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Abstract: Distributed appliances connected to the Internet have provided various multimedia ser-
vices. In particular, networked Personal Video Recorders (PVRs) can store broadcast TV programs in
their storage devices or receive them from central servers, enabling people to watch the programs
they want at any desired time. However, the conventional CDNs capable of supporting a large
number of concurrent users have limitations in scalability because more servers are required in
proportion to the increased users. To address this problem, we have developed a time-shifted live
streaming system over P2P networks so that PVRs can share TV programs with each other. We
propose cooperative buffering schemes to provide the streaming services for time-shifted periods
even when the number of PVRs playing back at the periods is not sufficient; we do so by utilizing
the idle resources of the PVRs playing at the live broadcast time. To determine which chunks to be
buffered, they consider the degree of deficiency and proximity and the ratio of playback requests to
chunk copies. Through extensive simulations, we show that our proposed buffering schemes can
significantly extend the time-shifting hours and compare the performance of two buffering schemes
in terms of playback continuity and startup delay.

Keywords: time-shifting; cooperative buffering; distributed appliance; P2P streaming

1. Introduction

With advances in computer technologies and networks, Internet-connected home ap-
pliances capable of providing various multimedia services have recently become prevalent.
In particular, digital TVs with Personal Video Recorder (PVR) functionality can store broad-
cast programs in their built-in storage devices [1–3]. Thus, as long as live TV programs are
stored during their broadcasting times, they can be kept time-shifted from live broadcast
time without missing any parts of them. Thus, people can watch the TV programs they
want at any desired time.

However, there are limitations on the availability of time-shifted programs due to
the limited number of reception channels and storage capacity. Since each PVR has a
small number of tuners, the number of channels through which it can receive programs
simultaneously is also small. The time-shifting hours of TV programs that PVRs can support
are also limited since the programs already stored must be replaced with newly broadcast
programs due to limited storage capacity. Accordingly, only parts of the programs that
have already been watched or explicitly recorded can be time-shifted within the PVR’s
storage capacity.

To overcome these limitations, PVRs connected to broadband receive broadcast pro-
grams from central servers even though they have not stored the programs in their storage
space [4]. To provide these networked PVR services with a large number of concurrent
users in real time, it is essential to provide sufficient network bandwidth and fast responses
to interactive operations. To this end, large-scale Content Delivery Networks (CDNs)
have been employed to minimize the transmission delay between clients and servers by
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placing proxy servers close to clients [5–7]. CDNs can provide sufficient reliability and
manageability for providing streaming services with a huge number of concurrent users
without quality degradation, although they require a substantial investment in distributed
CDN infrastructures to ensure timely delivery to the enormous users. It is also obvious that,
as the number of users increases, ISPs or service providers must invest more in expanding
resources including the number of servers and network bandwidth to accommodate the
increased users.

To mitigate the burden of CDN’s increasing investment in infrastructure, we employ
P2P technologies [8–10] where aggregate resources of the system scale with the number
of users without additional investment for the services. Note that as more peers join the
P2P systems, better resiliency and the faster data transmission can be provided because
the peers bring network bandwidth, disk storage capacity, computing power, and memory
resources together with them. This indicates that P2P systems are more scalable in terms of
cost, compared to CDNs owned by ISPs or service providers, when expanding the service
capacity of the systems. It is noted that they are also scalable in terms of the number of
concurrent users. One popular commercial P2P live streaming system, PPLive, showed that
it could use only 10 Mbps server bandwidth to serve 1.48 million concurrent users at a total
consumption rate of 592 Gbps [11]. Thus, PVRs can share TV programs with each other
over P2P networks at a low cost, providing a program distribution channel as an alternative
to the unidirectional broadcasting network [12,13]. It is also obvious that P2P technologies
can provide a significant service cost reduction by minimizing server intervention. PVRs
basically provide time-shifting functions such as pause/resume, skip-forward/backward,
fast-forward/rewind so that users can quickly move to any playback position they want.
To receive the data required for playback when moving to any position, a PVR should
receive data from other PVRs playing back around the position.

As shown in Figure 1, however, the popularity of live TV programs typically reaches
the peak within several minutes after their broadcast times and exponentially decreases
afterwards [14]. Thus, as a PVR moves to an earlier position time-shifted from the live
broadcast time, the number of PVRs playing back at the position reduces rapidly, making
it difficult for the PVR to receive necessary data from neighbors. It is obvious that its
playback quality worsens since it is harder to satisfy a minimum number of neighbor PVRs
required for playback. When they are eventually unable to obtain necessary data due to
lack of neighbor PVRs storing them, they have to receive them from servers. This situation
keeps PVRs from using advantages of P2P technologies, including scalability and low cost.

Figure 1. Typical popularity distribution of live broadcast TV programs.
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In this paper, we therefore propose efficient cooperative buffering schemes to provide
streaming services without service disruption for time-shifted periods from the live broad-
cast time even when the number of PVRs playing back in these periods is not sufficient [15].
We have observed that, since PVRs playing TV programs back at the live broadcast time
can receive broadcast signals directly through their tuners and decode them with hardware
devices, they do not need to exchange data with other PVRs or buffer them. Thus, our
proposed buffering schemes can utilize the idle resources of the PVRs playing back at the
live broadcast time for buffering, cooperating with each other.

If PVRs do not cooperate to buffer broadcast programs to support each other’s time-
shifting, they can time-shift only the parts of the programs that have been played back
before. On the contrary, our buffering schemes enable people to watch any TV program
from the beginning even if the broadcasting of the program has already started or even
ended. That is, people can watch any broadcast program at any time, even on the channels
they have not turned on before.

To determine which chunks are to be buffered, our proposed Degree of Deficiency
and Proximity (D_DP)-based scheme prioritizes all time ranges depending on two factors:
how deficient the number of copies of chunks is at each time range and how close to the
live broadcast time the time range is [16]. To further improve performance, the Ratio
of Playback Requests to Chunk Copies (R_RC)-based scheme considers the ratio of the
number of actual requests to that of chunk copies already buffered. This scheme can
evaluate the priority of each time range more accurately by evaluating the number of actual
requests to be processed subsequently.

By utilizing the existing resources efficiently without investing more in expanding
service capacity of the system, our proposed schemes can further improve the performance
of time-shifted live streaming system. They can also adaptively adjust their computation
loads depending on request arrival rates and computation capacity of tracker servers.
Furthermore, they can be leveraged to alleviate the resource consumption on CDNs when
employing both P2P networks and CDNs.

Through extensive simulations, we show that our proposed buffering schemes can
significantly extend the time-shifting hours compared with when PVRs buffer the broadcast
programs independently of each other. We also compare the performance of the two
buffering schemes in terms of playback continuity and startup delay while varying the
buffer size, playback request distribution, and the number of participating PVRs.

This paper is organized as follows: Section 2 describes work related to this paper.
Section 3 describes our two proposed buffering schemes in detail. Section 4 compares the
experimental results of the two buffering schemes. Finally, Section 5 offers conclusions.

2. Related Work

In addition to recent advances in information technologies, the proliferation in smart
devices such as PVRs equipped with built-in storage devices have enabled people to watch
video in a convenient way [1–3]. However, unless the PVRs are connected to broadband,
they can support only limited time-shifting hours due to the shortage of their local storage
space. To overcome this problem, networked PVRs with broadband connections have been
developed so that they can receive data from a network.

On the other hand, video data traffic on the Internet have been growing rapidly and
are predicted to be 82% of all Internet traffic in 2022 [17]. The increasing demands for
VOD services, over-the-top (OTT) services such as Netflix, and time-shifted TV services are
expected to continue driving this trend. To meet the demands of the tremendous amount
of network traffic, CDNs have been employed by providing highly managed and globally
distributed infrastructure as reliable backbones for video delivery. From a cost perspective,
however, it is necessary to alleviate the burdens caused by the increasing video traffic on
CDNs since CDNs require significant investments for expanding their services. To address
the scalability issue in terms of cost, P2P technology has been employed as an alternative
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approach to CDNs [8–10]. Note that available resource capacity in P2P systems increases
with the number of peers without additional investment.

Increasing buffering efficiency has been one of the most important research topics in
P2P streaming systems because peers can play videos back without delays by exchanging
the data each of them is currently buffering. To improve the system performance, it is
therefore critical to make each peer keep buffering the data needed by others. Thus, many
buffering schemes have been proposed in P2P VOD and live streaming systems [18–22].
However, they have different environments from time-shifted streaming systems. That
is, peers store the entire part of each video on their storage devices in P2P VOD systems,
while they receive live broadcast data generated on the fly in the time-shifted streaming
systems. Smaller buffers in a main memory are used to buffer a shorter time period around
live broadcast, and video data are received only from servers or other peers in P2P live
streaming systems, while the reserved local storage space is used to time-shift live broadcast
programs, and video data can be also received directly through broadcast channels in the
time-shifted streaming systems. Therefore, the existing buffering schemes for P2P VOD and
live streaming cannot be applied directly to the time-shifted streaming, and relatively fewer
studies have been thus conducted on buffering techniques for time-shifted live streaming.
They have tried to increase the availability of data required by PVRs based on different
methods. In P2TSS [12], the authors proposed a buffering scheme to reduce the amount
of data received from servers by increasing the hit ratio even though peers locally decide
which blocks to cache for sharing with others through distributed cache algorithms. In [13],
authors proposed a buffering scheme to adjust the ratio of caching and prefetching areas in
a buffer of each peer according to its relative playback position in each playback group.

Unlike these existing studies, in this paper, we propose cooperative buffering schemes
to exploit the characteristics of P2P time-shifted streaming that are different from existing
P2P VOD and live streaming. Our contributions are twofold: first, we extend the time-
shifting hours significantly and improve the performance by utilizing the idle resources
of PVRs playing at the live broadcast time that are otherwise unused. Second, we present
how to reduce the computational complexity by adaptively adjusting evaluation loads
depending on request arrival rates and computation capacity of tracker servers.

3. Cooperative Buffering Schemes for Time-Shifted Live Streaming

In this section, we propose two cooperative buffering schemes for P2P time-shifted
live streaming among networked PVRs. We first describe the overall architecture of our
system. We then explain the schemes based on the Degree of Deficiency and Proximity (D
_DP) and the R_RC(Ratio of Playback Requests to Chunk Copies) in detail.

3.1. Overall System Architecture

Our P2P time-shifted live streaming system consists of streaming servers, a tracker
server, and PVRs, as shown in Figure 2. The streaming servers store all TV programs after
having received them directly through broadcasting channels. They also have sufficient
network bandwidth to transmit a large number of programs to PVRs simultaneously. When
a PVR cannot receive necessary data from other PVRs due to lack of available chunks, the
streaming servers immediately transmit them to avoid service interruption.

The tracker server coordinates our time-shifted live streaming services by managing
the buffering and transmission of broadcast programs among PVRs. First of all, to schedule
buffering live programs in the system, it periodically collects the current status information
including the current playback position of each PVR and the degree of deficiency and the
number of playback requests of each chunk. Based on this information, the tracker server
requests the PVRs playing back at the broadcast time to buffer the chunks of broadcast
programs assigned to themselves. To support the playback of buffered programs, it also
maintains necessary information including a list of available TV programs and the current
connection status of each PVR. When a PVR moves to the desired playback position using
time-shifting functions such as skip-forward/rewind and fast-forward/rewind, the tracker
server gives the PVR a list of neighbor PVRs playing back around the position. After
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receiving a certain number of chunks from neighbor PVRs, the PVR then starts to play
them back. The tracker server also maintains a skip list capable of keeping a list of PVRs
according to playback positions to quickly retrieve the PVRs playing back around the
desired position.

Figure 2. Overall system architecture for P2P time-shifted live streaming among PVRs.

Note that we employ the mesh-pull based P2P networks to provide the streaming
services and the combined storage spaces reserved for time-shifted live streaming among
PVRs form a virtual storage space for cooperating to buffer and exchange live programs.

3.2. Buffering Based on Degree of Deficiency and Proximity

To determine which chunks should be buffered, this buffering scheme considers the
following two factors: deficiency degree of a chunk at each playback period and proximity
degree from the live broadcast time to reflect playback request distributions over time.
Thus, this is called the Degree of Deficiency and Proximity (D_DP)-based scheme in this
paper. In other words, this scheme prioritizes each period depending on how deficient
the number of chunk copies is in the period and how close to the live broadcast time the
period is.

In P2P streaming systems based on mesh-pull structures, peers exchange data with
each other in chunks. To inform other peers of its current buffering status, each PVR sends
buffermap messages indicating which chunks are already buffered and which ones are not.
In this scheme, the tracker server can thus figure out how many copies of each chunk are
buffered among PVRs by collecting their buffermaps periodically.

To derive the criteria to determine the target period for buffering, we first evaluate the
chunk deficiency degree at each period. Table 1 summarizes the symbols used throughout
this paper, and Figure 3 shows the number of chunk copies at each period. pi indicates
i-th period away from the live broadcast time. Cpi represents the number of copies of the
corresponding chunk to pi, implying that the same number of PVRs are currently storing
the chunk.
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Figure 3. A buffering scheme based on the Degree of Deficiency and Proximity.

Table 1. Summary of symbols.

Symbol Definition

pi i-th period away from the live broadcast time
Cpi Number of chunk copies at pi
Qpi 1 or 0 indicating whether or not pi is qualified for the minimum requirement

on the number of neighbor PVRs
MINnb Minimum number of neighbor PVRs required to playback without quality

degradation
b Buffer size of each PVR in periods or chunks

tr(i,b) Time range with b periods long, starting at pi ending at pi+b−1
DDtr(i,b) Deficiency degree of chunks, i.e., ratio of the unqualified periods among all the

periods belonging to tr(i,b)
PDtr(i,b) Proximity degree from the live broadcast time to tr(i,b)

TP Total number of periods during the entire time-shifting hours
w Weight value between DDtr(i,b) and PDtr(i,b)

NRpi Number of chunk copies actually requested at pi
NCpi Number of chunk copies already buffered at pi

ARtr(i,b) Average number of actual playback requests of chunks during tr(i,b)
ACtr(i,b) Average number of buffered copies of chunks during tr(i,b)

rb Partial ratio of b
Nts Number of tracker servers
g Number of chunks in a group corresponding to a period

Np Total number of PVRs in the system
ap Availability of each PVR
λb Number of buffermap transmissions per PVR per second
Iu Aggregate buffermap update interval in multiples of λb in a tracker server
λa Request arrival rate in the system
µts Request service rate of each tracker server
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Qpi denotes whether or not pi is qualified for the minimum requirement on the number
of neighbor PVRs to playback the chunk without quality degradation. That is, if Cpi is
equal to or greater than the minimum required number of neighbor PVRs considering their
average uploading capacities denoted by MINnb, then Qpi becomes 1, and it otherwise
becomes 0, as in Equation (1).

Qpi =

{
1 if Cpi ≥ MINnb
0 otherwise

(1)

We can also obtain the ratio of the qualified periods to all the periods belonging to

tr(i,b) by dividing
i+b−1

∑
k=i

Qpk by b. b and tr(i,b) denote the buffer size of each PVR in periods

or chunks and the time range starting at pi ending at pi+b−1. Note that b and MINnb are
set to 5 and 2, respectively, in Figure 3. DDtr(i,b) represents the deficiency degree of chunks,
i.e., the ratio of the unqualified periods to all the periods belonging to tr(i,b) calculated by
subtracting the ratio from 1, as in Equation (2).

DDtr(i,b) = 1−

i+b−1
∑

k=i
Qpk

b
(2)

Equation (2) indicates that, as the value of DDtr(i,b) increases, the number of buffered
chunks during tr(i,b) becomes more deficient. Thus, it is necessary to make more copies of
chunks for the time range so that PVRs can play them back without quality degradation
during the time range.

We also need to consider the fact that, as mentioned above, playback requests are
skewed to several minutes after the live broadcast time and the number of requests sharply
decreases afterwards. This implies that more copies of chunks should be buffered for the
periods closer to the live broadcast time to support more concurrent playback requests. To
reflect this trend of the playback request distribution over time periods, we first calculate
the relative distance of tr(i,b) from the live broadcast time based on its middle period, as in
d i+b−1

2 e
TP , where TP denotes the total number of periods during the entire time-shifting hours.

We can then evaluate PDtr(i,b) indicating the proximity degree from the live broadcast time
to tr(i,b) by subtracting the distance from 1, as in Equation (3).

PDtr(i,b) = 1−
d i+b−1

2 e
TP

(3)

It can be seen from Equation (3) that, as the value of PDtr(i,b) becomes larger, playback
requests belonging to tr(i,b) become more popular since the time range becomes closer
to the live broadcast time. This also implies that more copies of chunks are needed to
accommodate all the concurrent playback requests during the time range. As mentioned
above, since the PVRs playing back at the live broadcast time receive TV signals directly
through their tuners, they need neither to exchange them with other PVRs nor to buffer
them. Thus, the tracker server requests those PVRs to buffer the chunks belonging to some
periods before the live broadcast time by utilizing their idle resources needed for buffering.

To select the time range that is likely to contribute the most to the system performance,
the tracker server considers the criteria of DDtr(i,b) and PDtr(i,b) as shown in Equation (4):

TP−b−1
max
i=0

{DDtr(i,b) × w + PDtr(i,b) × (1− w)} (4)

The tracker server evaluates DDtr(i,b) and PDtr(i,b) of each time range by sliding the
buffer-sized window by one period. The time range with a maximum value among all the
candidates is selected so that the PVRs playing at the live broadcast time can buffer more
copies of the most needed chunks.

In Equation (4), w is the weight value between DDtr(i,b) and PDtr(i,b) . Thus, w can
be adjusted depending on the system environment, especially the program popularity
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distribution over periods. If the playback requests of PVRs are relatively more concentrated
around the live broadcast time, we need to decrease w so that the portion of PDtr(i,b) can be
given more weight. On the contrary, in the situation where it is a more important factor for
performance improvement to make more copies of insufficient chunks since the requests
are less concentrated around the broadcast time, it is necessary to increase w so that the
portion of DDtr(i,b) can be reflected more.

3.3. Buffering Based on Ratios of Playback Requests to Chunk Copies

The above D_DP-based buffering scheme determines the time ranges to be buffered,
based on not only the playback request distribution over time, but also the number of
copies of each chunk that are currently buffered, irrespective of the number of actual
requests to be processed subsequently. In fact, the number of actual playback requests for
each chunk may be different from its estimated number based on its current number. For
example, in Figure 4, the total number of chunk copies at tr(k+5,5) is eight, while that at
tr(k,5) is seven. According to the D_DP-based scheme, of the two time ranges, tr(k,5) will be
selected since the DDtr(k,5) value is larger and PDtr(k,5) values are also larger. However, we
can see that the numbers of actual requests at tr(k,5) and tr(k+5,5) are 12 and 22, respectively.
That is, the number of actual requests at tr(k+5,5) is almost twice that at tr(k,5). This indicates
that the chunks at tr(k+5,5) should be buffered more urgently to prevent playback quality
disruption. To determine the priority of each time range for buffering more accurately, we
therefore propose the Ratio of Playback Requests to Chunk Copies (R_RC)-based scheme
to consider the ratio of the number of actual requests to be processed subsequently to that
of chunk copies already buffered.

Figure 4. A buffering scheme based on the Ratio of Playback Requests to Chunk Copies.

In our time-shifted live streaming system based on P2P networks, PVRs exchange
data with each other on the mesh-pull structure. They periodically receive the buffermaps
of neighbor PVRs and identify which PVRs are storing necessary chunks. After explicitly
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requesting each necessary chunk to neighbor PVRs, they eventually receive it. By investi-
gating buffermaps of all PVRs, as shown in Figure 4, the tracker server can thus determine
how many copies of each chunk among PVRs are actually requested and already buffered.

To derive how to determine the time range to be buffered, we first calculate both the
number of copies of each chunk actually requested at pi, denoted by NRpi , and the number
of its copies already buffered at pi, denoted by NCpi , as shown in Figure 4. For example,
since five PVRs actually requested the chunk and two already buffered it at pk+5, NRpk+5

and NCpk+5 become 5 and 2, respectively. We can also obtain the average numbers of actual
playback requests and buffered copies of chunks during tr(i,b), denoted by ARtr(i,b) and
ACtr(i,b) , respectively, as in Equations (5) and (6).

ARtr(i,b) =

i+b−1
∑

k=i
NRpk

b
(5)

ACtr(i,b) =

i+b−1
∑

k=i
NCpk

b
(6)

The tracker server finally selects the time range with a maximum value of the ratio of
ARtr(i,b) and ACtr(i,b) , as in Equation (7).

TP−b−1
min
i=0

{
ARtr(i,b)

ACtr(i,b)

}
(7)

Note that, as the ratio increases, the PVRs playing back at the corresponding time
range should process relatively more requests compared to the number of chunk copies
already buffered. This indicates that, to further improve the performance, it is required to
buffer more chunk copies for the time range with a higher ratio.

On the other hand, when a PVR moves from the live broadcast time to another
playback position by carrying out time-shifted functions, they stop buffering the chunks
assigned previously and start to buffer the chunks having been played back for their own
time-shifting. It is also noted that, when there is no room to store newly coming chunks in
the storage spaces reserved for time-shifting, the earliest buffered chunks are replaced with
the new ones.

3.4. Computational Complexity

In this subsection, we analyze the computational complexity of our proposed co-
operative buffering schemes and present how to reduce it depending on computation
loads and capacity of tracker servers. In both D_DP- and R_RC-based schemes, tracker
servers should perform two tasks of determining the time ranges to be buffered when any
PVRs start to playback live broadcast and periodically updating the aggregate buffermap
information in the system.

First, for the task to determine the target time ranges to be buffered, they should
evaluate DDtr(i,b) , PDtr(i,b) , ARtr(i,b) , and ACtr(i,b) per pi while i varies from 1 to TP. This
indicates that the computational complexity of this task is O(TP), since we assume the
tracker servers evaluate them for each period. However, the complexity can be reduced
considerably, i.e., to O( TP

b·rb
) simply by evaluating them every b · rb periods, not every single

period. Note that rb represents a partial ratio of b. Moreover, if we employ more than one
tracker server, the loads on each tracker server can be reduced to O( TP

b·rb ·Nts
) where Nts

represents the number of tracker servers in the system.
Second, the tracker servers should also update the aggregate buffermap information

in the system reflecting the current buffering status of all PVRs. The information is used
to evaluate the criteria for determining the time ranges to be buffered in both D_DP and
R_RC-based schemes. The computational complexity of this task is O(b) since b chunks
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are updated in the aggregate buffermap each time the track server receives one buffermap
from PVRs. However, this complexity can be also reduced to O( b

g ) simply by making each
period consist of a group of g chunks, not one chunk. We can further reduce the complexity
by decreasing the total number of update operations per second. Let Np, ap, λb, and Iu
denote the total number of PVRs in the system, the availability of each PVR, the number of
buffermap transmissions per PVR per second, and the aggregate buffermap update interval
in multiples of λb in a tracker server, respectively. We can evaluate the average number
of participating PVRs at a specific time by multiplying Np by ap. Since the tracker server
receives buffermaps at a rate of λb per PVR per second, the total number of buffermaps
received from all participating PVRs for one second is λb · Np · ap. To alleviate the loads
for the tracker server to perform the aggregate buffermap update operations, it may not
perform the operations each time it receives one buffermap. In addition, the loads can be
distributed on more than one tracker server. We can eventually reduce the number of the
update operations performed by one tracker server for one second to λb ·Np ·ap

Iu ·Nts
.

To support our time-shifted live streaming services in real time, we determine the
number of tracker servers adaptively, depending on the request arrival rate in the system
(λa) and the request service rate of each tracker server (µts). To accommodate all the
requests without quality disruption, the number of tracker servers (Nts) should be at least
d λa

µts
e. Thus, our buffering schemes employ additional tracker servers or restrict the number

of requests to be admitted as λa increases. Note that µts can be obtained by investigating
the maximum number of requests being served while the average playback continuity of all
the requests is over a predetermined percentage. It is also noted that our proposed schemes
can further achieve the computation offloading of PVRs by removing the exchange of the
keep-alive messages between PVRs, instead maintaining the aggregate buffermap to verify
if each PVR is still participating in the network.

4. Experimental Results

To show the effectiveness of our cooperative buffering schemes for time-shifted live
streaming of PVRs, we performed extensive simulations in a PeerSim P2P simulator. We
set backbone network bandwidth to 10 Gbps and set the ratio of the bandwidth between a
PVR and a router so that the portions of 100 Mbps, 50 Mbps, 20 Mbps, and 10 Mbps could
be 10%, 50%, 20%, and 20%, respectively. The maximum number of neighbors of each PVR
and the minimum required number of neighbors to playback without quality degradation,
i.e., MINnb, were set to six and four, respectively. The inter-arrival and inter-leaving rates
followed a Poisson distribution with a mean of 3400 s. The playback rate of each program
is 720 Kbps, and it is divided at a rate of three chunks per second. The size of each chunk
was 30 KB, and each PVR buffers at least 45 chunks corresponding to 15 s before initial
playback. However, note that a PVR can receive 45 chunks more quickly, i.e., without
waiting for 15 s, if it runs under good conditions. Table 2 shows the simulation parameters
used in this section.

To compare the performance of our proposed schemes according to the buffer size, we
changed it to 150, 300, and 450 s. To reflect the fact that a large portion of playback requests
are concentrated near the live broadcasting time and the others are dispersed over the entire
time-shifting hours, we used three types of playback request distributions according to the
degree of concentration of playback requests around the live broadcast time: distribution 1
(the highest concentration degree), distribution 2 (the middle one), and distribution 3 (the
lowest one), as shown in Figure 5. To show the performance of the schemes according to
the number of participating PVRs, we also varied it between 1200 and 2400.
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Table 2. Simulation parameters.

Parameter Default Value

Number of participating PVRs 1200
Backbone network bandwidth 10 Gbps
Bandwidth between router and PVR 100 Mbps: 10%

50 Mbps: 50%
20 Mbps: 20%
10 Mbps: 20%

Maximum number of neighbor PVRs 6
MINnb 4
Average inter-arrival and inter-leaving rate 3400 s
Video playback rate 720 Kbps
Number of chunks per second 3
Chunk size 30 KB
Buffer size in seconds 150
Number of buffered chunks required for initial playback 45 chunks (15 s)
Simulation duration 36,000 s

Figure 5. Three types of playback request distributions according to the concentration degree around
the live broadcast time.

In this section, we compare the performance of our proposed buffering schemes
based on D_DP with different w values and R_RC with each other in terms of playback
continuity and startup delay while varying the parameters of buffer size, playback request
distribution, and the number of PVRs.

4.1. Playback Continuity

First of all, we can see from Figures 6–8 that our proposed buffering schemes can
substantially extend effective time-shifting hours compared with when PVRs buffer the
same broadcast programs independently of each other. In Figure 6, each independent PVR
can store only the parts of the programs corresponding to 450 s, whereas our buffering
schemes extend effective time-shifting hours whose playback continuities are over 90%
to 7.4, 6.8, 4.5, and 3.2 h for the R_RC-based scheme and the D_DP-based scheme with w
values of 0.1, 0.5, and 0.9, respectively. This significant improvement is possible because
PVRs playing back at the live broadcast time work together to buffer for each other’s
time-shifting. It is also evident that, as we use the larger buffer, we can obtain more
time-shifting hours.
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Figure 6. Comparison of playback requests between D_DP and R_RP in distribution 1 with a
450 s buffer.

Figure 7. Comparison of playback requests between D_DP and R_RP in distribution 1 with a 300 s buffer.

Figure 8. Comparison of playback requests between D_DP and R_RP in distribution 1 with a 150 s buffer.

Figures 6–8 show the playback continuity of the R_RC-based scheme and the D_DP-
based scheme with w values of 0.1, 0.5, and 0.9 while changing the buffer size to 150, 300,
and 450 s in distribution 1. We can see that the playback continuity of the R_RC-based
scheme is higher than the D_DP-based scheme with all w values in all buffer sizes. When
the buffer size is 300 s, the average playback continuity of the R_RC-based scheme for
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16 time-shifting hours is 84.1%, whereas those of the D_DP-based scheme with w values of
0.1, 0.5, and 0.9 are 81.1%, 72.9%, and 51.2%, respectively. In particular, when the buffer
size is 300 s, the average playback continuity of the R_RC-based scheme for the first two
time-shifting hours is 95.6%, while that of the D_DP-based scheme with w values of 0.9 is
70.0%, which indicates a 25.6% performance difference. The reason for this is that the
R_RC-based scheme can adjust the number of chunk copies required immediately more
accurately by evaluating the number of actual requests.

It can be also seen that the playback continuity in all the schemes improves as the
buffer size increases. The average playback continuity of the R_RC-based scheme with
buffer sizes of 450 s and 150 s for 10 time-shifting hours is 91.5% and 78.1%, respectively,
which is a 13.4% improvement. The difference in the D_DP-based scheme with the w value
of 0.9 between two buffer sizes is 49.7%. It is obvious that more chunks can be shared
among PVRs with larger buffers since a larger buffer can accommodate more chunks.

We can also see that the performance degrades as playback positions go further from
the live broadcast time. The playback continuities of the R_RC-based scheme with a buffer
size of 300 s are 95.6% and 68.0% at the 2nd and 15th hour positions after the live broadcast
time, respectively. The reason for this is that the number of playback requests decreases
due to the reduced popularity as the playback position becomes further away from the live
broadcast time. Thus, it is more likely that the number of neighbor PVRs at the position
cannot be greater than MINnb. It is also evident from Figures 6–8 that the performance
can become even worse with smaller buffer sizes due to lack of available chunks required
for playback.

It is noted that the playback continuity of the D_DP-based scheme increases as the
w value decreases. When the buffer size is 150 s, the average playback continuity of the
D_DP-based scheme with w values of 0.1 and 0.9 for the first 10 time-shifting hours is 75.4%
and 30.6%, respectively. This considerable difference is caused by the fact that the proximity
degree from the live broadcast time, i.e., PDtr(i,b) , is more weighted in Equation (4) as the
w value decreases. Thus, the smallest w value is best adjusted to the distribution 1, whose
concentration degree around the live broadcast time is highest in these simulations.

On the other hand, Figures 8–10 demonstrate that the performance of the D_DP-
based scheme is significantly affected by the w value selected according to the types of
playback request distributions. When the w value is 0.9 in distribution 1, 2 and 3, the
average playback continuity for the first 16 h is 19.6%, 57.9%, and 75.1%, respectively. This
substantial difference is because, as the w value becomes smaller, the chunks closer to
the live broadcast time are more buffered. Thus, when the w value is 0.9 in distribution 1,
the D_DP-based scheme determines the target time range mainly based on the deficiency
degree, reflecting only 10% proportion in the proximity degree even though most of
playback requests are concentrated around the live broadcast time. As a result, the average
playback continuity is only 19.6% with a w value of 0.9. On the contrary, when using
distribution 3, where playback requests are most evenly distributed over time among three
types of distributions, the average playback continuity with a w value of 0.9 is 75.1%, which
is almost the same as those with other w values and the D_DP-based scheme.

It is noted that the performance of the R_RC-based scheme is not significantly affected
by the types of playback request distributions. In particular, the difference in the average
playback continuity for 16 h between the distributions 1 and 2 is only 0.7%. The reason for
this is that the R_RC-based scheme determines the target time range based on the number
of actual requests regardless of how high the request concentration degree is around the
live broadcast time.

Figure 11 shows the experimental results when the number of participating PVRs is
2400 with the buffer size of 150 s. This experiment doubles the number of PVRs and halves
the buffer size compared to the experiment shown in Figure 7. Note that the experimental
results from Figures 7 and 11 show a similar performance. This is because a similar data
duplication degree can be maintained at most playback positions since the doubled PVRs
can compensate for the half-sized buffer.
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Figure 9. Comparison of playback requests between D_DP and R_RP in distribution 2 with a
150 s buffer.

Figure 10. Comparison of playback requests between D_DP and R_RP in distribution 3 with a
150 s buffer.

Figure 11. Comparison of playback requests between D_DP and R_RP in distribution 1 with a 150 s
buffer when the number of PVRs is 2400.

Note that the experiments with the smaller w values show better performance in all
types of distributions. This is because the tendency to watch TV around the live broadcast
time is reflected in all types of distributions, even if the concentration degree around that
time may differ depending on the types of playback request distributions.
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4.2. Startup Delay

Figures 12–14 show the startup delay of the R_RC-based scheme and the D_DP-
based scheme with w values of 0.1, 0.5, and 0.9 and a buffer size of 300 s when using
distribution 1, 2, and 3, respectively. Similar to the experimental results on the playback
continuity, the R_RC-based scheme outperforms the D_DP-based scheme in all cases
because the R_RC-based scheme is capable of evaluating the number of actual requests
more accurately. The average startup delay of the R_RC-based scheme for the first 10 time-
shifting hours in distribution 1 is 6.6 s, while those of the D_DP-based scheme with w values
of 0.1, 0.5, and 0.9 are 7.1, 9.0, and 12.3 s, respectively.

Figure 12. Comparison of startup delay between D_DP and R_RP in distribution 1 with 300 s buffer.

Figure 13. Comparison of startup delay between D_DP and R_RP in distribution 2 with 300 s buffer.

Figure 14. Comparison of startup delay between D_DP and R_RP in distribution 3 with a 300 s buffer.

We can also see that the differences in the startup delay among the R_RC-based
scheme and D_DP-based schemes with three w values become longer as the playback
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requests are more concentrated around the live broadcast time as in distribution 1. The
largest differences in the average startup delay of distribution 1, 2, and 3 among them are
5.7, 3.7, and 0.6 s, respectively. This is because, as the playback requests are more uniformly
distributed over time as in distribution 3, the proximity degree to reflect the concentration
degree of playback requests around live broadcast time becomes a relatively less important
factor for determining the target time range.

As expected, the startup delay of all the schemes increases as the playback positions
go further from the live broadcast time, for example, when the startup delays of the
R_RC-based scheme for 2 and 16 h away from the live broadcast time are 5.2 and 11.9 s,
respectively. The reason is that the chunks required for initial playback can be received
more quickly around the live broadcast time than at distant positions since much more
PVRs are likely to play back around the time.

4.3. Computation Reduction of Cooperative Buffering Schemes

Figure 15 shows the computational complexity of the D_DP and R_RP-based schemes
in terms of the number of operations required to evaluate the criteria when a tracker server
determines the target time range to be buffered and when the buffer size is 300 s. We varied
the entire time-shifting hours provided by all participating PVRs from 50 to 250 min, rb
value from 0.4 to 1, and Nts between 1 and 3. We can see that the number of operations is
only 9 when rb is 1 and the time-shifting hours are 50 min and 124 when rb is 0.4 and the
time-shifting hours are 250 min. This is because the operations should be performed for
more time ranges as time-shifting hours are extended or rb decreases. This implies that we
can control the complexity by adjusting rb. Moreover, we can further reduce the complexity
by employing more tracker servers. It can be seen that, when Nts becomes 3, the number of
operations decreases to one third in all cases because the evaluation loads are distributed
to more tracker servers.

Figure 15. The number of criteria determination operations according to time-shifting hours with a
300 s buffer.

Figure 16 demonstrates the number of the aggregate buffermap update operations
per second according to Np while varying Iu and Nts. As expected, we can see that the
number of operations per second is only 14 when Np is 500 and Iu is 9, while 208 when Np
is 2500 and Iu is 3. This indicates that as Np decreases and Iu increases, the total number
of the update operations for the aggregate buffermap can be reduced significantly by
extending the interval of the operations. It can be also seen that, with the increased Nts, the
complexity can be further reduced to a similar degree.
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Figure 16. The number of the aggregate buffermap update operations according to Np with a
300 s buffer.

Therefore, we can see that our proposed schemes can provide the time-shifted live-
streaming services in real time by adaptively adjusting their computational complexity,
i.e., by extending the intervals of target time ranges and the aggregate buffermap update
operations, and increasing the number of tracker servers, depending on request arrival
rates and computation capacity of tracker servers.

5. Conclusions

In this paper, we proposed a time-shifted live streaming system based on P2P tech-
nologies that are highly scalable at a low cost so that PVRs can share TV programs with
each other. We also proposed two cooperative buffering schemes to provide the stream-
ing services for time-shifted periods even when the number of PVRs playing back at the
periods is insufficient. This is possible because the proposed schemes can utilize the idle
resources of the PVRs playing back at the live broadcast time by working together with
each other. As a result, people can watch any broadcast program at any time even on the
channels that they have not watched before. To determine which chunks to be buffered,
the D_DP-based scheme prioritizes each time range depending on its degree of chunk
deficiency and proximity to the live broadcast time, while the R_RC-based scheme con-
siders the ratio of the number of actual requests to that of chunk copies already buffered.
Through extensive simulations, we showed that our proposed schemes can considerably
extend the time-shifting hours compared with when PVRs buffer the broadcast programs
independently of each other. The performance of the two schemes was also compared in
terms of playback continuity and startup delay while varying the buffer size, playback
request distribution, and the number of PVRs.
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