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ABSTRACT Several pioneering works on peer-to-peer on-demand stream

Media distribution through application-layer overlaynet iNg use a centralized server [4] to accommodate all asyn-
works has received considerable attention recently, otdgng Chronous requests. This server, however, becomes a bottle-
its flexibility and readily deployable nature. On-demamdatn- neck when frequent VCR operations are introduced. In [12]
ing with asynchronous requests, and in general, with vCRthe nodes are organized into a linear/tree structure wih th
like interactions, nevertheless remains a challengirig tas ~ Playback offset being an indexing key. A linear or tree struc
this paper, we introduce the Skip List, a novel randomizedure, however, can not achieve asynchronous accesses-in sub
and distributed structure that inherently accommodates dyinear time and require complicated rebalancing operation
namic and asynchronous clients. We demonstrate a pracforeover, neither of them supports fast-forward and rewind
cal skip list based streaming overlay with typical VCR oper-  To this end, we propose the Skip List, a novel data struc-
ations. Our simulation results show that the skip list basedure that effectively realizes the above demands. Basje ski
overlay is highly scalable, with smooth playback for diers list is first introduced in [7] and its extensions have retyent

interactivities, and low overheads. been applied to practical network applications [2][6]. &pe
ically, Harveyet al. [6] have shown a scalable peer-to-peer
1. INTRODUCTION network using SkipNet. Their focus is mainly on file index-

m% service as well as content and path locality. The ohjecti

The widespread penetration of broadband access has made . .
and hence solutions are different from the on-demand stream

Internet of today a popular vehicle for real-time mediardist . S )
bution. Recently, overlay streaming [3][11] has emerged at'd applications targeted in our study.

a promising scheme for scalable streaming to a large client We_ demonstr_ate a practical ove_rlay ne_twork that seam-
population. In a peer-to-peer overlay network, each node rTessly integrates indexing and data distribution througkip

ceives media data from certain neighboring nodes; the da Et’ and discuss the key ISSUes mvolved in realizing th'? S
Ist based overlay. Our simulation shows that the skip list

are cached in its local buffer, and then relayed to othermeig based X | hi bl bl
bors, eventually realizing a multicast distribution. Allese | ase stre_amlng overiay achieves a reasonan y sta mstrga
ng rate with a low control overhead. More importantly, it

operations are implemented in the application layer, which . ; :
means the system is highly flexible and readily deployable. effectively suppo_rts Q|yerse VCR. oper atlons.at a reasgnabl
A key challenge in an overlay streaming system is to conl-OW costs, which is difficult to achieve in existing systems.
struct a data distribution structure among the collabeeati
nodes. This structure should be capable of accommodating 2. OVERVIEW OF SKIPLIST
the autonomous nodes that join or leave the overlay at will
or even crash without notification. The problem is furtherA skip list [7] is a randomized ordered list &éys with addi-
complicated when introducing on-demand playback requestéonal, parallel links. Each key is first inserted into theese
and, more general, such VCR interactiongasse/resume,  |ayer (layer 0), and then randomjyromotes itself to the up-
random-seek, fast-forward, andrewind. These services, thoughPer layer with probability%. If successful, the key will leave
attractive to clients and content providers alike, call dor @ logical node copy in the previous layer, and try to promote
additional indexing structure to locate the expected dega s itself again in the new layer until it fails or BlaxLayer is
ments with asynchronous playback offsets. This is difficult Met. Assuming it stops at layéy it will then connect to all
achieve through a centralized entity, because VCR opesatio the neighbors from layer 0 through layer In this layered
are more frequently invoked than node joining or leaving] an representation, a single key in the listis mapped into rpleiti
often persist a long duration. Thus, the VCR operations haviogical nodes along the same column. Since the paralles link
seldom been incorporated in existing systems. in higher layersskip geometrically more than those in lower
T T o b & Canadian NSERC Die Iay_ers, a k_ey search is started from the highest Iayc_ar, so ast
Grant é88325, an NSER(?FI)?esearchpToolg and Instruments,(arﬂm:é)a quickly skip unnecessary parts, and then progressivelyemov

Foundation for Innovation (CF1) New Opportunities GrarB@KDF Match- O lower Iayers_ Ur_“” it_hits a Iogical_ node ha\_/ing. the key. An
ing Grant, and an SFU President's Research Grant. example of skip list with 16 nodes is shown in Fig. 1.




Intuitively, this constant amortized cost holds because th
number of nodes wittO(log N) neighbors is quite small.
Most of the nodes have far fewer neighbors in the skip list,
and hence lower costs. A similar argument suggests thagwhil
the maximum extra neighborhood information kept at a client
node isO(log N), the average i®(1) only.

Every client periodically exchanges echo messages with
its neighbors in the skip list, enabling an abrupt clieniufia
] to be easily detected. The parallel links in the skip lisptibe
Fig. 1. A Skip List of 16 nodes. affected neighbors perform local repairs. This is a vaiati

L . of the search operation and the cost is at niddbg V).
Compared to other typical indexing structures, such as an P nizgog N)

AVL tree or a B+ tree, a randomized skip list is significantly , )
easier to implement and generally faster. More importantly>-2- VCR-likeInteractions

its probabilistic nature eliminates the need for costhatabc-  gince the cost for a leave and then re-join with a new play-
ing operations after each key insertion, making it an afirac  pack offset is only)(log V), this combination can be used to
solution for distributed applications. implement most typical VCR operations.
1. Pauseand Resume The client can simply stop playback,
3. SKIPLIST BASED ASYNCHRONOUSOVERLAY but still stay in the overlay, accepting and supplying data a
the normal speed. If the pause time is very long and its buffer

and all logical nodes associated with this key map to thetlie ©Verflows, it temporarily leave the overlay. Once the resume
node in the overlay. The key is updated over time according®mmand is given, it rejoins with the original offset.

to the playback progress. Since the playing speed is idgdntic 2. Random-seek The client can simply leave and then re-
for all the normal clients, their relative playback distasand join the overlay with the new offset after seeking.

hence the skip structure will not change over time, unless a 3. Fast-forward and Rewind Assume the speed of fast-
clientjoins, leaves, or crashes, ora VCR operation is iedok  forward or rewind isv, which can be realized by playing one
In addition, the client also maintains the |Ogica| links hret Segment out ob Segments [10] This can be imp'emented
Sk|p list. We detail the construction and maintenance Oiﬁ sk through random Seek; however' since a fast-forward or @win
list based overlay and the practical issues toward sup@prti movement generally consists of a long series of such jump

The playback offset of a client serves as its key in the skip li

all the typical VCR operations. operations, more efficient solutions are expected.
Given that an overlay node has a size-limited buffer, af-
3.1. Join, Leave and Failure Recovery ter jumpingv — 1 segments, the fast-forwarding or rewinding

_ _ client has to move from its current supplier to a new one. The
We assume that there is a content SErver serving as an anchk%& issue of a jump operation is thus to locate the suppliers
.no-de in the overlay. When a new cllgnt 1S tO_JO'n the overlay, it the expected segments in time. Skip list provides effec
it first contacts the content server, which redirects thentlio ;o support toward this operation through its horizoritets
the top-layer node. The new client then performs a top-dow{yich enable a client to skip unnecessary nodes (and hence
search to insert itself into the base layer, and choose®the | so4ments) at a fairly stable speed. We now analyze the cost
neighbor (which has an earlier playback time) as its supplie¢ the jump operations for fast-forward. The analysis ajso a

in the qverlay. It goes on to conduct the bottom-up rgndonb”es to rewind movements after a symmetric transform.
promotion, and set up its links to the corresponding neighbo v« assume that the playback offsets of two consecutive

in each layer. In this process the potential neighbors a@ibs nodes in the overlay diffed segments on average, and the

thellgyers can fbe rhe_corded ?nd a few are selected to SEIVe d@nt can retrieve: data segments from its supplier with VCR
multi-partners for this new client. speed. Then following lemma gives the nodes to be skipped.

. i o 1
Theorem 1 Thecomplexity of thejoinoperationisO(log N)*. | amma 3 The number of logical nodes to be skipped ahead

i n(v—1) . -
A client that is scheduled to leave the overlay should firstS ~ a for each jump operation.

notify its r_1eighbors in the skip list, sugh that they can re-rorem 4 Each jump operation for fast-forward is O(1).
connect with each other to form new neighborships.

Intuitively, the client needs to follow Iayé«)g(@) in
the skip list. The above theorem suggests that the cost for
a jump operation is independent of the overlay size, nor the
1The proofs of all lemmas and theorems can be found in [9]. fast-forwarding/rewinding speed.

Theorem 2 The expected message cost for a graceful client
departureisO(1).




In practice,log(@) might not be an integer. In this 0.5

case, the client can temporarily move along higher or lower 045 oStream —+— ]
layer links, or adaptively set; i.e. stay for a longer or shorter 04 | 1
period with the current supplier, to achieve an averagedspee 035 o T
of v. We now derive the range for, the number of segments < 002‘2 i ﬁ ‘w‘w . |
to be retrieved from a supplier at a fast-forwarding speed ZE _ij *ﬂﬂ‘} & i
and the maximum speed t_hat the qverlay can _support: 0.15 _ﬁ# *‘% 1 H‘w " T}‘ i

We consider the following physical constraints, which are 0.1 Hb i wﬁﬁ%ﬁ #@?ﬁ%{ Ve,
adapted from [8] B, the buffer size of each clieri;, the con- 0.05 - “%* el ‘ 3 ‘ e
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nection time from one client to the other;the playing time
for each data segment. We also assume that the downloading
time of each segment is smaller thian

. Fig. 2. Segment missing rate (SMR) for DSL (skip list) and oStream
Lemma5 For fast-forwarding speed v, the number of data g J g ( ) (skip list)

i T B(B—) with local bandwidth fluctuation.
segmentsthat a supplier can prowdels[%, | 05
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Theorem 6 The maximum speed that the system can provide 04 L S i
i i tB2-TB : DSL(Original) ——
isno higher than “=—+=. 035 | .
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&

Although the VCR speed of the system has a upperbound > 025r 1
limited by the system constraints, a speed of no more than 02 | // g
32x can be easily achieved even in a small to medium skip 0.15 7 i
. . . 0.1 A g
list overlay (say, less than 500 nodes), and, as investigate 0.05 | L |
[10], a higher speed is rarely perceived as useful by users, n ol 1 %
is it supported in most commercial VHS or DVD players. 10 15 20 25 30 35 40

Duration(%)

4. PERFORMANCE EVALUATION Fig. 3. Segment missing rate as a function of VCR duration for
In this section, we present a few representative resultsiof o DSL (skip list) and oStream.
simulation. For a complete version, please refer to [9].

We used the GT-ITM topology generator to produce grate ofoSreamgreatly fluctuates over time, with a peak value
1000-node networks. The streaming rate was 256Kbps arff high as 0.35, resulting in poor video quality. This is rhain
the length of the stream 150 minutes. The default size dpecaus@Streamrelies on a specific tree structure for stream-
the client-side buffer was 15Mbytes. We adopted Segmeﬂ'ﬂg, so bandwidth reduction at an internal link of the tree] a
Missing Rate (SMR) as the major criterion for evaluating thaParticularly at those close to the root, could result in seve
streaming quality. A data segment is considered missirtg if 0SS across many descendants.
is not available to client till the play-out time, and the SMR
for the whole system is the average ratio of the missed seg@:.2. Impact of VCR Interactions
ments across all the participating clients. For compatig@n
also simulated an existing on-demand overlay streaming syd he current version abStream does not support these oper-
tem, 0Stream [4] which employs a tree structure. Each client ations. To enable comparison, we implemented an enhanced
node caches played-out data and relays to its children whicoStream, in which a jump operation is realized by moving
may have asynchronous p|ayback offsets. A centralized dfhl’ough the links in the tree structure either in the di@mtbf

rectory server is used to maintain the global information ofhe parent (for fast-forward) or the descendant (for reyvind
the overlay, which facilitates client join or failure recay. This distributed search avoids repeated contacts witheitves

which is clearly non-scalable for frequent VCR operations.
We randomly picked up 10% of clients to perform fast-
forward or rewind operations with 2x speed. The duration of
Fig. 2 plots the segment loss rates (SMRs) for 1000-nodeach VCR operation varied from 5% of the stream length to
skip list andoStream overlays during a 4500-sec simulation 40%. Fig. 3 shows streaming quality for the skip list and
with cross traffic. It can be seen that the loss rate of skip listhe enhancedSreamoverlays. Clearly, skip list outperforms
is generally less than 0.1, which is not only lower tlagh  oStream, and its quality is almost independent of the dura-
tream, but also more stable. From a video decoding point otion of the VCR operations. On the other hand, the quality of
view, such a loss can be effectively masked by interleavinghe enhancedStream quickly becomes worse as duration in-
or error-concealment techniques. On the other hand, tise losreases, and is generally unacceptable for a duration afagre

4.1. Streaming Quality



than 20% of the stream length. Intuitively, for a tree owerla sibly using the PlanetLab testbed, and compare it with those

like oStream, the node initiating fast-forwarding or rewinding overlay systems using advanced structures. We are also in-

may still find the expected data segments in the buffers of itserested in incorporating advanced network coding or video

parent or close ancestors, but such an inefficient lineackea coding algorithms; an example is the Multiple Description

will soon cause it to suffer from buffer outage. Coding (MDC), which is a good match to the DSL structure
As mentioned before, each jump can be implemented thr@ughcould further improve its robustness.

arandom-seek operation as well. To show its (in)effectssn

we also plotted streaming quality in this implementatiors. A 6. REFERENCES
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