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Abstract ing data to a collection of receiving nodes, where the

receivers need to contribute to the delivery process, i.e.,
due to communication (bandwidth) resource limitations
We consider the following basic question: a source it is not possible for all nodes to receive the stream di-
node wishes to stream an ordered sequence of packetgectly from the source. This is a standard motivation
to a collection of receivers, which are ii§ clusters. A for use of peer-to-peer (P2P) systems or systems that in-
node may send a packet to another node in its own clus-volve application layer multicast. The streamed data can
ter in one time step and to a node in a different clus- correspond to either Bve source (i.e., the data is pro-
ter in 7, time steps(7. > 1). Each cluster has two duced during the delivery process), or tpra-recorded
special nodes. We assume that the source and the Spestream (i.e., all data is available at the beginning of the
cial nodes in each cluster have a higher capacity and delivery process).
thus can send multiple packets at each step, while all
other nodes can both send and receive a packet at each In a real environment, we may have nodes that are
step. We construct two (intra-cluster) data communica- in different geographical locations and thus communica-
tion schemes, one based on multi-trees (using a collec-tion delays may be significantly different. Assume that
tion of d-ary interior-disjoint trees) and the other based the nodes are divided into several clusters (e.g., based
on hypercubes. The multi-tree scheme sustains streamen geographic proximity). Each node can transmit one
ing within a cluster withO(d log N') maximum playback  packet to any node within the same cluster in one time
delay andO(dlog N) size buffers, while communicat- step. However, although packets could be sent from one
ing with O(d) neighbors, whereV is the maximum size  node to any node in another cluster, the transmission de-
of any cluster. We also show that this protocol is opti- lay across clusters is large (this is similar to the model
mal whend = 2 or 3. The hypercube scheme sustains in [9]). As a result, when streaming packets through the
streaming within a cluster, witﬁ)(logQ(%)) maximum  network, it is desirable to have a small number of trans-
playback delay and@(1) size buffers, while communi- missions across clusters. To be more specific, assume
cating withO(log (%)) neighbors, for arbitraryV. that there ards clusters, each containing a sufficiently
large number of nodes. Let the delay to send a message
between nodes in two different clustersBie However,
within a cluster we can send a message to another node
) in the same cluster in one time step. Our packet distribu-
1 Introduction tion scheme will distribute the stream of packets using a
“super-tree”,r, on the clusters, constructed by selecting
a special node from each cluster. Within each cluster a
special (local) root node will be responsible for distribut
ing the stream of packets to the members of that cluster.
Details of this are given in Section 2.

Continuous media (CM) streaming over a variety of
networks is an application which provides a rich source
of interesting algorithmic problems. The specific prob-
lem we consider here is that of a source node stream-



For abstraction purposes, we use the following com- based on multi-trees and the other based on a hypercubes
munication model for a cluster (with more details given and generalization of [5] (which was designed for mes-
in Section 2). We view the cluster (logically) as a fully sage broadcast). We use these approaches to explore the
connected graph. That is, any nodean send/receive resulting playback delay, buffer space, and communica-
packets to/from any other nodén the cluster. In a sin-  tion! requirements.
gle time slot (as defined in Section 2), each nodan
transmit one packet and receive one packet; a number Specifically, we first adapt the scheme in [5] to
of works use this model [6, 1, 10, 8] as a communi- streaming (as discussed in Section 3) withil) buffer
cation abstraction. The packets can arrive at a node inspace requirements aft{log V) playback delay. How-
any order, but they must be played back in a specific or- ever, the more direct adaptation is done in the context of
der (and at a specific rate), corresponding to the original certain values ofV (number of nodes in a cluster). In
recording rate of the stream. The subset of the (fully doing so, we observe that particular care must be taken
connected) graph edges used for packet delivery formin such an adaptation in order to limit the number of
a mesh. The system’s performance is a function of the neighbors with which a node needs to communicate.
algorithms used to construct and maintain this mesh asour motivation for limiting the number of neighbors
well as the algorithms used for scheduling packet deliv- with which a node communicates is that such commu-
ery over the mesh. Henceyr paper focuses on specific nication requires protocol maintenance overhead, e.g.,
approaches to constructing such meshes within a Sing|8due to “keep alive” messages, due to nodes joining and
cluster. departing (under node churn), and so on. Thus, we ex-

tend this scheme further, such that (a) it works dor

Our primary goal is to develop an understanding of bitrary values of N while (b) limiting the number of
two related quantities — playback delay and buffering neighbors with which each node needs to communicate
requirements. As an example, one could simply chain to O(log N).
the receiving nodes of a cluster (of si2é) in a list,
where the source streams packets to the first node in the |n the case of multi-tree based schemes, we perform
list. Each node then simply forwards the packets to the streaming on a collection af, d-ary interior-disjoint,
next node in the list, and so on. While the buffering re- trees where we show the playback delay to be at most
quirements are minimal in this approach, the playback (1og, NV for all receivers. By interior-disjoint we mean
delay is unacceptable for all but a few nodes, particu- that each of the receivers does not appear as an inte-
larly since the cluster could be large. Another simple rior node in more than one of thétrees. Unlike the
approach might be to arrange the nodes, for instance, inhypercube-based scheme described above, the multi-
a binary tree, with the source being the root of that tree. tree-based schemes only require each node to commu-
Each node would then need to forward the packets to itSpjcate with at mos®d nodes in its clustér
two children. While this results in constant buffering re-

quirements and(log V) Qelay, this also requires eaqh Our approach hagrovable quality-of-service (QoS)
node to have at least twice as much upload bandwidth g, 5ranteesand we provide analysis of corresponding
as bandwidth needed for downloading (i.e., streaming). nerformance characteristics. Specifically, in this work

(Note also that approximately half the nodes, i.e., leaves,;q focus orplayback delagndbuffer size requirements

of the tree, are not contributing to the streaming pro- 54 our metrics of QoS, and we study them as a function
cess; hence the need for other nodes to make up fory ; g .

the lack of upload capacity in the system.) This is not
a reasonable requirement as typically a node’s upload
bandwidth is significantly lower than its download band-
width. Hence, better approaches to mesh construction
are needed, which result in acceptable playback delay

and buffering characteristics, while utilizing system re- 1By communication requirements we mean the number of neigh-
sources efficiently. bors with which a node needs to communicate in a particulamsehe
as detailed later.
2As shown later, smaller values dfare more desirable for play-
To this end, in this paper we explore two approaches back delay and buffer space requirements, and thus shoulll ires

to mesh construction and subsequent streaming, onemaller number of neighbors with which a node needs to communi-
cate.

Note that in this paper we focus on a more “struc-
tured” approach to mesh construction, i.e., the set of
edges used for delivery of packets is fixed by our algo-




rithms. An alternate approach might be to use an “un-e
structured” approach — i.e., the edges used for delivery
are determined on a per packet basis (essentially on the
fly when the data is needed). This allows the system to
more easily adapt to node churn. However, existing un-
structured approaches $treamingare essentially “best

effort”, and little exists in the way of formal analysis

of resulting QoS guarantees. A number of very nicee
works have looked at formal analysis of unstructured ap-

proaches tdile downloadse.g., as in [6, 1]. Here the
file is decomposed inté chunks, and then distributed

using a randomized gossip mechanism. However, since

we are streaming a very largedtentially infinit§ num-

ber of packets, the arrival order of packets is important,
otherwise they all have to be buffered. In addition, the
chunks need to be all available initially, which is not the
case forlive streaming. Techniques with provable QoS

guarantees, such as ours, may be more suitable for sce-

narios where QoS is of importance. Independently, [12]
focuses on characterizing limits of peer-assisted live
streaming (for “structured” and “unstructured” systems)

and gives performance bounds (on minimum source ca-
pacity and tree depth, and maximum streaming rate) us-

ing a fluid flow (rather than packet) model and under dif-

We present algorithms for extending the scheme
in [5] such that it works for streaming and for ar-
bitrary values of N with a provable limit on the
number of neighbors with which a node needs to
communicate (see Section 3); we refer to this as a

hypercube-based scheme.

We analyze the hypercube-based schemes to give
upper bounds on worst case and average case play-
back delay (see Section 3.2).

Our main schemes are presented under the model
of each cluster being a fully connected graph, i.e.,
where we assume that all nodes in a cluster are
capable of communicating with each other. The
existence of two interior disjoint trees is ahP-
complete problem under arbitrary graphs. Due to
lack of space, thé&/ P-completeness proof is given

in the appendix.

Before presenting our algorithms, we give a brief
overview of related literature. The original end-system
multicast approach [3] explores the use of an appli-

ferent assumptions from ours (e.g., they assume a potencation level multicast tree for streaming; however, it

tially unlimited source capacity, they do not constraint
trees to be interior-disjoint, etc.).

The contributions of this work are as follows:

e We provide algorithms for constructing multiple

suffers from several shortcomings, including: (i) leaf
nodes contribute no resources (and hence some system
resources are essentially wasted), (ii) less resilience to
node failures, (iii) less flexibility in use of bandwidth
(e.g., bandwidth is used in units of needed streaming
rate), and (iv) internal nodes require significantly higher
upload bandwidth (than the streaming rate of a stream)

streaming trees and a corresponding transmissionin order to keep a multicast tree shallow (which is de-

schedule so as to maintain QoS characteristics (seesirable as a single deep tree results in long startup de-
Section 2). We are also able to extend our schemeslays and large buffer size requirements). Existing litera-
to dynamic scenarios while maintain our nice tree ture explores two directions in trying to overcome these
properties. Due to lack of space, these results areshortcomings. One direction (as in our work) is the use
given in the appendix. of multiple trees, e.g., as in [2]. However, most such
works focus on providing different quality of service to
We analyze the QoS of the multi-tree-based ysers with different capabilities as well as on adapting to
schemes and derive an upper bound on the delayfajlures and bandwidth heterogeneity, e.g., through the
required at each node before it can start playback, yse of Multiple Description Coding (MDC). Our tech-
and use it to bound the I’equired buffer Size; we also niques can be combined with MDC as We”' but we do
prove a lower bound on the average playback delay not rely on their use. Other works, [14], address sys-
(see Section 2.3) tem dynamics at the cost of not maintaining nice tree
properties (e.g., balance), whereas our schemes do main-
tain such properties. One generalization of [2] examines
stability properties of the overlay [4] and, unlike in this
work, considers QoS in a probabilistic settirngverall,

Interestingly, our work establishes that it is only
useful to consider degr@eand3 trees, if one wants
to minimize worst-case delay (see Section 2.3).

are omitted here due to lack of space.

3We also evaluated our schemes through simulations; the sesult the distinction of our effort, is that we provide provable
QoS guarantees (such as startup delay).



Another direction is to abandon the use of trees in slot. This is essential, if we are to have a solution with-
favor of unstructured peer-to-peer (P2P) systems, e.g.,out the use of (potentially) unbounded buffers. (If a re-
[15], which allows for greater flexibility in dealing with  ceiver cannot receive a packet in each time slot, then it
system dynamics and heterogeneity. However, to datemust accumulate a lot of packets before playback can
most such solutions have been fairly heuristic in nature start. Even with such a scheme, when the stream is in-
and (as a result) difficult to analyze, from the perspec- finite, eventually the receiver will starve and cause the
tive of performance as well as QoS guarantees. One no-playback to temporarily stop when the buffer is empty.)
table exception is the analysis of BitTorrent in [1]. This This assumption is quite reasonable. For instance, if we
work gives a very nice analysis which explains BitTor- stream MPEG-1 video, recorded at the raté .6fMbps
rent’'s success fodownloadapplications; however itis  using1400 byte packets (which is quite common), then
not clear how successfully it can be applied to stream- each packet would play foe 7.5 msec. If we stream
ing applications, where the data needs to be delivered inthese packets overl® Mbps connection, then it would
time for playback. That is, one can view a stream as atake= 1.1 msec to transmit one packet. If the propaga-
collection of small segments and apply the analysis in tion delay is also significant — e.g., a packet sent across
[1] (or in other works, e.g., [6]) to each segment. How- US might experience a one-way delay on the orde0of
ever, given the bound in [1], keeping up with real-time msec (including propagation, queueing, and processing
constraints would require an assumption of faster packetdelays) — then, we could think of transmitting a set of
transmission than playback, an assumption we do notpackets as one “large packet”, in order not to waste net-
make here. work resources. Given above numbers, that would be on

the order of5 packets.

Lastly, a comparison study of multi-tree-based ap-
proaches and unstructured P2P schemes is given in [13].

One interesting difference, as compared to our results, is2.1 Construction of tree 7
that the results in [13] suggest the use of higher degree
trees, whereas our work shows optimality of lower de-

gree trees (refer to Section 2.3). But, the main metricin  \we assume that there aFé clusters, with each clus-
[13] is bandwidth utilization under heterogeneous con- ter having at mosiv nodes. As mentioned earliéf, is
ditions, whereas we focus on playback delay. Overall, & the transmission time to send a packet from a node in one
high level conclusion from [13] is that unstructured as- cluster to a node in another cluster. Within a cluster we
geneous resources and better adaptivity to node churithe transmission time beirify. For clarity of presenta-
which lead to better QoS. We note that this study is (a) tion (and without loss of generality), we will assume in
done for specific multi-tree and unstructured schemes, the remainder (unless otherwise stated) #as 1.

(b) assumes the use of MDC, and (c) is simulation based,

i.e., no provable QoS guarantees are given. By contrast, The sourceS hasD(D > 3) times the capacity of
the work here does derive provable QoS guarantees foral receiver node. Moreover. in each clusi¢here are

a class of multiitree based sch_eme_s, and thus is more, “super nodes”S; and S/, whereS; has the same
useful to scenarios where QoS is of importance. capacity as the sourcs, andZST{ has capacityl times the
capacity of a receiver node. Under these assumptions we
construct the tree using the following algorithm:
2 Multi-Tree Construction and Transmis-
sion Step 1:  Build a tree using nodeS; through
Sk, with S being the root of this tree.
The degree ofS is D; other interior
nodes have degree at mast— 1. In
order to keep the tree tight, at most one
interior node can have degree less than

Let S be the source node of the streamed data (e.g.,
video and/or audio), which corresponds to a (poten-
tially infinite) sequence of data units (also referred to
as “packets”) being delivered to a number of receivers. D— 1, and this node must be in the next
We assume that the network prow_des suffl_cm_:nt br_;md- to the last layer.
width, so that a packet can be delivered within a time Step2: Make ! the child ofs; for all 4.



Step 3:  Within each cluster build degre¢ although still a bounded numideiThe schemes we pro-
interior-disjoint trees witts; as the root pose here work with either model. However, not all
of the cluster. schemes which work under the latter model would carry

over to the former. Since our goal is to develop an un-
derstanding of playback delay and buffer requirements

The data is distributed (in order) froii to all the inherent in such schemes, we use the former model.
nodesS;. Each nodes; forwards the packet it receives
from its parent on to it children (O — 1 children in Ideally, we would like each receiver to receive a new
treer and the childS?). An example of the resulting tree packet in every time slot. However, the sourgeoes
7 using this construction is depicted in Figure 1. not have the capability to stream a new packet to each

receiver in each time slot. We assume thias powerful
The main idea here is to use a set of “super nodes” asenough to send packets to updoeceivers in each time
the “backbone” of our network. As a result, we have the slot, whered > 1. (It is reasonable to assume that the
following theorem: source is a server which is slightly more powerful than
the clients receiving the stream.)

Theorem 1  The worst case playback delay is on the
order ofT,-log,_; K+T;-d(h—1), whereh is the max-
imum height of the interior-disjoint trees in all clusters.

Thus, the general scheme is then based on receivers
themselves acting as senders of packets which they have
just received. One approach would be to construct a sin-
gle tree, withS as the root, and deliver the data along
that tree, e.g., as in [3]. However, that would waste the
upload capacity of the leaf nodes; e.g., in a binary tree
approximately half of the upload capacity of the system
is potentially wasted. This would also require internal
o ) nodes to have significantly higher upload capacity (e.g.,

What remains is to determine and evaluate tree con-yyice the leafs’ capacity in a binary tree), whereas most
struction and transmission schemes for each C|U5ter-technologies actually provide higher download capac-
Thus (unless otherwise stated), in the remainder of theity_ Thus, a more resource-efficient approach (e.g., as in
paper we focus our discussion orsiagle cluster For  [2]) js to construct multiple transmission trees where re-
clarity of presentation we use the term “sou®(or  cejvers can obtain a different fraction of the data stream
‘root 5”) to mean the root; of cluster:. from each of the trees. This leads to efficient use of re-

sources and reduction in playback start-up delay as well
as buffer space requirements. If a node splits its upload
2.2 Construction of interior disjoint bandwidth among itd children, then in fact a node may
trees belong to up tad trees. To maximize efficiency of re-
source usage, we focus on schemes where each node
does belong tal trees. Thus, we choose trees so that

Recall that the packets can be delivered out of order. ea(_:h r_lode IS an mterlqr node in at most one t_ree, n
However, since our data corresponds to continuous me—WhICh it has exactlyl children (a few dummy receivers

dia (such as audio or video), the packets must be pIayed_rtnay bde atddbed tolenfsur%thlsé):. In ';he rt?mm treiﬁ
in orderand at the rate at which data was recorded — - "¢€0s 0 be ajeaf node. Lonstructing drgeees with.
we assume that the playback rate is one packet per timethIS property is actually quite easy. What is surprising
slot. We define a time slot as the playback time of a Is that this can be done in a way that enables a schedule
sinéle packet where in each time slot, each node will receive a packet
' from exactlyone parent, witmo collisions Note that
each node hag parents in thel trees. After receiving a

f)acketj, each node then sends packet its d children

Proof: Thelog,_; K term is due to the “backbone”
tree, while thel(h — 1) term is given in Theorem &

We also assume that the receivers are homogeneou
and can transmiénd receive one packet per time slot
to other nodes in their own cluster. Similar models are 4Essentially, this would correspond to a node splitting @

used, for 'nSta_nce in [6, 1]. In practice, a node May width between multiple transmissions, each at a slower rait, av
send and receive more than one packet in a time slot,longer time slot.




Figure 1. Cluster construction with source S, D = 3, d = 4: the ovals represent clusters, where
thick and thin arrows represent inter- and intra-cluster tr ansmission, respectively.

in the nextd time slots. Unlike theV receivers in the  disjoint, i.e., that each of thé&V receivers should not

system, the sourcg distributes one packet in each time appear as an interior node in more than one ofdhe

slot to a receiver irrachof the d trees. trees. Letl be the number of interior nodes in a tree;
then,I = [Z] — 1. LetGy = {1,2,3,....1},G1 =

Thus, below we construettrees, each beingdary  {/+1,1+2,....2I},...,Go_1 = {(d—1)I +1,(d—

tree, whereS acts as the root in each of the trees and all 1)/ +2,...,dI},Gq = {dI+1,d] +2,..., N}. Node ids

N receivers appear in each tree. The data stream is then Go to G4—1 correspond to those nodes which will ap-

split among thed trees (e.qg., the first packet might be Pear as interior nodes in some tree. The node ids.n

delivered through the first tree, the second packet mightWill always be leaf nodes. We refer to t}i¢ element of

be delivered through the second tree, and so on). TheG: asGy.

tree construction and transmission schemes we devise

must then satisfy the following constraints: (1) each re-  For notational convenience, we would like to assume

ceiver node receives at most one packet in each time slotthat each internal node in each of hé&ees has exactly

(2) each receiver node transmits at most one packet ind children. We accomplish this by adding dummy re-

each time slot, (3) nod& can transmit at most pack- ceiver nodes. In the constructions that follow, we ensure

ets in each time slot, and (4) after some finite amount of that the dummy nodes only appear as leaf nodes in our

time, referred to aplayback delayeach receiver node trees (i.e., we add them intG;). Thus, they can sim-

should be able to start playback and continue that play- ply be removed in the real systemhe key point in the

back without hiccups (i.e., without reaching a situation construction is that each node appears as #ttechild

where the next packet to be played has not arrived yet). in only one tree. This is what enables a transmission
schedule with no collisions (see Figures 2 and 3).

In what follows, we refer to receiver 1 < ¢ < N,

as a receiver with node i in order to distinguish its We describe two slightly different construction

“name” from the various positions it might occupy in schemes. The essential properties achieved by both

the d trees. We number the positions in any tree in a schemes are identical; however, the locations of the

breadth first order. nodes themselves can be different. We now give tree
construction and transmission schemes.

Intuitively, we would also like to construct theske
trees in such a manner so as to reduce the playback
delay. This implies that the trees should be, in some
sense, balanced and that they should be interior node
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Figure 2. Receiving and sending sched-
ules of node id 6, for example in Figure 3.

2.2.1 Structured Disjoint Tree Construction

Let P = m. We number thed trees
To, T, ...,Tq—1. We construct these trees by filling in

the nodes, in breadth first order, using therentorder-
ing of the groups~;, where the first group in the current

order always corresponds to interior nodes. Specifically,

let G be the concatenatior®) of d elements.

Step 1: Initialization:Let G = Gy ® G1 ®
..®G4_1. Constructl usingG & Gy.
Letk = 0.

Construct group sequence for next
tree: Let £ = k 4+ 1. Construct a new
G by rotating the curreng to the left
whereG; takes place of7;_; and the

first element of the currer@ becomes

Step 2:

ing the two schemes with N =15,d =
{13,14,15}

the last element of the ne@. If £ mod
P # 0, goto Step 4.

Adjust groups (afteP rotations):
Construct new;s, 0 < i < d — 1,
by rotating elements of ead; to the
right, i.e., G/ takes place ot/ ™! and
the last element of the curred; be-
comes the first element of the ne.

Step 3:

Construct next treRotateG 4 to the
right, i.e., G’ takes place of’,"! and
the last element of the current; be-
comes the first element of the new;.
ConstructT}, usingg @ Gg.

Loopif k < d — 1, go to Step 2.

Step 4:

Step 5:

Due to lack of space, we give the correctness proof for
this construction in the appendix. The main idea behind
the proof is to show that no node will receive more than
one packet in one time slot.

2.2.2 Greedy Disjoint Tree Construction

In this scheme, for ease of exposition, we assign a parity
to each receiving node, where node idas parityp; =

(¢t —1modd), i € {1,2,3,..., N}. The node’s parity
determines which child slot the node occupies in each of
thed trees. Specifically, nodewith parity p; occupies
child slot(p; — k) moddin treek, where0 < k < d—1.

The scheme can then be described as follows:



Step 1.

Step 2:

Step 3:

Initialization: Let & =
Go,G1,...,G4—1 and  construct
Ty usingG, G4. Letk = 0.

Interior node selection for next tree
Letk = k+ 1. All interior nodes of tree
T}, are chosen from the sé%, where we
fill in the nodes in a breadth first man-
ner, for positions, i = 1,2,...,1, by
choosing thesmallestnode idj which
satisfies the following conditions:
gaé j€Gr,

b)j has parityi + k — 1,
) 7 has not been placed in trég
yet.

Leaf node selection for next tréest
L = {1,2,3,...,N}/Gj be the set of
nodes that were not yet placed in tree
T, in Step 2. All leaf nodes are cho-
sen from the set where we fill in the
nodes in a breadth first manner, for po-
sitionsé, i = I + 1,1 +2,...,N, by
choosing thesmallestnode idj which

in treeT},. All other interior nodes in tre}, send one
packet to their-* child in time slott. (The children are
numbered, left to right, from to d — 1. Thus, the trans-
mission essentially proceeds in a round-robin manner.)
For example, in the multi-tree constructed in Figure 3,
in time slot0, S sends packei to node id1 in treeTy,
packetl to node5 in treeTy, and packe® to node9 in
treeT,. Then, in time slot, S sends packei to node2

in treeTp, packetl to node6 in tree7; and packe® to
nodel0 in treeT,. After receiving packed from S in
time slot0 in tree Ty, nodel will send packe® to node

5 in time slot1, node6 in time slot2 and nodet in time
slot 3, etc.

In the case of live streaming, it is not possible to send
packetl in time slot0 because it has not been gener-
ated yet. One approach to address this problem would
be to, in a sense, pipeline the packets and thus modify
the schedule as follows. Let= (¢t + k) modd. Then,
in time slott + &, S transmits packetk + m - d) to its
rt child in treeTy,, if (k+m -d) < t. All other interior
nodes in tred}, send one packet to theit” child in time

satisfies the following conditions: slott, as long as they have an appropriate new packet to

send to that child. In this case, the transmission sched-

ajeG
%bij has parityi + k — 1 ules of the different trees are not homogeneous; thus,

c) j has not been placed in trég ¢ '
yet. this scheme is not easy to analyze.
Step 4: Ste;;c}p:k = k+1 Ik <dgoto Another approach to address this problem is $or

to delay the streaming until it accumulatégackets.

For ease of illustration we assume that theackets

Due to lack of space, we give the correctness proof for Were “pre-buffered” before time, and.S can send out

this construction in the appendix. d packgts at timé®. Thus, all nodes experienckunits .

of additional delay as compared to the above described
approach. However, we can then assume the same trans-
mission scheduling procedure as in the case of “pre-

2.2.3 Transmission Schedule recorded” streaming.

The data streamed froti can either be produced live

(e.g., as in a broadcast of a sporting event) or it can be2.3 Delay Analysis

pre-recorded (e.g., as in the case of delivery a movie).

For ease of presentation, we first assume that we are de-

livering pre-recorded data, i.e., all packets are avaglabl In this section we first give an upper bound on the

at nodeS at time0. It is a simple extension to make our overall playback delay and buffer space requirements,

schemes work for live streams, and we explain it briefly given the construction and transmission schemes of Sec-

at the end of this section. tion 2. We then use this bound to determine an optimal

value for the degree of our trees, i.e., for Finally, a

The transmission schedule can be obtained as fol-lower bound on the average delay is given. We do all this

lows. Letk € {0,1,2,...,d — 1}, and lett be a time in the context of pre-recorded streaming applications.

slot, wheret = m -d+rand0 < r < d. Intime

slot ¢, S transmits packetk + m - d) to its " child Worst-case Playback Delay: We derive the upper



bound on playback delay under the assumptions that: (1)degree3 trees are optimal.
a packet playback takes one time slot; (2)ddiees are

complete, i.e.d + d* + ... + d" = N for some inte- We note that numerical results depicted in Figure 4
gerh — here(h + 1) is the depth of our trees; and (3) (obtained through simulations) indicate that for small
S begins packet transmission in time slot These as-  and large values oN, the resulting delays for degree
sumptions simplify the analysis significantly. (We have 2 and3 trees are quite close, and they are better than for
also performed a simulation-based evaluation of the de-higher degree trees. Thus, we believe that it is reason-
lay characteristics without the assumption of complete gple to usel = 2 in practice.

trees; this is omitted here due to lack of space.) We now
state the following theorem.

w
o

N
3

N
o

Theorem 2 Worst-case playback dela¥;, satisfies
the following inequality: T < h - d, whereh =
[log,[N(1— 1)+ 1]] andh+1is the depth of the trees.

i
3
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Degree 3

Degree 4 -x
Degree 5 -~
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o
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Due to lack of space, we give the proof of Theorem 2 in

the appendix. Figure 4. Worst-case delay

Given this worst-case delay, a buffer of sizel- (size

of a packel s sufficient at every node. Notc_a that this IS Average Playback Delay:In addition to the worst-case
an upper bound on the buffer space requirements, i.e.

’ ,fV: a(l) 1
not all nodes need that much buffer space. For instance Playback delay, average playback.del%—, N IS
in the multi-tree system constructed in Figure 3, node also an important metric for evaluating the performance

will receive packet$), 1, and2 in time slots0, 2, and1, of our scheme; here(i) corresponds to the playback
respectively. Therefore a buffer size of 3 is sufficient for d€lay of node idi. However, this is a difficult metric
nodel. to derive analytically. Instead Theorem 3 gives a lower

bound on this metric, under the same assumptions stated
above (due to lack of space, the proof is given in the

Tree Degree Optimization: Given that we would like )
appendix).

to minimize worst-case delay (in Theorem 2), we can
state the following. Asymptotically, we can show that
for large N, degree 3 trees are optimal. Moreover, for Theorem 3

i i The following inequality gives a lower
any N, either degre@ or degree3 trees are optimal.

bound on the average playback delayw >
. . d"(d4+1)(h—1)—d?*(h—2)—d(d+1)/2
Specifically, let us assume that is large. Then, a N(d—1) :

reasonable approximation for the upper bound on play-

back delay isI" ~ log,[N(1 — )] - d. Let F(d) =

log,[N(1 — é)] - d. Then, using natural logs and tak- 3 Hypercube-based Scheme
ing the derivative with respect té, we obtain% =

(log d—1)[log (d71)+l(23g N]+7%; logd _ 1 whered must be
(log d)

an integer andl > 2. Note that, whenl = 2, 45 — In this section we present another approach to
(og2-DlogN | 21 o 189 _ 0.64log N < 0. m_esh construction for streaming purposes; we refer to
(log2) log 2 this scheme akypercube-based streamirffpr reasons
And, whend > 3, logd —1 > 0, 8045 > 0. Con-  made clear below). For simplicity of presentation we fo-
sequently, an optimal value af should always be ei-  cys on streaming within a single cluster. However, this
ther 2 or 3. Note thatF'(2) = 2(log; N — 1) and  scheme can be easily adapted to streaming over multi-
F(3) = S(Iﬁ)ggzzg — logs(3/2)). Thus, for sufficiently  ple clusters, using the tree as in the context of multi-
large N (and these values do not have to be very large), trees. All assumptions remain the same as in the context




of multi-trees (Section 2), except that, at first, we do not (zz...x1zx...z)2, where0 and1 appear in thej + 15
assume that the souréhas a greater transmission ca- position from the right. (Here we us€)5” to indicate
pability than any other node. Towards the end of the a node ID written in binary form.) Then, th& + 1
section we comment on how to adjust the results if the nodes can be viewed as vertices df dimensional hy-
same assumption is made as in the case of multi-treespercub@, where in each time slot, communication be-
i.e., if the sources hasd times the capacity of a receiver tween vertices is performed along the same dimension.
node. For instance, suppose we have 7 nodes, plus a source,
with node IDs 0 to 7. Then, (a) in time sI8t + 1 we

pair up nodes with ID$xx0)2 and(zx1)2, i.e., we pair

up node IDs 0, 2, 4, and 6 with node IDs 1, 3, 5, and 7,
respectively; (b) in time sldin + 2 we pair up node IDs
(20x)9 and(z1x)2, i.e., we pair up node IDs 0, 1, 4, and

5 with node IDs 2, 3, 6, and 7, respectively; (c) in time

: Forhease of éllusttrr]atlon, we I!rst Fr:effgt a strte)am—fslot3n we pair up node ID$0xx), and(1zz)s, i.€., we
Ing scheme under the assumption that the number o pair up node IDs 0, 1, 2, and 3 with node IDs 4, 5, 6,

nodes, N, is one less than a power of two. That is,
let N = 2F — 1, wherek is an integer. We can con-

struct a scheme witlv(1) buffer size requirement and

O(k) playback delay (using a generalization of [5]) by
reaching a state in WhiC@@ nodes have thé" packet

(i = 1...k). In the next round, we can have all (re-
maining) nodes receive packetand at the same time Proposition 1 GivenN = 2F — 1, under the hyper-

double the nodes having packéts = 2...k, while cube streaming scheme, where nodes are arranged as
the source sends out a new packet(1). Packetl can  yertices of ak-dimensional hypercube, each node only

now be consumed, and the protocol repeats. We take &ommunicates wittt other nodes and can begin play-
somewhat different approach than in [5, 11] as we are pacy after time slok + 1. Moreover, each node is only

designing our scheme for streaming rather than for mes-yeqyired to store2 packets in its buffer, i.e., this scheme
sage distributions. Moreover, in [5, 11], the number of hasO(1) buffer space requirements.

messages is limited to a finite number, saythus after

m time slots the source can aid in packet exchange with-
out having to send new packets. However, in streaming
(and particularly live streaming which is potentially in-
finite) this is often not possible as the source always has
new packets to send.

3.1 Hypercube Streaming for Special N

and 7, respectively, and so on. (Due to lack of space, we
give a corresponding depiction in the appendix.) Then,
the performance of our scheme is described by Proposi-
tion 1.

3.2 Hypercube Streaming for Arbitrary
N

Figure 5 depicts a simple example of our scheme. We now extend our hypercube-based streaming ap-
The main problem with this scheme, as described above Proach to arbitrary values oV, where the basic idea
is that it can potentially involve an arbitrary communi- 1S to divide theN' nodes into multiple hypercubes. Let
cation pattern, where a node may actually need to com-k1 = [loga(NV + 1)]. Then, we construct a hypercube
municate withall other nodes. (Due to lack of space, an from the sources and N, = 2** — 1 nodes; we refer to

illustration of such a possible communication pattern is this hypercube a&/C. In HCy, in each time slot, the
given in the appendix.) node receiving data from node ID O (i.e., the source) has

nothing to send. Thus, this spare capacity can be utilized
to send packets to a node in another hypercube. Specif-
ically, letn = 0,1,2,...,5 = 0,1,2,..., k; — 1; then in
time slotnk; + j, the node with ID27 receives a new

node ID0. In order to transmit packets, in each time packet froms, while consuming another packet (previ-
slot we pair up theN + 1 nodes (i.e i,ncluding the ously received from another node). Since this node has

source) and have them exchange packets as follows. Lepothing to send to a node withiHC; (refer to Figure

n = 0,12, 33 ] =0, 17_2’ .,k — 1. In time slot 5We would like to thank Matt McCutchen for suggesting that we
kn+ j, we pair up nodes with ID&cz...z0zz...x)2 and consider hypercube communication.

To limit the number of neighbors with which a node
communicates, we construct a specific communication
pattern as follows. For simplicity let the sourSehave
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(a) beginning of timeslot X (b) end of timeslot X

Figure 5. (a) depicts the beginning of time slot X, where each parallelogram corresponds to a
group of nodes which transmit, the packet number indicated ( by the number inside the paral-
lelogram); the arrows indicate the direction of transmissi on (i.e., sender/receiver relationship
between groups of nodes). The shaded parallelogram indicat es an absence of a node. Note
that the scheme is depicted for N = 2*¥ — 1 nodes, where one node is receiving the next packet
(here, packet 8) from the source. (b) depicts how many nodes have packet i, 2 <1 < 8, at the
end of time slot X (each node also has packet 1, so we omit that from the figure), i.e., we have
doubled the number of nodes which have packet i as compared to the beginning of the time
slot.

5), we let this node send the packet it just consumed toDue to lack of space, the proof of Theorem 4 is given in

another hypercube. As a resulfC; as a whole can be  the appendix.

viewed as a logical source for the remaining— Ny

nodes, as it has the capacity to send one packet (in ap- Lastly, in Section 2, we assumed that the source can

propriate order), in every time slot. The one difference sendd packets in one time slot. Under this assump-

here is that this Iogical source begins Sending paCketStion, the hypercube-based scheme can be adjusted as

in time S|Otk1 + 1. Given the Iogical SOUFCHCl and follows. We can divideN nodes (as even|y as pos-

N — Ni nodes, we can repeat the above process until all siple) into ¢ groups, and then apply hypercube-based

nodes are assigned to some hypercube. The performancetreaming to these groups individually. Since each group

of the resulting scheme is described by Proposition 2. has at most"%] nodes, the worst case and average
playback delay would be bounded b;(logg(%)) and

Proposition 2 Given an arbitrary N, in the 2log[ &1, respectively, with each node communicating

hypercube-based scheme each node communicates witWith O(log[ 5 other nodes.

at mostO(log N) other nodes. The corresponding

worst case playback delay is at m@stlog® N), where

only two packets need to be stored in each node’s buffer.4 Summary and Future Work

In scenarios where we stream over multiple hypercubes, Ve summarize the comparison between hypercube-
nodes start playback in different time slots. Thus, the Paséd and multi-tree-based streaming in Table 1. As
average delay (average playback start time) is also of¢@n be seen from this table, the multi-tree-based scheme

interest and is characterized in Theorem 4. provides better worst case playback delay but requires
larger size buffers. Moreover, in the multi-tree-based

scheme each node communicates with a constant num-
Theorem4  Hypercube-based streaming ove¥ ber of nodes, while in the hypercube-based scheme com-
nodes (for arbitrary values o) results in an average  munication is needed wit(log N). This is particu-
delay of no more thaflog V. larly important, given that small values dfare prefer-



Schemes Max Delay | Ave Delay | Buffer Size | Num of Neighbors

Multi-tree O(dlog N) | O(dlog N) | O(dlogN) O(d)
hypercube for speciaV O(log N) O(log N) o(1) O(log N)
hypercube for arbitrarW | O(log” (X)) | O(log(X)) o(1) O(log(%))

Table 1. Comparison between multi-tree based streaming and

able in the multi-tree scheme. [5]

Our current and future efforts are focused on several
directions. In this paper, our algorithms are given in a
static context, i.e., where alN nodes are present in the
system initially and for the duration of the data deliv- [7]
ery process. However, in a real world streaming sys-
tem nodes arrive and depart throughout the streaming [8]
process, i.e., there is node churn. Effective algorithms
are needed for multi-tree-based and hypercube-based
schemes to adjust to node dynamics with as little affect [°]
as possible on the remaining participating nodes. Due to
lack of space, we give our adaptation of the multi-tree-
based scheme to node dynamics in the appendix. Our
ongoing efforts include constructing algorithms for deal-
ing with node dynamics in the context of the hypercube- [11)
based scheme, which would work wdl arbitrary val-
ues of N. In addition, the maximum playback delay of
the hypercube-based schem®idog® V), for arbitrary [12]
values of N. As N grows, this can be quite large. Our
current efforts are focused on determining whether there
exists an algorithm, such thidr arbitrary NV, it has the [13]
following characteristics: a maximum playback delay of
O(log N), buffer space requirements ©f1), and com- [14]
munication requirements a@(log N) (i.e., each node
only needs to communicate with at méstlog N) other
nodes in the system). [15]

(6]

(10]
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APPENDIX

Structured Disjoint Tree Construction—Proof of Cor-
rectness:

Note that only nodes id7; act as the interior nodes in
treeTy,. Thus alld trees are indeed interior node dis-

g— 1.

Now, assume that — a1I + by = x — asl + by(mod

d), wherea;,as € {0,1,2,...,P — 1} and by, by €

{0,1,2,...,g — 1}. We haved|(a; — as)I + (by — by),

where(a; —ag) € {1—P,...,P — 1} and(b; — b2) €

{1-g,....,9—1}. Thus,Pg|(ay — az)gl; + (ba — by).

So g|(ba — b1), which indicates thab, = b;. Then,
P|(a; — a9)I;. SinceP and I are relatively prime,

joint. Hence, what remains to be proven is that no node P|(a1 — az2). As aresulta; = ay. This proves that no

will receive more than one packet in one time slot. Ac-

two distinct positions are congruer.

cording to the transmission schedule described in Sec-

tion 2, the time slots during which one node, say node

Greedy Disjoint Tree Construction—Proof of Correct-

ID z, receives packets in a certain tree is determined by ness:

its position in that tree moduld. Therefore, it is suffi-
cient to show that among all positions of node4Pno
two positions are congruent modulo

If z € G4, then according to the algorithm it will be
placed in positionsV — d + 1 through N once without
repetition. Thus no two positions are congruent modulo
d.

If z € G, then letg = ged(d, I). Thus,d = P - g and
I =1, - g, wherel; andP are relatively prime.

According to the algorithm, the positions of nogde
in all d trees are equivalent to:
To———Tpy:xz,xa—1I,..,a—(P-1I

Tp———Tgpfl : x—PI+1,x—(P+1)I+
Lo,z — (2P -1DI+1

Tg-iyp———Tgp-1:0—(g—1)[+g—1,...,2—
(Pg—1I+g—1.
And, we want to show that no two of thedenumbers
are congruent modulé. Note that,NV is ignored in some
of the above terms sine8N. Also, PI = Pgl, = dIy;
thus,d| PI. We can further refine the positions to:

To——=Tp_1:z,2—1I,..;oc—(P-1)I

Tp———Top_q1:x+1,x—I+1,....,.2—(P-1)I+1

Tg-vyp———Typ-1:2+g—1,..,0—(P-1)I+

The following facts can be easily observed from the al-
gorithm. Firstly, according to the construction, only
nodes inGy, act as the only interior nodes in tr&é.
Thus, alld trees are indeed interior node disjoint. Sec-
ondly, suppose that node idis in position P, and P,

in treesT, and T;, respectively. Then according to
the construction algorithmpP, = a + i(mod d) and

P, = b+i(modd). Thus,P, # P,(modd). This shows
that node id can receive at most one packet in one time
slot. Finally, sincel| N, the number of nodes with parity
jis %, for all . On the other hand, adl trees are filled
from position1 through positionV. Thus, the number
of positions in tre€l, to be filled with parity;j nodes is
exactly%, which indicates that before all positions are
filled, we can not exhaust our supply of nodes with ap-
propriate parities. Given all of the above observations,
we conclude that the construction algorithm is corgéct.

Proof of upper bound on worst case playback delay
(Theorem 2):

For ease of exposition, we first assume thas a com-
plete tree and then comment on what happens when that
is not the case. We claim that one (achievable) upper
bound on the playback delay iis- d time slots. That is,

any node can begin playback after time glotd and be
guaranteed not to experience hiccups due to lack of data.
This claim can be proven by considering the following
two observations:

Observation 11t takesh - d time slots to transmit packet
0 to node idN, i.e., the node in the last position of the
first tree. So node idv cannot start playback prior to
time sloth - d.

Observation 2: Given our round robin transmission
schedule, if one node receives packeh time slott,
then it will definitely receive packet + d) in time slot



(t + d). Consequently, if by time slat a node has re-
ceived packetd throughd, then by time slo{ty + d)

it will receive packetgd + 1) through2d, by time slot
(to+2d) it will receive packet§2d + 1) through3d, and

so on. Therefore, it is safe for this node to start playback
at time slotty without being concerned with running out
of data and experiencing hiccups.

Note that, by time slot - d each node would have
received at least one packet in each ofdheeces. And,
after that, each node continues to receiymckets every

Lemmal In Lg, the number of nodes with delay
is equal to the number of nodes with delay+ 1)(h —

1) — 4.

Proof: Let X1, Xs,...,Xp—1 € {1,2,3,...,d} be the
delay (in number of time slots) between each layer. Then
each vecto( X, X, ..., X};_1) corresponds to a unique
node, say, in Ly, andX; + Xo+ ...+ X1 = A(4, k).
Thus, the number of nodes with delays equal to the
number of solutions of the equatiok; + X5 + ... +

d time slots. Since nodes do not receive redundant pack-Xa—1 = k. Also, from symmetry, the number of so-

ets,h - d is a safe value foty. Thus, given our claim
above, the playback deld¥ satisfies the following in-
equality: T < h - d. For general values a¥, these trees
may not be complete; hence, it is possible Toto be
strictly less tharh - d. X

Proof of Lower Bound on Average Delay (Theorem
3):

Let A(i, k),i € {1,2,3,..., N} andk € {0,2,3,...,d —

1} denote the delay of node id in tree Ty, e.g.,
A(1,1) 1 and A(d,1) = d. Also leta(i), i €
{1,2,3,..., N} denote the playback delay of nodeiid
and leta’(i), i € {1,2,3,..., N — d}, denote the delay
which node idi experiences as interior node only. For
nodeidsi € {N —d+1,..., N} (i.e., nodes which are
leaves in all trees), let’(i) = A(i,1). (For example,
in the multi-tree constructed in Figure 3(la)(1) = 1
anda’(6) = 2.) Then, similarly to the argument we
made in case of worst-case playback delay, we have:
a(i) = max{A(,0), A(3,2), A(Z,3), ..., A(i,d — 1)}.
Note that(d — 1)a(i) > Y29, Ai,j) — d(i). In-
deed, fori € {1,2,3,..., N — d}, the right hand side
of this inequality is the average delay of node iid
when it is a leaf node. Ther(d — 1)1 a(i) >
Yy Yiey, Al g) — d?(h — 2) — 25, where the
right hand side is the sum of the delays of all leaves
in all d trees minus the delay of node i@ — d + 1
through V in treeTy;. Thesed nodes are in positions
N —-d+1,N —d+2,...,N in treeTy; thus, the corre-
sponding delay ig(h—2)+1,d(h—2)+2, ...,d(h—1).

Now we prove that 3., A(i k)

(@d+D)(h=1) For £ € {0,2,...,d — 1}, let

L, = {1,2,3..,N}/Gi. Ly denotes the set of
leaf nodes in tre€l},. We first prove the following
lemma:

lutions of X; + X5 + ... + X;_1 = k is equal to
the number of solutions aK; + Xo + ... + Xj_1 =
(d+1)(h — 1) — k, which is the number of nodes with
delay(d+ 1)(h —1) — j. This indicates that the number
of nodes with delayj is equal to the number of nodes
with delay(d + 1)(h — 1) — j.

According to Lemma 1,730, A(i, k)
Al + pe - 1) = Bl
have |Lg| d"=1. Putting it all together gives:
(@= )XY, (i) > d- gt E0ED - 2 -
2) — 4t - Thys, the average delay =%

2 N
d"(d4+1)(h—1)—d?(h—2)—d(d+1)/2 X
(d—1) )

Also we

>

Not fully connected networks:

In this paper, we modeled each cluster as a fully con-
nected graph and hence constructed the multiple trees
within this fully connected graph. Consider now a net-
work which is represented by an arbitrary undirected
graph,G, where an edge exists between a pair of nodes
if one packet can be transmitted between these nodes in
a single time slot. An interesting question then is, for
instance, can we construct two interior disjoint spanning
trees using=, each rooted at a nod# i.e. as before the
root is permitted to be an interior node in both trees. We
refer to this problem as th&wo Interior-Disjoint Tree
problem. As stated in Section 1, this problemNg°-
complete; the corresponding proof is given below.

NP-completeness Proof:Recall the following known

N P-Complete problem, i.e., the E-4 Set Splitting prob-
lem [7]: Given a collection of elementd and a collec-
tion of setsR;, such that for all,, R; contains exactly
four elements o¥/, is there a way of splitting the sét

into V7 andV5, such that for each, R; has at least one
element in both sets. We now reduce this problem to the
Two Interior-Disjoint Tree problem.



Construct a bipartite graph with a node for each ele-
ment inV; call it setV’. For eachR; we have a node;.
The collection of nodes; will be called X. Add a root
r and add edges fromto all nodes in”’. Also connect
x; to the nodes contained R;.

Suppose there exist two interior-disjoint trees in this
graphT; and7». Now do this operation: for any if x;
is an interior node, then connect all its children directly
to the root and move all the edges betwegrand its
children. This is possible because all the children: of
must inV’. Note that after completing all the operations
for all i. The two trees are still interior disjoint(we did
not add any interior nodes at all). Also all the nodes
are leaves in both trees now.

Let V7, V5 be a solution for the E-4 splitting problem.
Take the interior nodes of two trees BsandV,. Con-
nect eachr; as a leaf to each tree, since eagthas an
element from each partition. This completes the proof.
X

Proof of upper bound on average delay in hypercube
scheme (Theorem 4):

We prove this claim by induction. Letve(N) denote
the average playback delay of nodes. WhenV is
small, we can verify thadve(N) < 2log N.

WhenN is large, according to the scheme above, we
take N1 = 2% — 1 nodes to form the first cube. The
playback delay of all nodes in this cubékis

ave(N) _ k1(2k1—1)+(N—2kl+1{[)(k1+ave(N—2k1+1)) _

ok ok
ky + (N—-2 1+1)a]1\}e(N 27141)

Note that2** — 1 > N/2 so(N — 2F1 4 1)ave(N —
2 +1) < Nlog N, alsok; < log N, thusave(N) <
2log N, which completes the provi

Arbitrary communication pattern of O(1) buffer
space scheme:

Figure 6 depicts in more detail the communication pat-
tern of theO(1) buffer space scheme, which was de-
picted at a higher level in Figure 5.

Dynamics: node addition and deletion in multi-trees:

Our tree construction schemes were described under
static conditions. In a real streaming system, there is

node churn. That is, it is quite likely that some nodes

will arrive and some nodes will depart aftSrhas be-

gun the streaming process, i.e., after the original trees
are constructed and are in use for data streaming. Thus,
we must also be able to add new nodes to and delete ex-
isting nodes from our trees “on-the-fly”, ideally without
having to reconstruct the trees from scratch. Below, we
describe how this can be done for our schemes, when the
node churn is due to the arrival and departure of “regu-
lar’ nodes (i.e., not the “super nodes” forming the “back-
bone” of Figure 1). It is reasonable for us to assume that
the “super nodes” will not exhibit significant churn (and
thus focus our attention on the “regular” node churn) for
the following reasons. It is common for real systems to
provide some infrastructure which is static over long pe-
riods of time, and it is common in real P2P systems to
adopt the use of “super nodes”, e.g., as in Skype, Kazaa,
and Gnutella. In real streaming systems, “super nodes”
could be provided, e.g., with the aid of content distri-
bution companies, such as Akamai - this is an approach
taken by a popular P2P streaming system, Joost.

Note that the tree construction schemes given in Sec-
tion 2 have a nice property that the nodes in the(gt
are all leaf nodes (i.e., they appear as leaves iniall
trees), and moreover, the nodesdp are always at the
end of our trees (i.e., when considered in the breadth-
first-order). Thus, it is always easy for us to find nodes
which are not transmitting any data to anyone and thus
can be used to (a) take on the role of interior nodes
when they are deleted and (b) take on children when new
nodes are added to the system.We now give the details
of the node deletion and addition algorithms.

Deletion: Suppose our system has (real) nodes, and
node idi has decided to leave. Let nodeade the last
all leaf node in tree€ll,. Then the deletion of can be

done as follows:

Step 1: Find replacemenSwapi with x in
all d trees.
Step 2: Restore propertyt d|(N — 1) (i.e.,

if G4 only has one node), then I€(7)

be the set of the (new) parents ©fn

all d trees (i.e., the nodes which became
its parents after it was swapped with
thus|P(i)| = d. In each treel},, swap
the nodes inP(i) with the nodes in po-
sitionsN — dto N — 1 in treeT},.

Step 3: Remove nodeDelete i from all



Time

k+2 k+2 k+2

Figure 6. Example of the O(1) buffer space scheme with N=7: here S is the source, each oval

represents a node, N;, with rectangles inside an oval representing buffer occupa ncy of the
corresponding node - the shaded rectangle depicts the packe t number being consumed, and
the clear rectangle depicts the packet number being transmi tted to another node, where the

arrow indicates to which node it is being transmitted.

trees.

Step 2: Grow treesAdd i to positionN + 1
intreeTy, N + 2 intreeTy, ..., position
N +d—ryintreeTy_,, 1, position
N—-ry+1lintreeTy_,,, ..., positionNV
intreeTy_;.

Note that Step 2 is executed only whemvas originally
the only child of its parents in alf trees. Thus, after
deletings, all nodes inP (i) will become all leaf nodes.
Hence, the purpose of Step 2 is to make sure that the
nodes inP(¢) end up in positionsV — d throughN — 1,

i.e., at the end of alll trees, in breadth-first-order. (An-
other minor detail is that, for consistency of presenta-
tion, x takes on’s node id.)

Intuitively, the main purpose of; in Step 2 above is to
count the number of children of an interior node with
fewer thand (but more thar) children, i.e., such nodes
. haved—r; vacancies. Intuitively, the main purposergf
Addition: Suppose our system hasnodes, an](\j] anéw s to determine the parity of the node where tree growth
node id: arrives. LetN = Tl(mf)d d)and | 7] = will occur. Note that the growth in all trees has to occur
ra(modd). If d|N, i.e., all nodes in:g throughGa—, in position| &Y |. And in Step 1 we ensure that the node
are full, i.e., havel (real) children in some tree, and thus ;, hat position is an all leaf node (frod,) in each of
nodes inG, will have to become interior nodes in some 1, trees, before addirigas its child. Thus, in Step 1 we
trees. Otherwise, nodes not d#, still have vacancies  g\yan the node in positiop- | with one of the nodes in
and: can simply be added in appropriate positions as a ;. gpecifically, we swap it with an all leaf node of the
child of those nodes in all trees. The addition algorithm ;o parity (to ensure that it continues to receive data in

is as follows: that tree in appropriate time slots).
Step 1: Make room for growtHf d| N, swap Note that, when swapping occurs, either during ad-
the node in positiom%j with the node dition or deletion, nodes participating in the swapping

in positionN —d+ (ro —1) in each tree. process may suffer from hiccups. This may occur, for



example, because they lose data which was delivered be- node ID 4 (100) node ID 6 (110)
fore they were moved up a tree, or perhaps because they ~ ~
wait longer than originally planned for some data be- ot ol
cause they were moved down a tree. In the case of dele- s s
tion, if a node being deleted is an all leaf node, then the ~ "9 D5 (1057 node 1D 7 (1117
number of resulting swaps is betwe@mndd? (where
the higher value occurs whet(N — 1)). If an interior

node is deleted, then the number of resulting swaps is

betweend andd? + d (where the higher value occurs node 1D (600) node 1D 2(010)
whend|(N — 1)). In the case of addition, the num- ot ot

ber of resulting swaps is betwe@nand d (where the al ol

higher value occurs whei{ ). Thus, up tod® nodes s~ "

may suffer from hiccups. Appropriate evaluation of the ~ node ID 1 (001 node ID 3 (014

resulting QoS (due to hiccups) is a complex issue. We
performed an empirical evaluations of such effects (us-  Figure 7. Hypecube-based communication
ing simulation); the results are omitted here due to lack
of space. One inefficiency of the above algorithms is
that whend|(N — 1) and deletion occurs, up t&# swap-
pings have to be made to keep all thg nodes in ap-
propriate positions in all trees. However, these swaps
are not really necessaiy, the next event is an addition
of a new node, i.e., the addition of a new node will force
us to “undo” swaps made during the deletion process.
Thus, in such situations, if we had this sequence of dele-
tions/additions, it would have been better to just replace
the deleted node with the newly added one, i.e., thus
savingd? + d swaps. Given this observation, we explore
“lazy” versions of the deletion and addition algorithms
where we wait until a new event occurs before deciding
whether swapping is needed.

Note that the difference with these “lazy” schemes is
that now we wait until a new event occurs before de-
ciding whether swapping is needed in order to keep the
all leaf nodes in appropriate positions in the trees. We
have evaluated the difference between the original and
the “lazy” versions of these algorithms empirically, us-
ing simulations; the results are omitted here due to lack
of space.

Hypercube-based communication pattern ofO(1)
buffer space scheme:

As an example, suppose we have 7 nodes, plus a source,
with node IDs 0 to 7. The resulting communication pat-
tern is depicted in Figure 7. In time sl + 1 we

pair up nodes with ID$zx0)2 and(zx1)2, i.e., we pair

] up node IDs 0, 2, 4, and 6 with node IDs 1, 3, 5, and
Step 1, Restore propertyf. d| N, swap nodes it 7, respectively. Here, the nodes communicate along the
with nodes in position&V —dto N —linalltrees.  gaghed lines. In time sld + 2 we pair up node IDs
Step 2, Find replacemenlt i is not inG,, swap it (xOg:)2 and(zlx)s, i.e., we pair up node I'Ds 0,1,4,and
with nodez in all trees. 5 with node IDs 2, 3, 6, and 7, respectively. Here, the
nodes communicate along the dotted lines. In time slot
3n we pair up node ID$0x ), and(1zx),, i.e., we pair

up node IDs 0, 1, 2, and 3 with node IDs 4, 5, 6, and
7, respectively. Here, the nodes communicate along the
solid lines.

Lazy Deletion:

Step 3, Remove nodBelete:.
Lazy Addition:

Step 1, Make room for growthtf d|N, check if
nodes in position & | in all trees are irG,. If not,
swap the node in positiop | with the node in
positionN — d + (r, — 1) in each tree.

Step 2, Grow treesAdd 7 to positionN + 1 in tree
Tpy, positionN +2 in treeTt, ..., positionN +d —rq
intreeTy_,, 1, positionN —ry; +1intreeT,_, ,
..., positionN + d in treeTy_;.



