
Bandwidth Redution for Video-on-DemandBroadasting Using Seondary Content InsertionAlexander Golynski Alejandro L�opez-OrtizGuillaume Poirier Claude-Guy QuimperAbstratAn optimal broadasting sheme under the presene of seondary on-tent is proposed. The sheme proposed works both for movies enodedin a Constant Bit Rate (CBR) or a Variable Bit Rate (VBR) format.It is shown experimentally that seondary ontent in movies an makeVideo-on-Demand (VoD) broadasting systems more eÆient. An eÆ-ient algorithm is given to ompute the optimal broadasting shedulewith seondary ontent, whih in partiular signi�antly improves overthe best previously known algorithm for omputing the optimal broad-asting shedule without seondary ontent.1 IntrodutionThe traditional way for television broadasting ompanies to broadast theirprograms is to send through a medium (air or able) a sequene of TV shows.Viewers take notes of programs they want to wath in a prepublished broad-asting shedule (e.g. \TV Guide") and wait until it is broadast. If a ustomermisses the broadast time of the desired TV show, it is impossible to reoverit. The use of a VCR to reord the show at the predetermined time addressesthis problem but requires the viewer to know in advane whih TV show s/hewill miss. Alternatively, a Video-on-Demand (VoD) system allows users to se-let a TV show or a movie from the broadaster's movie seletion and to startwathing it at any time.Multiasting systems reate a onnetion between a lient and a server. Twolients downloading the same movie at the same time may partly share the sameonnetion. If the viewers download the movie at di�erent times, the onnetionannot be shared and two point-to-point onnetions are established requiringmore bandwidth from the server. In ontrast, broadasting systems broadast astream of data on a medium to whih the lients tune in. This solution requiresa onstant amount of bandwidth regardless of the number of lients listening tothe media. 1



Many broadasting shemes have been proposed. Most divide a movie intoseveral segments with eah segment periodially broadast on a separate han-nel. When the lient onnets to the system, it listens on all these hannels.After waiting for a period w, the lient an start wathing the �rst segment.The sheme ensures that the next segment is fully downloaded before the ur-rent segment has been wathed. The broadasting shemes an be divided intotwo ategories. The �rst ategory of sheme assign the same bandwidth toall hannels. This is the ase for pyramid broadasting [22℄, permutation-basedpyramid broadasting [1℄, fast broadasting [10℄, lient-entri approah [6℄, andgready equal bandwidth broadasting [8℄ among others. The seond ategorydivides the movie in segments of equal size but assign di�erent bandwidth to thehannels. Among this ategory �gure harmoni broadasting [9℄, autious har-moni broadasting [17℄, quasi harmoni broadasting [17℄, and poly-harmonibroadasting [18℄.These shemes presented above an broadast movies enoded at a onstantbit rate (CBR). For variable bit rate (VBR) enoding, 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. Severalbroadasting shemes exist for VBR enoded movies. The Variable BandwidthHarmoni Broadasting (VBHB) [19℄ and VBR Broadasting (VBR-B) [20℄ arebased on the autious harmoni and fast broadasting shemes, respetively.Trae adaptive fragmentation (TAF) [13℄ improves over VBR-B. The Loss-Lessand Bandwidth EÆient sheme (LLBE) guarantees optimal server bandwidthbut requires an o�-line omputation beforehand. The Stairase Broadasting(SCB) [14℄ and Simple VBR Stairase Broadasting (SVSB) [5℄ also address theproblem of optimizing lient bandwidth.Introduing seondary ontent like advertisements or previews in VoD hasbeen studied as a means to redue the bandwidth required in multiasting sys-tems [12, 2, 11℄. This tehnique 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 redued by introduing se-ondary ontent in broadasting systems both under CBR and VBR enoding.We �rst introdue some onepts used by VoD broadasting systems and thenshow how we an redue the bandwidth in the Harmoni [9℄ and LLBE [15℄broadasting shemes. The LLBE sheme requires an o�-line omputation. Wegive an algorithm with time omplexity of jF j2O(plogn log log jF j) whih outper-forms the previously best O(njF j2) algorithm desribed in [15, 7℄. To plae thisimprovement in ontext, the number of frames F in a typial movie is in theorder of 200,000. Hene our improved algorithm has a run time several ordersof magnitude faster than the previously best known method.
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2 BakgroundBroadasting systems onsider movies as an ordered set of frames F = ff0; f1; : : :gsuh that the size of the ith frame is fi bytes. Constant bit rate enodings pro-due movies with frames of equal size. Variable bit rate enodings produemovies with frames of di�erent sizes. The seondary ontent is represented by amulti-set of ommerial pauses C = f1; : : : ; mg where eah pause i ontains� frames shown before the movie frame fi . Eah advertisement frame ai inA = fa0; a1; a2; : : :g has ai bytes. An advertisement is enoded by � onseu-tive frames in A starting with frame ak� for an integer k. These advertisementsare shown during ommerial pauses but no assumptions an be made aboutthe order in whih the advertisements will be presented.Broadasting systems like Harmoni Broadasting (HB) [9℄, Pyramid Broad-asting (PB) [22℄ and Loss-Less-Bandwidth-EÆient (LLBE) [15℄ partition themovie frames F into n segments S = fS1; : : : ; Sng eah ontain onseutivemovie frames. Eah segment Si is broadast repeatedly over a logial hannelCi with bandwidth bi.When onneting to the system, a lient starts downloading all segmentsover all logial hannels for a period of w units of time and then starts wathingthe movie. After these w units of time, the �rst segment is fully downloadedand is ready to be shown. After wathing the �rst segment, the seond segmentis fully downloaded and ready to be shown and so on. In this sheme, eah timea segment is fully downloaded, the lient stops listening on the orrespondinglogial hannel.Sheduling a movie onsists in segmenting the movie frames in n segmentsand assigning the bandwidth bi suh that eah segment is fully downloaded bythe lient before wathing 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 sheduling sheme to inludeadvertisements in onstant bit rate videos and then show how to insert adver-tisements in variable bit rate videos using LLBE.3 Harmoni BroadastingThe harmoni broadasting sheme [9, 16℄ is simple and eÆient for onstantbit rate enoded movies. It onsiders a partition of the movie frames into nsegments of jF jn frames eah of w units of time. We assume the physial mediais divided into hannels. Eah hannel has the exat apaity to transmit onemovie in real time. Harmoni broadasting sends the movie in segments witheah segment taking a fration of a physial hannel. Let bi be the fration3
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A1 A11/2 A2 A2Figure 1: a) Harmoni broadasting sheme for a movie with 7 segments. b)Modi�ed harmoni broadasting sheme for 7-segment movie with p = 2. Thereis a ommerial pause before S4 and S6. This sheme requires more bandwidththan a) for this example but would require less if there were more than 24 moviesegments.of a physial hannel used to send segment Si. We have bi = 1i for a total ofB =Pni=1 1i = Hn physial hannels where Hi is the ith harmoni number.This sheme ensures that a user arriving at time t has fully downloadedsegment Si by time t+ iw and is ready to wath it. Engebretsen and Sudan [4℄proved this sheme is optimal assuming there is a maximum waiting time of wand there is a least one lient onneting every w units of time.We generalize the harmoni broadasting sheme to inlude advertisements.Consider the same movie of K segments where we insert ommerial pauses ofw units of time at every p movie segments starting from S2p. We therefore haveKp �1 ommerial pauses before the movie segments S2p; S3p; S4p; : : :. Let N(x)be the number of ommerial pauses before segment Sx.N(x) = � 0 if x < 2pbxp � 1 if x � 2p (1)We broadast eah movie segment Si at speed bi = 1i+N(i) to ensure theyare fully downloaded at time t+ i+N(i). Notie that advertisements delay thewathing time of following movie segments and therefore redue the bandwidthof the orresponding hannels (see Figure 1). This bandwidth gain would belost if we were broadasting eah advertisement on its own hannel but weonsider a unique hannel Ca with bandwidth 1p that sequentially broadasts alladvertisements in arbitrary order. A user arriving at time t will download at4
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of eah ommerial pause. Moreover, we explain how to insert advertisementsin VBR enoded movies.Nikolaidis et al. [15℄ proposed the Loss-Less and Bandwidth-EÆient (LLBE)broadasting sheme that an be applied to videos with variable bit rate enod-ings. We generalize this sheme to introdue ommerial pauses at any positionin the movie and of di�erent durations.Let the vetor C represent the ommerial pauses. Component Ci indiatesthe earliest movie frame that sueeds the ith ommerial pause. For instane,if C = [10; 42; 108℄, there are three ommerial pauses respetively presentedbefore the movie frames f10, f42, and f108. All ommerial pauses are � frameslong. In order to form a longer ommerial pause, one an insert two ommer-ial pauses before the same movie frame. For instane, the seond ommerialpause in C = [10; 42; 42; 108℄ is twie 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 funtion, we dedue 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 suh that eah segment Sji =ffi; : : : ; fj�1g in S onsists of the onseutive movie frames fi to fj�1. Sum-ming the size of eah movie frames gives the size in bytes of the whole segment,i.e. Pj�1i fi. We reall that before wathing segment Sji , the lient needs towath i + N(C; i) movie and advertisement frames. Given that the movie isplayed at a onsumption rate of R frames per seond and that the lient mustwait for w seonds before starting wathing the movie, there are w + i+N(C;i)Rseonds elapsed before the lient starts to wath segment Sji . Putting all resultstogether, the required bandwidth to broadast 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 suhthat 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 inlude adver-tisements and also provide a faster algorithm to ompute the segmentation.We onstrut a graphG of jF j+1 nodes suh that eah frame fi is representedby a node i plus an extra sink node jF j+1. There is a direted edge (i; j) withweight b(i; j) for eah pair of nodes i < j. Edge weights an be omputed inonstant time using an array A[1::jF j℄ suh 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 eah link represents a segment. Thisan be ahieved 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 onave Monge property of the graph.De�nition 1 (Conave Monge Property [21℄) Let b(i; j) be the weight at-tributed to an edge (i; j) of a weighted direted ayli graph G. Graph Gsatis�es the onave 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 sheduling graph G satis�es the onave Monge property.Proof In order to prove that G satis�es the onave 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 eah 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 onave Monge property. 2The onave Monge property suggests that altering the size of the segmentsat the end of the movie will not a�et the bandwidth as muh 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 sheduling graph G in jF j2O(plogn log log jF j) steps.Proof By Lemma 1, graph G satis�es the onave Monge property. Shieber'salgorithm [21℄ �nds the k-link shortest path for suh 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℄ sine 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 sequene of � frames ak� : : : a(k+1)� � A, suha sequene must be downloaded by the lient before it is played. If a lientonnets while the system has already broadasted the beginning of an adver-tisement, the whole advertisement is lost sine 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. Notie that the size in bytes ofthese frames might be di�erent depending on whih advertisement is broadastwhen the lient onnets to the system. Let W (x) denote the size in bytes ofthe largest window (in terms of bytes) of �x onseutive 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 broadast before playing the ommerial 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 subtrating 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 broadasting 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 foreah movie and onsider the highest one. Notie that as the number of moviesinreases, b beomes negligible when ompared to the total system bandwidth.8



5 ExperimentsWe have reorded a movie broadast on a publi TV hannel and enoded itwith the MPEG 4 format. The movie is 2 hour 41 minutes long and ontains 37minutes of advertisements divided into 12 ommerial pauses. Eah ommerialpause is either 180 or 210 seonds long. We represent these ommerial pauseswith our model by a series of 6 or 7 onseutive ommerial pauses of � =30 seonds eah. The movie was preeded by 1 minute of advertisements forthe TV station, the distributor, and the produer of the movie. Sine thereare few produers 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 lateny time of w = 60 seonds. Weompare our broadasting sheme with LLBE. The later has been omparedwith other broadasting shemes in [15℄.Table 1 shows that broadasting a movie with LLBE without advertisementsrequires a bandwidth of 579.49 Kb/s. Inserting advertisements inreases theduration of a movie whih inreases the required bandwidth in VoD systems.With LLBE, inserting advertisements in the movie inreases the bandwidth to658.19 Kb/s whih represents an inrease of 13.6 %. If we insert advertisementsin a movie as desribed in Setion 4, we need a bandwidth of 559.14 Kb/sfor broadasting 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 respet 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. Sine onlyone advertisement hannel is required, its bandwidth an be amortized overthe number of movies. Amortizing inreases the total bandwidth of the systembut redues the bandwidth per movie. Suppose 5 movies share the same ad-vertisement hannel, the amortized bandwidth for one movie is the bandwidthrequired to broadast 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 usedSheme 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 shemes to broadast a movie. Theomparison olumn shows for eah sheme the inrease of bandwidth9
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