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Abstract—P2P TV and video streaming are among the most
bandwidth-hungry applications running over the Internet. One
of the main reasons is that the scheduling of information transfer
between peers is extremely aggressive and does not take network
characteristics into account. Moreover, schedulers are not de-
signed to be robust and configurable, so that their performance
is greatly affected by networking conditions. This work first
analyzes the impact of network heterogeneity on the streaming
performance and then proposes a novel, robust, configurable,
network-aware scheduler that outperforms the other schedulers
in all networking scenarios.

1. BACKGROUND AND RELATED WORK

Multimedia streaming is one of the dominant component
of Internet traffic. Focusing on popular applications like TV
broadcasting, P2P overlay distribution systems seem to be
the platform of election for new development. Commer-
cial applications like TVAnts (http://www.tvants.com), Uusee
(http://live.coolstreaming.us), PPLive (http://pplive.com), Sop-
Cast (http://www.sopcast.com) abounds and are stressing the
network with their demands.

Most of these applications are based on downloading sys-
tems inspired to BitTorrent swarming: a client actively looks
for the information it needs within a large neighborhood of
other peers, and tries to download it as fast as its down-
load capacity allows. This approach appears to be extremely
successful and robust, however, it also results in extreme
aggressiveness towards the network and a lot of resource
wasting in case of congestion [1], [2].

As P2PTV systems' become more and more popular,
researchers started a quest to find more efficient ways of
distributing the information, trying to include in the scheduling
algorithms the efficiency of network resource usage.

This work considers systems that are based on general mesh
overlays, where peers are not organized according to a specific
structure (the term “unstructured” is used in this paper).
The stream is distributed based on fixed duration pieces of
information (e.g., 1 s, or any number of frames) called chunks.
Research in this area studied the streaming performance by
considering asymptotic properties of distributed gossipping
algorithms [3], [4], or by considering some kind of optimality
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'We use the term P2PTV in this paper for all systems that require live
streaming to a large number of peers, so that the delay in delivering the
information to peers is the dominant parameter to evaluate the performance.

properties for the scheduling algorithms. For example, if the
fraction of the upload bandwidth of each peer dedicated to the
distribution process is equal to the stream bitrate, then it is well
known that the minimum time needed by a chunk to reach all
the peers is ([logy(N)] + 1)T where T is the chunk time.
Hence, an algorithm can be said optimal if it achieves this
bound; [5], [6] proved the existence of centralised schedulers
that achieves it, while [7] proved the existence of an entire
class of deadline-based distributed schedulers that achieve the
bound above.

Other works tried to integrate network awareness in the
streaming mechanism: for example, by explicitly consider
bandwidth information in the peer scheduling algorithm [5],
[9]. These works show that, when the network is bandwidth-
heterogeneous it is impossible to obtain good performance
without taking bandwidth into account.

The contribution of this paper is twofold. On the one hand, it
analyzes the main performance metric of streaming systems,
i.e., distribution delay, showing that based on the “type” of
delay considered (average, maximum, some given percentile,
...) the relative performance of algorithms can be completely
subverted. On the other hand, blending the optimal schedulers
in [7] with network-aware information, it shows the possibility
to obtain schedulers that are robust both to heterogeneity and
to different networking conditions and perform consistently
better than the others regardless of the performance metrics
taken into account’.

II. OF SCHEDULERS, PERFORMANCE AND DISTRIBUTIONS

An unstructured overlay is a set S = {P1,... Py} of N
peers. In chunk based streaming, a source divides the media
stream in M. chunks (e.g., at fixed time intervals), and each
peer P; receives chunks C; from other peers, and sends them
out at a rate s(P;). The set of chunks already received by P;
at time ¢ is C(P;,t), and we say that P; owns C(P;,t).

The source generates the stream at a fixed rate of A chunks/s,
i.e., the source emits one copy of every chunk every Ts = 1/\.
All the rates are normalised w.r.t. A, so that the generation
time of Cj; is r; = j. Though not dimensionally correct we
will sometimes call these rates bandwidths for the sake of
simplicity.

Let D;(t) be the set of nodes owning chunk C'; at time ¢, the
diffusion delay f; of chunk C; (i.e., the time required for C;

2More results on this topic are included in the Technical Report[10] and
in [11].
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to reach every peer) is f; = min{¢ : D;(d) = S}. According
to this definition, a generic peer P; will receive chunk C; at
time f;(¢) such that j +1 < f;(¢) < j+ f;.

The stochastic distribution of both f;(i) and f; depends
on the scheduling logic of the peers, which is composed by
two schedulers: the chunk scheduler, and the peer scheduler.
We consider only distributed schedulers where the buffermaps
(i.e., the sets C(P;,t)) are known, and the scheduling decision
is taken by the transmitter: chunks are pushed downstream.

The peer scheduling algorithm selects a target peer P, € N,
where N is the set of its neighbours (the neighbourhood).
Given an X chunk scheduler and a Y peer scheduler, applying
first X and then Y one obtains a chunk-first X/Y scheduler; the
other way around one obtains a peer-first Y/X scheduler.

A. Schedulers Definition

In the following, we briefly recall the most relevant schedul-
ing algorithms.

1) Chunk Schedulers:
Random Useful (RUc): P; randomly selects a chunk C; €
C(P;,t) needed by some of the peers in V.
Latest Useful (LUc): P; selects the most recent chunk C; €
C(P;,t) (that is, the one having the largest generation time)
that is needed by some of the peers in ;.
Deadline-based scheduler (DLc): P; selects the chunk C; €
C(P;,t) having the earliest scheduling deadline and needed by
some of the peers in A;. Scheduling deadlines are assigned
to the various chunks instances present in the system, and
each scheduling deadline is postponed by a fixed amount when
sending a chunk. The amount of deadline postponing () is a
parameter of the algorithm. This algorithm [7] combined with
ELp (see below) has been proved to be optimal in full meshes
(like LUc), and to generally provide good performance when
the neighborhood size is reduced (thus claimed to be robust,
unlike LUc, which fails if the topology is not a full mesh).

2) Peer Schedulers:
Random Useful Peer (RUp): P; randomly selects a peer in
N; that needs the selected chunk (or a generic chunk C; €
C(P;,t) if the peer is selected first).
Most Deprived Peer (MDp): P; selects the peer P; in N
which owns the smallest number of the chunks currently
owned by P; [8].
Earliest-Latest (ELp): P; selects P; in A; such that the
newest chunk in C(P;, t) is the oldest among all neighbors [7].
Bandwidth Aware scheduler (BAp) P; randomly selects a
target peer P, € N; (as in RUp); the probability of selecting
Py, is proportional to its output bandwidth s(Py) [9].

B. Evaluating the Scheduling Performance

The main performance parameter in streaming is the dif-
fusion delay fp,(¢) and fp,: in fact, if the diffusion delay of
a chunk is larger than the playout delay D, the chunk is
discarded (lost). Ideally, the best scheduling logic is the one
that minimizes f,(¢) for all h and 4; however, this is, to the
best of our knowledge, not feasible. Besides, such a stochastic
minimization is even very difficult to measure with simulations

or experiments given the size of the problem, so that often only
the average or the maximum (over all & and 7) are considered.

Moreover, the network upon which the overlay is built is
neither ideal, nor homogeneous, so that a scheduling logic
performing very well in one situation, for instance a homoge-
neous network, may fail in another, e.g., when the bandwidth
distribution among peers is not uniform.

We have considered several scenarios with different charac-
teristics of bandwidth heterogeneity (see [10] for details and a
complete set of results); since they provide similar results, due
to lack of space, we report here only the results corresponding
to a scenario called 3-class. The 3-class scenario is based on a
distribution with three classes: low-bandwidth peers (with an
upload bandwidth equal to 0.5B), mid-bandwidth peers (with
bandwidth equal to B), and high-bandwidth peers (bandwidth
equal to 2B). The fraction of high-bandwidth peers in the
system is h/3 (where h is an heterogeneity factor), the fraction
of low-bandwidth peers is 2h/3, and the fraction of mid-
bandwidth peers is 1 — h; as a result, the average bandwidth is
2B-h/3+B-(1—h)+0.5B-2h/3 = B. This scenario has been
selected because it captures the most important properties of
heterogeneous networks, and a similar setup has already been
used in literature [4].

The results presented in this paper have been generated
using the P2PTVSim simulation tool developed within the
Napa-Wine EU project (www.napa-wine.eu), which allows
describing bandwidths and delays between peers as well as
different scheduling algorithms.

C. Missing Chunks Distributions

To exemplify the difficulty of finding a good scheduler, we
consider, in Fig. 1, a 3-class scenario with moderate hetero-
geneity (N = 1000, B = 1 and h = 0.15). The figure plots the
probability that chunks miss the playout time D as a function
of D itself expressed as multiple of Ty = 1/\. The upper
plot reports chunk-first scheduling logic combinations and the
lower plot peer-first ones. Two observations are immediate:
i) given a chunk and a peer scheduler, their combination in
peer-first or chunk-first is not equivalent, and ii) how chaotic
the curves look!

Some algorithms (such as LUc/MDp, LUc/ELp, and
LUc/BAp) shows slightly smaller probability to miss a chunk
than DLc/ELp with small playout delays, but have a non-null
probability to miss a chunk even for large values of D.

Similar results, not reported here for the lack of space, show
that changing the networking scenario or the heterogeneity pa-
rameters, the relative merits of the schedulers can be subverted,
highlighting an intrinsic fragility of scheduling logic that are
not designed specifically with robustness in mind.

The strong message coming from Fig. 1 is that to obtain
a performing and robust P2P streaming system, one must
consider the entire distribution of the diffusion delay, and also
consider several different scenarios. The LUc based schedulers
do not seem to be usable, because of the high worst-case
diffusion delay they provide. On the other hand, the DLc based
schedulers almost always perform as well as the corresponding
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Fig. 1. Probability of missing chunks as a function of the playout delay (D)
on a 3-class scenario with N = 1000, M. = 2000, B = 1 and h = 0.15;
top plot: chunk first schedulers, bottom plot: peer first schedulers.

non-DLc schedulers (in particular, DLc/ELp is very close to
be the best scheduler for all the possible metrics) and never
exhibits bad behaviours. Hence, the DLc chunk scheduler will
be used as a base for the robust scheduling strategy presented
in this paper (DLc is also “configurable” by changing the
deadline postponing parameter J).

III. BANDWIDTH-AWARE ELP SCHEDULING

The analysis carried out in Sect. IT highlighted the necessity
for schedulers to be robust to different scenarios, and DLc/ELp
proved to be the most promising combination in this direction.
At the same time [5], [9] show that the peer scheduler, to be
effective in a heterogeneous system, must consider the upload
bandwidth of the target peers. This suggests to modify the ELp
peer scheduler to select target peers based on the following
multi-metric selection strategy at any given peer F;:

Py = max{(t — L(Py, 1)) + Bls(Px)/s(P)]} - (D)

where L(Pj,t) is the generation time of the latest chunk at
P; at time ¢ and 3 is an apportioning coefficient to blend
the relative importance of the “earliest-latest” principle with
the bandwidth awareness®. The use of the ratio [s(Py)/s(P;)]
instead of the absolute bandwidth s(Py), is simply a nor-
malization to avoid that different stream rates (e.g., HDTV
instead of standard definition) require the selection of different
apportioning coefficients: (1) is normalized w.r.t. both the
chunk emission time 7 an the stream bitrate.

3The ELp scheduler select the minimum L(Pj,t) in the neighborhood,
which is equivalent to maximizing [t — L(P;,t)]
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Fig. 2. BAgELp sensitivity to 3: 3-class scenario with h = 0.5 and B=1,
N = 1000, M. = 2000, neighborhood size 20 and playout delay 507%,
different chunk schedulers

We named the scheduler (1) Bandwidth Aware Earliest
Latest (BAELp), and its combination with the deadline based
chunk scheduler DLc/BAELp. DLc/BAELD has two tuning pa-
rameters: the deadline postponing § of DLc and the bandwidth
apportioning 3 of BAELp. Sometimes they are explicitly indi-
cated (possibly as numbers) with the notation DLsc/BAgELp.
Some preliminary properties of DLc/BAELp schedulers were
presented in[11].

A. Sensitivity Analysis to 3 and §

In this section, the effects of The tuning parameters of
DL;sc/BAgELp are analysed.

Fig.2 presents a sensitivity analysis of BAgELp for a sce-
nario with medium heterogeneity (h = 0.5). Chunk schedulers
are varied to verify if the behavior of BAgELp is strongly
dependent on the associated chunk scheduler or not. We use
four settings of DLgsc with different 6 plus LUc and RUc.
The number of peers is 1000, the video is 2000 chunks long,
the neighborhood size is 20, and the playout delay fixed at
50T%. The upper plot reports the maximum delay, the middle
one the 95-th percentile and the lower one the average delay.
Points were obtained as an average of 100 simulation runs;
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bars show 95% confidence intervals. The behavior of BAgELp
as a function of [ is practically independent from the chunk
scheduler, and it shows, for this specific h, a rather flat
minimum around 5 = 2—4. The minimum is most pronounced
for the maximum delay, which is more sensitive, and minimal
for the average delay. Notice once more the fragility of the
LUc scheduler, which cannot guarantee lossless delivery with
a deadline of 507 so that the maximum delay is constant at
50.

Different values of 4 seems to have a different influence
depending on the percentile observed. Moreover, small 3
values are a good choice for small heterogeneity scenarios
(remember ELp is optimal in homogeneous networks), while
very large ( values force the scheduler to select peers based
only on their available resources, so for scenarios with extreme
heterogeneity high values of [ yields better performance.

Fig. 3 reports the maximum and 95-th percentile of the delay
of DLsc/BA3SELp schedulers as a function of § for different
heterogeneity factors h. Based on the analysis of § in Fig.2
we fixed = 3 as a reasonable and robust value. In[7] it was
proved that DLsc requires 6 > 1 in homogeneous networks
with full connectivity. The behavior of the 95-th percentiles,
and indeed also of the average and other percentiles smaller
than 95 not shown here for the lack of space, is minimally
sensitive to the increase of § independently of h. Another
important observation si that using large postponing values
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Fig. 5. Maximum and average diffusion delay. 3-class scenario with N =
1000, M. = 2000, B =1 and h = 0.15

0 for networks with small heterogeneity may result in large
values for the maximum delay, while using 2 < § < 10 always
result in good performance.

Fig.4 reports DL5c/BAgELp sensitivity to 3 of the 95-
th percentile for different h. As expected the larger h the
larger 3 should be to ensure good performance (remember
that J represents the weight given to bandwidth information -
see Equation 1), while a homogeneous scenario is completely
insensitive to 3 since all peer resources are identical.

I'V. PERFORMANCE EVALUATION

Before providing a comparison between a properly tuned
DLsc/BAgELp and other schedulers, we investigate the effects
of the neighbourhood size. A scenario with h = 0.15 and
1000 peers is considered, varying the neighbourhood size
from 10 to 30. DLsc is used with different § parameters
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ranging from 2 to 20. Because of space constraints we only
show average and maximum delay in Figure 5, but losses and
delay percentiles only confirm these results. The first important
observation is that the minimum neighbourhood size needed to
achieve reasonable performance is larger than in the uniform
case [7], which is [logy(N)] = 10 for 1000 peers. This
result is understandable, since a randomly generated small
neighbourhood has a high possibility of not containing high-
bandwidth peers, defeating the bandwidth aware behaviour of
BAELp. A second interesting effect is that larger values of
0 help when the neighbourhood is too small: when it is near
to 10, the diffusion delays for 6 = 2, 2.5, or 3 increase to
unreasonably large values (leading to lost chunks), whereas
the diffusion delays for larger values of J are still reasonable.
Hence, larger values of & can improve the robustness of
the chunk scheduler at the cost of increasing the worst-case
diffusion delay when the neighborhood is large enough.

Finally, it is worth noting that increasing ¢ lead to better
average diffusion times both for small and for large neigh-
borhoods. The sum of this effect with the one previously
noticed make the worst-case curve particularly interesting for
small values of the neighborhood: for very small values, the
effects of the neighbourhood are predominant, and larger ¢
values have to be preferred even for the worst-case statistics.
When the neighbourhood is large enough, increasing § helps in
reducing the average diffusion delay (or small percentiles) and
decreasing d helps in reducing the maximum diffusion delay
(or large percentiles). Again, it is worth noting how § = 5
tends to behave reasonably in all the situations and thus can
be taken as average, robust setting.

The last experiment reported compares a properly tuned
DLsc/BAgELp with other scheduling algorithms. The results
(chunk loss and 95-th percentile of the diffusion delay) are
shown in Figure 6. Only four of the twelve combinations are
performing well enough to avoid chunk losses all over the
heterogeneity range: DLsc/MDp, DLsc/ELp, DL5c/BA3ELp
and RUc/BAELp. Of these four DL5c/BA3ELp provides the
lowest delays. Only in the homogeneous case LUc/BA3ELp
and LUc/ELp have lower delays, but they have chunk losses.
Note also that with any chunk scheduler, BA3sELp provides
the best performance for the whole heterogeneity range, both
in terms of chunk losses and delays. ELp ranks second and
MDp third independent of the chunk scheduler.

V. DISCUSSION AND CONCLUSIONS

This paper compared a large number of scheduling strategies
for P2P streaming systems in presence of network heterogene-
ity (peers having different upload bandwidths). Since none
of the existing peer schedulers seems to perform well in
all the conditions, a new peer scheduling algorithm, named
BAgELp has been developed and compared with the others.
BAFELp combined with the DLsc chunk scheduler is robust
to heterogeneity and outperforms all the other scheduling
algorithms in a large number of different conditions and
scenarios.

The proposed algorithm is characterised by two tunables
DLsc and BAgELp whose optimal value depend on the
network conditions. Hence, measurement based network-
awareness and self-adaptation can be added to achieve dy-
namically optimal performance.
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