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Fig. 8. (a)Percentage of peers with 90 percentile delivered quality for different peer degrees with various scheduling algorithms. (b) Distribution of the frequency
of deadlocks for peer degree of 12 across various scheduling algorithms. (c) Distribution of average path length for two high and low performing scheduling

algorithms across different degrees.

the percentage of peers that receive a high quality stream in
the two low-performing schemes (labeled as ParentRand —
Desc. Rand/Rare) is very similar, and roughly 20% lower
than other schemes within the sweet range of peer degree.

Intuitively, those schedulings which request a packet from a
random parent are more likely to experience content bottleneck
due to the higher frequency of deadlock during parent selec-
tion. A deadlock event occurs when a required packet is avail-
able among some parents but it can not be requested since the
bandwidth budget of those parents are fully allocated for de-
livery of other packets. To verify this hypothesis, Fig. 8(b) de-
picts the distribution of frequency of deadlock (i.e., the frac-
tion of packets that experience deadlock during the scheduling
process) among peers for all six schedulings when peer de-
gree is 12. Fig. 8(b) clearly shows that the median frequency of
deadlock is roughly four times higher for schedulings that use
random parent selection. The random parent selection may not
request all the unique packets from individual parents. There-
fore, a fraction of bandwidth budget from diffusion parents is
used for the delivery of packets that are already available at other
parents.

Closer examination of the two low-performing scheduling
schemes reveals that these two schemes can achieve good
performance with an extra swarming interval (i.e., larger buffer,
w). This raises the following interesting question “Does extra

swarming intervals accommodate the delivery of deadlocke

D. Peer Population

We examine the scalability of PRIME protocol by addressing
the following question: “How do the delivered quality and

buffer requirement at individual peers change with peer pop-

ulation?’. Fig. 9(a) shows the duration of diffusion phase (or
overlay depth), the minimum duration of swarming phase
( min) and the minimum buffer requirement (Or wpy,in) as
a function of peer population in the reference scenario with
access link bandwidth of 700 Kbps when peer degree is 6. This
figure provides a good evidence of the scalability of PRIME
with user population. As the peer population increases, overlay
depth slowly grows but the duration of the swarming phase
(with a proper peer degree) remains constant. To explain this,
we note that increasing peer population does not affect the
number of diffusion sub-trees. This means that the diversity of
swarming parents for individual peers does not change with
peer population. Therefore, the observed content bottleneck
and the required number of swarming intervals for individual
peers does not change with peer population. We have observed
the same behavior for different degrees within the sweet range

of peer degree. The observed trend in this result suggests that
within the sweet range of peer degree, PRIME can effectively
utilize available resources in the system and provide maximum
quality to peers in a scalable fashion if the buffer size is loga-

rig1mically increased with peer population

packets through longer paths to reduce the frequency of de%d- Source Behavior

lock?’. Fig. 8(c) depicts the distribution of average path length
(in hops) across delivered packets for one of the high-per-
forming scheduling scheme (ParentMin. — Desc.Rand) as
a reference and one of the low-performing scheduling scheme
(ParentRand — Desc.Rand) (with a proper number of
swarming intervals) across different peer degrees. Fig. 8(c)
reveals that the average path length for the low-performing
scheduling scheme with longer swarming is around 20% longer
for all peer degrees. This suggests that 20% of peers that
have poor performance in Fig. 8(a), can leverage the extra
swarming interval to request the deadlocked packets from
another swarming parent. The larger number of swarming
intervals increases the pool of swarming packets and decreases
the probability of deadlock event.

In this subsection, we examine the effect of the following
two orthogonal aspects of source behavior on the system perfor-
mance: (i) Packet swapping and loss detection, and (ii) Source
bandwidth.

Packet Swapping & Loss DetectiofWe explore the effect
of source coordination in the reference scenario with 700 Kbps
access link bandwidth where source bandwidth and ,,,;,, are
800 Kbps and 3, respectively. This configuration ensures all
peers in level 1 receive a high quality stream. Fig. 9(b) de-
picts the delivered quality from source to level 1 (i.e., diffu-
sion rate to level 1) as a function of peer degree in three dif-
ferent scenarios: (i) source without any coordination, (ii) source
with only packet swapping, and (iii ) source with both packet
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Fig. 10. (a) Diffusion rate and data rate to level 1 along with w and depth across various excess source bandwidth. (b) Distribution of content bottleneck across
various excess source bandwidth from the swarming parents. (c) Distribution of average delivered quality (descriptions) to each peer for various percentages of ch.

ferent levels of distortion. This figure indicates that the utiliza-
tion of access link bandwidth drops with the number of departed
peers. However, comparing Figs. 10(c) and 11(a) illustrates that
the decrease in delivered quality is visibly larger than the drop
in access link utilization when level of distortion in the overlay
is roughly larger than 30%. This suggests that both bandwidth
and content bottleneck contribute into the drop in quality as the
overlay becomes more distorted.

To identify the underlying causes for content bottleneck
in distorted overlays, we examine average diffusion rate at
each level of the overlay as distortion increases in Fig. 11(b).
Fig. 11(b) demonstrates that the diffusion rate at the top level
is not affected by the percentage of departed peers as long as
the number of peers in level 1 is not affected. However, the
diffusion rate at all lower levels is rapidly dropped once more
than 30% of peers depart. A closer examination of the overlay
connectivity revealed that when a large fraction of peers depart,
some diffusion sub-trees may become disconnected (especially
at the higher levels) from the rest of the overlay, e.g., a peer
in level 1 does not have any child. Such an event has a ripple
effect and reduces the diffusion rate to all the lower levels of
the overlay due to the content bottleneck. This implies that
increasing the number of swarming intervals does not improve
delivered quality in these scenarios. We have conducted simula-
tions with longer buffer sizes and confirmed this observation. In

Fig. 11(c) depicts the distribution of delivered quality among
all peers in the reference scenario with incoming peer bandwidth
700 Kbps, peer degree 6 and consistent bandwidth-degree ratio
among peers for resource index values 1.0, 0.8, and 0.6. This
figure shows that the distribution of delivered quality is rela-
tively skewed among peers. Decreasing resource index reduces
the average delivered quality among peers, and the shape of its
distribution becomes slightly more skewed. When the amount
of aggregate outgoing bandwidth in the system is insufficient,
a random subset of peers are unable to establish connection to
the adequate number of parents and thus receive lower quality.
The extent of the observed deficit in resources is variable among
peers which leads to a skewed distribution of delivered quality
among them.

H. Presence of Free-Riders

A key challenge in any P2P system is to gracefully accom-
modate (or at least limit the potential damage by) uncoopera-
tive peers that do not contribute any resource (i.e., free-riders).
We examine the effect of free-riders on PRIME performance in
the reference scenario with incoming peer bandwidth 700 Kbps,
and peer degree 6. We focus on a scenario when resource index
is one to investigate any direct impact of free-riders on perfor-
mance? (as opposed to the effect of insufficient resources).

Fig. 11(c) also depicts the distribution of delivered quality

summary, as the overlay becomes more distorted, the delivesathng peers when 10% and 50% of peers are free-riders. This
quality to individual peers is dropped due to both bandwidthgure reveals that as long as there is sufficient resource in the
and content bottleneck. The content bottleneck is caused by dfi@em, the presence of free-riders should not have any signifi-

disconnection of some diffusion sub-trees from the rest of @t effect on the performance of content delivery. The excep-

overlay

G. Limited Resources

In all the previous subsections, we assumed that participating
peers have symmetric access link bandwidth and their down-
link bandwidth is equal to the stream bandwidth. In such a sce-
nario, the aggregate demand and supply for bandwidth are equal,
and the ratio of demand to the supply for bandwidth which is
called resource indexRI), is one. In practice, the uplink band-
width that a peer is able or willing to contribute might be less
than its incoming bandwidth. Therefore, the aggregate resources
may not be sufficient to provide maximum deliverable quality to
all peers. In such a resource-constraint scenario, the key ques-

tion is “Is the drop in quality fairly similar across participating

peers?.

tion is the scenario when free riders disconnect a particular dif-
fusion sub-tree from the rest of the overlay. In such an event,
the data units that are delivered through the disconnected diffu-
sion sub-tree(s) can not reach other peers in the overlay during
the swarming phase and thus delivered quality to the rest of the
overlay is proportionally dropped. Fig. 11(c) presents such a
scenario (the line labeled as RI:1-Fr:50%-Heter) where 50% of
peers are free-riders and the rest have heterogeneous outgoing
bandwidth (25% 240 Kbps, 25% 2.5 Mbps). In essence, pres-
ence of a group of free-riders affects the connectivity among
sub-trees and the performance of content delivery even if avail-
able resources are sufficient. Clearly, the larger the percentage
of free-riders or the closer their distance from the source, the

5To maintain the resource index at one in the presence of free riders, cooper-
ative peers have to contribute more bandwidth than they use.
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Fig. 11. (a) Distribution of utilization of access link bandwidth among peers for various percentages of ch. (b) Diffusion rate to different levels for various
percentages of ch. (c) Distribution of average delivered quality (layers) to each peer for various Rls and for scenarios with different percentage of free-riders with
RI = 1. The result for 50% free-riders in a heterogeneous scenario is also included (RI:1-Fr:50%-Heter).

more likely that a diffusion sub-tree becomes disconnected. In
our future work, we plan to design light weight techniques to
detect free-riders in the overlay and minimize their adverse im-
pact on content delivery.

VI. CONCLUSIONS AND FUTURE WORK

In this paper, we presented PRIME, a mesh-based P2P
streaming mechanism for live content that can effectively
incorporate swarming content delivery. We argued that the
bandwidth-degree condition should be satisfied by the overlay
construction mechanism in order to minimize the bandwidth
bottleneck among participating peers. We also derived the
pattern of content delivery that can incorporate swarming in
order to effectively utilize the outgoing bandwidth of partic-
ipating peers and thus minimize the content bottleneck in the
system. This in turn led us to the desired packet scheduling
scheme at individual peers. Through extensive ns simulations,
we examined the effect of key factors on PRIME performance
and identified a few fundamental design tradeoffs.

We are currently extending this work along several dimen-
sions. First, we are examining the effect of ongoing churn
on PRIME performance, in particular on ensuring the band-
width-degree condition. Second, we are evaluating PRIME
performance in scenarios where the distribution of outgoing
bandwidth is very skewed or in the presence of free-riders [21].
Third, we also use PRIME to conduct systematic comparison
between tree-based and mesh-based P2P streaming mecha-
nism [2]. Fourth, we have prototyped PRIME and currently
conducting experiments over PlanetLab. Finally, we plan to
incorporate the notion of “contribution awareness” into PRIME
to cope with uncooperative users.
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