13.6 %. If we insert advertisementsin a movie as des
ribed in Se
tion 4, we need a bandwidth of 559.14 Kb/sfor broad
asting the movie and 48.12 Kb/s for the movie 
hannel. The totalbandwidth is therefore 607.27 Kb/s with savings of 50.92 Kb/s with respe
t tothe LLBE+ads solution.The strength of our solution is revealed when we 
onsider a system broad-
asting many movies all sharing the same advertisements 
hannel. Sin
e onlyone advertisement 
hannel is required, its bandwidth 
an be amortized overthe number of movies. Amortizing in
reases the total bandwidth of the systembut redu
es the bandwidth per movie. Suppose 5 movies share the same ad-vertisement 
hannel, the amortized bandwidth for one movie is the bandwidthrequired to broad
ast the movie plus a �fth of the advertisement 
hannel. Ta-ble 1 shows a saving of 1:9 % of the bandwidth 
ompared to the bandwidth usedS
heme Bandwidth (Kb/s) ComparisonLLBE without advertisements 579.49 0.0 %LLBE with advertisements as 
ontent 658.19 +13.6 %Our System Movie 559.14Advertisement 
hannel 48.12Total 607.27 +4.4 %Amortized over 5 movies 568.76 -1.9 %Table 1: Bandwidth required by di�erent s
hemes to broad
ast a movie. The
omparison 
olumn shows for ea
h s
heme the in
rease of bandwidth9



to broad
ast a movie without advertisements!6 Con
lusionAdding advertisements in Video-on-Demand broad
asting systems 
ould in-
rease by 13:6% the server bandwidth if the advertisements are not handledproperly. By using the s
heme suggested in this paper, it is even possible toredu
e the server bandwidth as 
ompared to the ad-less solution; espe
iallywhen many movies share the same advertisement 
hannel. We also proposed afaster algorithm to 
ompute the optimal broad
asting s
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es[1℄ C.C. Aggarwal, J.L. Wolf, and P.S. Yu A Permutation-Based PyramidBroad
asting S
heme for Video-on-Demand Systems Pro
eedings of theIEEE Int'l Conf. on Multimedia Computing and Systems '96, 1996, pp.118-26.[2℄ P. Basu, A. Narayanan, W. Ke, T.D.C. Little and A. Bestavros. S
hedulingof Se
ondary Content for Aggregation in Commer
ial Video-on-DemandSystems. Pro
eedings of the 8th International Conferen
e on ComputerCommuni
ations and Networks (O
t 1999).[3℄ T. Biedl, E. D. Demaine, A. Golynski, J. D. Horton, A. Lopez-Ortiz.G. Poirier and C-G. Quimper. Optimal Dynami
 Video-On-Demand usingAdaptive Broad
asting. Pro
eedings of European Symposiun on Algorithms,2003.[4℄ L. Engebretsen and M. Sudan. Harmoni
 broad
asting for video-on-demandservi
e. Pro
. 13th Annual ACM-SIAM Symposium on Dis
rete Algorithms,pages 431{432, 2002.[5℄ Hsiang-Fu Yu, Hung-Chang Yang, Li-Ming Tseng, Yi-Ming Chen. Sim-ple VBR stair
ase broad
asting (SVSB). Consumer Communi
ations andNetworking Conferen
e, CCNC 2004. First IEEE, 2004.[6℄ K Hua, S Sheu Exploiting Client Bandwidth for More EÆ
ient VideoBroad
ast Pro
eedings of IEEE ICCCN '98, 1998.[7℄ A. Hu "Video-on-Demand Broad
asting Proto
ols: A ComprehensiveStudy" Pro
eedings of INFOCOM 2001.[8℄ A Hu, I. Nikolaidis, P. van Beek On the design of EÆ
ient Video-on-Demand Broad
ast S
hedules Pro
eedings of MASCOTS 1999.10



[9℄ L. Juhn and L. Tseng. Harmoni
 broad
asting for video-on-demand servi
e.IEEE Transa
tions on Broad
asting, 43(3):268{271, 1997.[10℄ L.-S. Juhn, L.-M. Tseng, Fast Data Broad
asting and Re
eiving S
heme forPopular Video Servi
e IEEE Transa
tions on Broad
asting, 44(1):100-105,Mar
h 1998.[11℄ R. Krishnan Timeshared Video-on-Demand: A Workable Solution to VOD,IEEE Multimedia vol 6 no 1, 1999.[12℄ R. Krishnan, D. Venkatesh and, T.D.C. Little, A failure and overloadtoleran
e me
hanism for 
ontinuous media servers. Pro
eedings of the �fthACM international 
onferen
e on Multimedia, pages 131{142, 1997.[13℄ F. Li, I. Nikoalidis Tra
e-Adaptive Fragmentation for Periodi
 Broad
astof VBR Video Pro
eedings of NOSSDAV '99, 1999.[14℄ F. Li, I. Nikoalidis StairCase Broad
ast for Media-on-Demand SystemsPro
eedings of MoMuC 2000.[15℄ I. Nikolaidis, F. Li, and A. Hu. An inherently loss-less and bandwidth-eÆ
ient periodi
 broad
ast s
heme for VBR video (poster session). ACMSIGMETRICS Performan
e Evaluation Review vol 28, #1, pages 116{117,2000.[16℄ J.-F. Paris, S.W. Carter, and D.D.E. Long A Low Bandwidth Broad
astingProto
ol for Video on Demand Pro
eedings of the 7th International Con-feren
e on Computer Communi
ations and Networks (IC3N98), O
tober1998, pp. 690{697.[17℄ J.-F. Paris, S.W. Carter, D.D.E. Long EÆ
ient Broad
asting Proto
ols forVideo on Demand Pro
eedings of MASCOTS '98, pp 127{132, 1998.[18℄ J.-F. Paris, S.W. Carter, D.D.E. Long A Low Bandwidth Broad
astingProto
ol for Video on Demand Pro
eedings of IC3N '98, pp 690{697, 1998.[19℄ J.-F. Paris A Broad
asting Proto
ol for Compressed Video Pro
eedings ofthe Euromedia 99 Conferen
e, pp 78-84, 1999.[20℄ D. Saparilla, K. Ross, M. Reisslein Periodi
 Broad
asting with VBR-En
oded Video Pro
eedings of IEEE Info
om '99, pp. 464{471.[21℄ B. S
hieber Computing a minimum-weight k-link path in graphs withthe 
on
ave Monge property, Pro
eedings of the sixth annual ACM-SIAMsymposium on Dis
rete algorithms, pages 405{411, 1995.[22℄ S. Viswanathan and T. Imielinski. Metropolitan area video-on-demandservi
e using pyramid broad
asting. Multimedia Systems, 4(4):197{208,1996. 11


