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Abstract In recent years, software update has become one of the essential
functions in the current Internet to maintain devices safe from a various types
of attacks. If the number of software users is enormous, distribution servers
tend to be bottlenecks, due to the access concentration. To alleviate this prob-
lem, several systems (e.g., Windows update) have started applying peer-to-
peer (P2P) file distribution where clients (peers) assist the distribution by
uploading retrieved fragments of the file (i.e., pieces) to others. However, it
has been pointed out that many peers tend to be free riders, which are not
willing to upload pieces to others, so as to save their upload capacity. Tit-
for-tat (TFT) strategy in game theory is one of the practical mechanisms to
build reciprocity between each pair of peers. In this paper, we first develop a
linear program (LP) as a tool to analyze the minimum distribution time of
the TFT-based P2P file distribution under arbitrary upload capacity distri-
bution. Focusing on the fact that access links can be categorized into multiple
classes in the current Internet, we further extend the general formulation to
multi-class formulation, which does not depend on the system scale. Through
numerical results, we reveal the fundamental characteristics of the TFT-based
P2P file distribution.
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1 Introduction

In recent years, software update has become one of the essential functions in
the current Internet to maintain devices safe from a various types of attacks.
If the software is proliferated as in operating systems (OS) (e.g., Windows,
macOS, and Linux), distribution servers tend to be bottlenecks, due to the
access concentration. In case of software update, periodical update (e.g., up-
date per month) tends to be required to fix vulnerabilities found so far, which
causes steep increase of access requests just after the new release (i.e., flash
crowd) [1].

To alleviate the access concentration to the distribution servers, several
systems (e.g., Windows Update) have started applying the peer-to-peer (P2P)
assisted distribution [2]. In the P2P file distribution, the server divides the
entire file into lots of small fragments (i.e., pieces or chunks) and sends them
to user devices called peers. Each peer can retrieve pieces from the server
as well as other peers, which contributes to reduction of load on the server.
Note that the performance of such P2P file distribution systems will be highly
affected by peers’ behavior, i.e., cooperative/uncooperative to providing pieces
to others.

Each peer is an individual user’s device and consumes its own upload ca-
pacity to upload pieces to others. As a result, it has been pointed out that
most peers tend to be free riders, which only download from others without
uploading to others, so as to avoid degradation of quality of other network
services running on its own device and/or additional monetary cost under the
access fee plan depending on the usage [3]. BitTorrent [4], one of the most
famous P2P file distribution systems, adopts a game theoretic approach called
the tit-for-tat (TFT) strategy to achieve mutual reciprocity between any pair
of peers [5].

Recently, several studies have analyzed the optimality of the TFT-based
P2P content distribution from various aspects [6–9]. These studies formulated
integer linear programs (ILPs) to determine the optimal piece flow for the
TFT-based content distribution with different objectives. Note that the piece
flow is the information that describes the transfer timing of pieces between
nodes (i.e., server or peer). They obtained the optimal piece flow by solving
the formulated ILPs using the existing solver (i.e., CPLEX [10]) and analyzed
the obtained optimal flow to reveal the mechanism yielding the optimal piece
flow (e.g., peer and piece selection at the server and peers). The piece-based
precise analysis is the strength of these approaches while the complexity of
ILPs hinders the direct analysis of large-scale systems.

As for the P2P file distribution without the TFT strategy, the minimum
distribution time was explicitly derived using the fluid model under the as-
sumption where all peers simultaneously finish file downloading [11]. In this
paper, inspired by this approach, we formulate a linear program (LP) to min-
imize the file distribution time under the assumption where all peers finish
file downloading at the same time. Although both LP and ILP are NP-hard,
it is prone to be much easier to solve LP than ILP because of its continuous
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solution space [12]. In fact, we will show the proposed LP-based approach can
directly solve the large scale systems with more than thousand nodes.

The main contributions of the manuscript are following.

1. An LP is developed as a tool to analyze the minimum distribution time
of the TFT-based P2P file distribution under arbitrary upload capacity
distribution.

2. By considering the fact that access links can be categorized into multiple
classes in the current Internet, we further extend the general formulation to
multi-class formulation whose problem size does not depend on the system
scale, i.e., the number of peers.

3. Through numerical evaluations using CPLEX, we show the LP-based ap-
proach can analyze systems with more than thousand peers, which is much
scalable than the existing ILP-based approach that can support less than
tens of peers.

4. Through the analysis of the optimal solutions under two-class upload ca-
pacity scenarios (i.e., high-speed peers and low-speed ones), we reveal the
fundamental characteristics of the optimality of the TFT-based P2P file
distribution: (a) scalability to the number of peers, (b) impact of frac-
tion of free riders, (c) impact of fraction of high-speed peers and capacity
difference between high-speed and low-speed peers, (d) impact of upload
capacity of server, and (e) impact of network partitioning.

5. The effectiveness of the TFT-based P2P file distribution is also confirmed
through numerical results under practical scenario based on the number
and distribution of fixed-line broadband service subscriptions in Japan.

The remaining part is organized as follows. Section 2 gives related work.
After introducing the system model in Section 3, we formulate the LP to
minimize the file distribution time of the TFT-based P2P file distribution
in Section 4. Section 5 demonstrates the fundamental characteristics of the
minimum file distribution time of the TFT-based P2P file distribution through
numerical results. Finally, we give the conclusions and future work in Section 6.

2 Related work

Compared with the performance analysis of the conventional client–server file
distribution, that of the P2P file distribution has been challenging, due to its
complex features such as selfish/rational behavior of individual peers (e.g., free
riding [3] and departure just after file downloading [13]) and its countermea-
sures (e.g., TFT strategy), distributed control, and peer churn [14].

There are extensive studies on the performance analysis of the P2P file
distribution in different approaches: queuing models [15–17], fluid models [11,
18–23], discrete-time model [24–26], and ILP models [6–9].

From the viewpoint of the types of P2P file distribution, the initial studies
mainly focused on the cooperative models where all peers are altruistically
provide retrieved pieces with other peers [11, 15, 16, 19]. However, it has been
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pointed out that such cooperative models are not practical and many peers
tend to be free riders in actual P2P file distribution systems [3]. BitTorrent is
one the most successful P2P file distribution systems to alleviate the free-riding
problem by introducing the TFT strategy into piece exchange between peers.
Some of the existing studies analyzed the performance of BitTorrent(-like)
systems [17, 20–22, 25–27]. BitTorrent does not include the TFT strategy but
also other complicated mechanisms (e.g., optimistic unchoking). Since these
mechanisms are intuitively designed and introduced, there are also several
studies on analyzing the optimality of the TFT-based P2P file distribution to
reveal the potential of the TFT strategy itself [6–9,24].

In [24], the authors analyzed the minimum distribution time of the TFT
model and compared with those of conventional client–server model and al-
truistic model. Their discrete-time and piece-level analysis relied on the as-
sumptions where all nodes have the same upload capacity and all the pieces
are of equal size. The optimality of the TFT-based P2P content distribution
under heterogeneous upload capacity distribution among peers was also ana-
lyzed [6–9]. These studies developed ILP models to reveal the optimal piece-
flow in terms of file distribution [6], video/audio streaming [7], logical P2P
topology [8], and locality-awareness [9]. Although these ILP models enabled
the precise piece-level analysis, they could not directly analyze the large-scale
systems, due to high computation complexity.

Inspired by the fluid-model based analysis of the minimum distribution
time of cooperative P2P file distribution [11], we newly develop LP model to
minimize the distribution time of the TFT-based P2P file distribution under
the assumption that all peers simultaneously finish file downloading. Although
LP is also NP-hard as ILP, it is prone to be much easier to be solved because
of its continuous solution space [12].

3 System model

We consider a TFT-based P2P distribution system that consists of one server,
denoted by S, and NP (NP ≥ 1) peers, denoted by NP. We also define the set
of nodes (i.e., server or peers) as N = {S} ∪NP. Note that the one server can
also be regarded as a cluster of multiple servers. At the initial state (t = 0),
only the server S has a file of size F (F > 0). On the other hand, all the peers
initially do not have any portion (piece) of the file. They can obtain pieces
from the server as well as the other peers. If a peer completes file downloading
and has the whole file, it is called a seed. Otherwise, it is called a leecher.

Each node i ∈ N has an upload capacity Ui (Ui ≥ 0), with which the node
i can transmit bits at the maximum. Since the download capacity tends to be
much larger than the upload capacity in the current Internet, we assume that
the upload capacity of each node can be the bottleneck.

As in [11], we consider a fluid model where a leecher can replicate and
forward a bit immediately after its reception. This assumption plays a key role
of modeling the optimal rate allocation in the TFT-based P2P file distribution.
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Fig. 1: Considered system configuration and download rate between nodes
(NP = 3).

Fig. 1 illustrates the system configuration considered in this paper. There are
NP application-level multicast trees, each of which has the server as its root,
one leecher i ∈ NP directly connected to the root, and the other NP−1 leechers
connected to the leecher i. We focus on the direct transfer from the server to
each leecher and the next-hop transfer from one leecher to others.

The main goal is to find the minimum file distribution time Tmin and the
corresponding download rate profile, d = (d1, . . . , dNP), under the assumption
that all the peers simultaneously finish file downloading, as in [11]. Since all
the peers finish file downloading at the same time, they can always be regarded
as leechers in our analysis. Here, di (di ≥ 0) is the download rate at which the
leecher i ∈ NP downloads fresh content from the server and other leechers:

di = dS,i +
∑

j∈NP\{i}

dj,i, (1)

where di,j (i ∈ N , j ∈ NP, i ̸= j, di,j ≥ 0) is the download rate from node i
to node j. Since we assume that all the peers simultaneously finish file down-
loading, di will be identical, i.e., d (d > 0). Different from the system model
in [11], our model requires for each pair of leechers i and j (i, j ∈ NP, i ̸= j) to
exchange the same amount of data, i.e., di,j = dj,i, under the TFT constraint,
which makes the analysis more complicated.

So far we mainly focus on the rate allocation among nodes. In case of the
file distribution, we also need to ensure that each leecher can retrieve fresh
content from the server and other leechers. This will be satisfied in a similar
way to that in [11]. Fig. 2 illustrates the initial bit-level flow of the leecher 1
when NP = 3. The serer S divides the file into NP different pieces, each of
which will have different size depending on dS,i. The leecher 1 starts retrieving
the beginning of the piece 1 from the server S at the rate of dS,1. It immediately
forwards the retrieved portion of the piece 1 to leecher 2 (resp. leecher 3) at
the rate of d1,2 (resp. d1,3) while satisfying d1,2 ≤ dS,1 (resp. d1,3 ≤ dS,1).
At this time, the leecher 1 also retrieves the piece 2 (resp. piece 3) from the
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Fig. 2: Bit-level flow of leecher 1 at the initial state (NP = 3).

Fig. 3: Bit-level flow of leecher 1 after the complete download of allocated
piece 1 in case of cooperative P2P distribution (When the server S’s upload
capacity is abundant compared with the upload capacities of peers, NP = 3).

leecher 2 (resp. leecher 3) at the rate of d2,1 (resp. d3,1) where d2,1 = d1,2
(resp. d3,1 = d1,3) should hold under the TFT constraint.

For simplicity, suppose all peers i ∈ NP have the same upload capacity
Ui = U . If the server S’s upload capacity becomes bottleneck, di,j = dS,i,
di,j = dj,i, and

∑
j∈NP\{i} dj,i ≤ U (i, j ∈ NP, i ̸= j) are satisfied. Since∑

i∈NP
dS,i = US, each peer i ∈ NP achieves its download rate di = dS,i +∑

j∈NP\{i} dj,i =
∑

i∈NP
dS,i = US. As a result, in this case, all the peers can

finish file downloading at t = F/US, which is also the time required for the
server S sends all the portion of the file to the system. In other words, the
bit-level flow like Fig. 2 is kept during file downloading for all peers, and thus
the exchange of fresh contents between peers is guaranteed.

In other cases, the bit-level flow would be more complicated after the server
S finishes sending all the pieces to the corresponding peers at t = F/US. In
the normal P2P file distribution [11], the exchange of fresh contents between
peers can still be guaranteed by making the server S send the end of each piece
j to peer i (i, j ∈ NP, i ̸= j) as shown in Fig. 3. In the TFT-based P2P file
distribution, more sophisticated piece sending of the server S will be required.
In this paper, we assume that the exchange of fresh contents between peers is
guaranteed during file downloading and the detailed analysis of the bit-level
flow is one of the future directions. In other words, our approach will give at
least the lower bound of the minimum distribution time of the TFT-based
P2P file distribution.

Finally, Table 1 summarizes the notations used in the system model.
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Table 1: Notations.

Notation Definition
S Server id
NP Set of peers NP = {1, . . . , NP}
N Set of nodes N = {S} ∪ NP，N = |N |
Ui Upload capacity of node i ∈ N
dj,i Download rate from node j ∈ N to leecher i ∈ NP

di Total download rate of peer i ∈ NP

d Total download rate of a peer
F File size
T Distribution time

4 Linear program for minimization of distribution time of
TFT-based P2P file distribution

Considering the system model in Section 3, we formulate the minimization
problem of distribution time of the TFT-based P2P file distribution as an
LP. We first give the formulation for a general case (Section 4.1), and then
provide that for a special case where peers are categorized into multiple classes
according to their upload capacities (Section 4.2).

4.1 General case

In the general case, we can formulate the minimization problem of distribution
time of the TFT-based P2P file distribution as the following LP.

min F/d, (2)

s.t. di = d ∀i ∈ NP, (3)

di = dS,i +
∑

j∈NP\{i}

dj,i ∀i ∈ NP, (4)

∑
j∈NP\{i}

di,j ≤ Ui ∀i ∈ N , (5)

di,j ≤ dS,i ∀i, j ∈ NP, i ̸= j, (6)

di,j = dj,i ∀i, j ∈ NP, i < j. (7)

Objective function (2) means that the distribution time F/d should be
minimized. Constraint (3) ensures that all leechers have the same download
rate, and thus they will simultaneously finish the file download. Here, the
download rate of each leecher i ∈ NP is given by the sum of download rates
from the server S and other leechers, as in constraint (4). d, di (i ∈ NP), and
di,j (i ∈ N , j ∈ NP, i ̸= j) are the decision variables and the number of them
is given by 1 +NP +NP(NP − 1) = O(N2

P).
Constraint (5) guarantees that the total upload rate of node i ∈ N should

be equal or less than its upload capacity Ui. Since each leecher i ∈ NP can
only forward the piece retrieved from the server S, constraint (6) ensures that
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its upload rate to other leecher j ∈ NP \ {i} (i.e., di,j) should be equal or less
than its download rate from the server S (i.e., dS,i). Note that each leecher i
can copy and forward the piece retrieved from the server S to other leechers
under its upload capacity constraint in (5). Finally, constraint (7) means the
TFT constraint where leechers i ∈ NP and j ∈ NP \ {i} exchange the same
amount of data. The number of above-mentioned constraints becomes NP +
NP + (NP + 1) +NP(NP − 1) +

(
NP

2

)
= O(N2

P).
All the variables are real and both the objective function and all the con-

straints are linear, and thus this optimization problem is an LP.

4.2 Special case: Multi-class upload capacity

The general formulation in Section 4.1 enables precise analysis under arbitrary
capacity distribution at the cost of computation complexity depending on the
system scaleNP. In the current Internet, the access link can be categorized into
multiple classes (e.g., digital subscriber line (DSL), cable Internet (CATV),
and fiber to the home (FTTH)). In such cases, the general formulation can be
reduced to the following multi-class formulation where each peer belongs to
one of C classes denoted by C = {1, . . . , C}.

min F/d, (8)

s.t. dc = d, ∀c ∈ C, (9)

dc = dS,c + (αcNP − 1)dc,c +
∑

c′∈C\{c}

αc′NPdc′,c ∀c ∈ C, (10)

(αcNP − 1)dc,c +
∑

c′∈C\{c}

αc′NPdc,c′ ≤ Uc ∀c ∈ C, (11)

∑
c∈C

αcNPdS,c ≤ US, (12)

dc,c′ ≤ dS,c ∀c, c′ ∈ C, (13)

dc,c′ = dc′,c ∀c, c′ ∈ C, c < c′. (14)

Here αc (resp. Uc) denote the fraction (resp. upload capacity) of class-c peer
(0 ≤ αc ≤ 1,

∑
c∈C αc = 1, Uc > 0). The objective function is the same as that

in the general case. Constraint (9) ensures that the download rate of each class
should be identical. Constraint (10) gives the total download rate of class-c
peer that consists of the download rate from the server S, those from other
(αcNP − 1) peers at the same class c, and those from other αc′NP peers at
different classes c′ ∈ C \ {c}. Since peers in the same class are homogeneous,
we only need to manage the total download rate per class. In general, the
number of classes, C, tends to be much smaller than the number of peers, NP.
Constraint (11) means that the total upload rate of class-c peer should be equal
or less than its upload capacity Uc. Constraint (12) is the upload capacity
constraint for the server S. Constraint (13) guarantees that each peer can
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provide piece retrieved from the server S to other peers. Finally, constraint (14)
gives the TFT constraint.

The decision variables of the multi-class formulation are d, dc, dS,c, and dc,c′

(c, c′ ∈ C). The number of them is 1+C+C2 = O(C2), which is much smaller
than that in the general formulation, i.e., O(N2

P). In addition, the number of
constraints in the multi-class formulation becomes C+C+C+1+C2+

(
C
2

)
=

O(C2), which is also much smaller than that in the general formulation, i.e.,
O(N2

P).

5 Numerical results

In this section, we reveal the fundamental characteristics of the TFT-based
P2P file distribution by solving the LP formulated in Section 4 using CPLEX.
We use the server with Intel Xeon E5-2650v4 (12 cores and 2.20 GHz) and 256
GB memory to obtain the following results.

5.1 Evaluation scenario

We consider a distribution system where one server S distributes a file of size
100 (F = 100). In the conventional client–server model, only the server S sends
the file of size F to all the NP peers at the same rate US/NP, which makes the
minimum distribution time TCS

min(NP) as follows:

TCS
min(NP) =

F

US/NP
=

FNP

US
. (15)

Eq. (15) indicates that TCS
min(NP) linearly increases with the system scale, NP,

and is not scalable.
On the other hand, if all the NP peers are altruistic (cooperative) to upload

retrieved pieces to others (i.e., altruistic model), the minimum distribution
time TALT

min (NP) is given as follows [11]:

TALT
min (NP) =

F

min
(
N−1

P (US +
∑

i∈NP
Ui), US

) . (16)

If NP → ∞, Eq. (16) approaches

lim
NP→∞

TALT
min (NP) =

F

min(UP, US)
, (17)

where UP = N−1
P

∑
i∈NP

Ui. Eq. (17) indicates that limNP→∞ TALT
min (NP) is

independent of NP, and thus much scalable than the client–server model. Note
that the altruistic model is an ideal case where no peers are willing to be free
riders. In practical systems, there may be βFNP (0 ≤ βF ≤ 1) free riders in
case of the P2P file distribution systems without the TFT constraint (i.e., no
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Table 2: Default parameter settings.

Parameter Default value
Number of peers, NP 1000
Upload capacity of server S, US 100
Upload capacity of high-speed peer, UH 2
Upload capacity of low-speed peer, UL 1
Fraction of high-speed peers, αH 0.2
Fraction of free riders, βF 0
File size, F 100
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Client–server model (US = 100)

TFT model (US = 100)

Altruistic model (US = 100)

TFT model (US = 1)

Altruistic model (US = 1)

Fig. 4: Scalability of file distribution to the number of peers (UH = 2, UL =
1, αH = 0.2, F = 100).

TFT model). The altruistic model can be regarded as a special class of the no
TFT model with βF = 0.

In this paper, we focus on the TFT-based P2P file distribution (i.e., TFT
model), which can achieve βF = 0 by forcing each pair of leechers to ex-
change the same amount of data under the TFT constraint. TCS

min(NP) (resp.
TALT
min (NP)) can be regarded as the upper (resp. lower) bound of the minimum

distribution time TTFT
min (NP) of the TFT model.

In what follows, to reveal the fundamental characteristics of the TFT-
based P2P file distribution, we mainly focus on the two-class upload capacity
case where the system consists of high-speed peers and low-speed peers (C =
{H,L}). Table 2 gives the default parameter settings.

5.2 Scalability of TFT-based P2P file distribution

We first focus on the scalability of the TFT-based P2P file distribution to
the number of peers, NP. Fig. 4 illustrates the relationship between NP and
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Fig. 5: Impact of fraction of free riders (US = 100, UH = 2, UL = 1, αH =
0.2, F = 100).

the minimum distribution time Tmin of three models (i.e., client–server model,
altruistic model, and TFT model) when the upload capacity of the server S,
US, is set to be 100 or 1.

First, we confirm that the minimum distribution time of the client–server
model, TCS

min(NP), linearly increases with NP, as in Eq. (15). On the other
hand, we observe that the two P2P models (i.e., altruistic model and TFT
model) can achieve much smaller minimum distribution time, regardless of
US. Next, we focus on the case with US = 100. The minimum distribution
time of the altruistic model, TALT

min (NP), approaches F/min(UP, US) = F/UP

with increase of NP. We observe that the minimum distribution time of the
TFT model, TTFT

min (NP), first shows the similar tendency (i.e., NP ≤ 120) and
then gradually becomes larger than TALT

min (NP). Note that we can confirm that
TTFT
min (NP) is much smaller (scalable) than TCS

min(NP). The similar tendency
of the distribution time of the altruistic model has also been observed in the
existing studies [11,17,23,27]. As mentioned in Section 5.1, the altruistic model
is equivalent with the no TFT model with βF = 0. The impact of the fraction
of free riders, βF, will be discussed in Section 5.3.

Finally, we focus on the case with US = 1. The distribution time of the
altruistic model, TALT

min (NP), is independent of NP and becomes F/US as in
Eq. (16). In this case, we also confirm that the TFT model achieves the same
performance as the altruistic model.

5.3 Impact of fraction of free riders

In Section 5.2, we confirmed that the altruistic model outperforms the TFT
model under the ideal situations where all the peers are cooperative. In practi-
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Fig. 6: Optimal download rate between nodes (TFT model, US = 100, UH =
2, UL = 1, αH = 0.2, F = 100).

cal, peers are potentially selfish and may be free riders [3]. Since the low-speed
peers tends to deplete their own upload capacities, we select βFNP free riders
from all NP nodes in ascending order of their upload capacities. Note that the
distribution time of the no TFT model, TNOTFT

min (NP), under the free-riding
scenario can be derived by regarding the free riders as peers without upload
capacities (i.e., Ui = 0).

Fig. 5 presents the impact of the fraction of free riders, βF, on the dis-
tribution time of the no TFT model, TNOTFT

min (NP). For comparison purpose,
we also show the distribution time of the client-server model and that of the
TFT model. We observe that TNOTFT

min (NP) increases with βF. Please note that
TNOTFT
min (NP) with βF = 0 (resp. TNOTFT

min (NP) with βF = 1) is equivalent to
TALT
min (NP) (resp. TCS

min(NP)). We confirm that TNOTFT
min (NP) with βF = 0.2 is

similar to TTFT
min (NP). Fig. 5 implies that the TFT-based P2P file distribu-

tion will perform better than the normal P2P file distribution under practical
situations where most peers are prone to be free riders.

In what follows, we further reveal the potential of the TFT-based P2P file
distribution, and thus focus on the two models (i.e., TFT model and altruistic
model).

5.4 Optimal download rate between nodes

In this section, we investigate the optimal download rate between nodes of
the TFT model. Fig. 6 depicts the relationship between the number of peers,
NP, and each download rate between nodes (i.e., d, dS,L, dS,H, dH,H, dL,L, and
dL,H). We first observe that the server S’s upload rate to one low-speed peer,
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Fig. 7: Utilization of upload capacities of nodes (TFT model, US = 100, UH =
2, UL = 1, αH = 0.2, F = 100).

dS,L, is always larger than that to one high-speed peer, dS,H. This result is
consistent with the ILP-based analytical result [6] and the most deprived peer
selection [23].

Next, focusing on the download rate between peers, we confirm that the
download rate between high-speed peers, dH,H, is larger than that between
low-speed peers, dL,L, and that between high-speed and low-speed peers, dH,L,
in case of NP ≤ 120. In this range, both the server’s support for low-speed
peers and the abundant data exchange between high-speed peers enable the
TFT model to achieve the same performance as the altruistic model as shown
in Fig. 4. However, we also confirm that further increase of NP tends to lack
of download rate from the server S at both high-speed and low-speed peers,
which results in the deterioration of the minimum distribution time of the
TFT model compared to that of the altruistic model.

Finally, we also observe that the download rate between high-speed and
low-speed peers, dH,L, is almost zero, regardless of NP. This optimal results
are similar to the bandwidth clustering phenomena observed in the BitTorrent
systems, which not only adopt the TFT strategy but also other complicated
mechanisms like optimistic unchoking [20,28].

5.5 Impact of fraction of high-speed peers

In case of the altruistic model, increase of high-speed peers (i.e., αHNP) will
improve the distribution time thanks to their cooperative assist with abundant
upload capacities. On the contrary, in case of the TFT model, the contribution
of such high-speed peers may be suppressed due to the TFT constraint.
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(a) αH = 0.2.
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(b) αH = 0.5.
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(c) αH = 0.8.

Fig. 8: Impact of the fraction of high-speed peers on distribution time (US =
100, UH = 2, UL = 1, F = 100).
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(a) αH = 0.2.
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(b) αH = 0.5.
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(c) αH = 0.8.

Fig. 9: Impact of capacity difference between high-speed and low-speed peers
on distribution time (US = 100, UL = 1, F = 100).

Fig. 8 presents the impact of the fraction of the high-speed peers, αH, on
the distribution time in case of the altruistic model and TFT model. We first
note here that the distribution time of both models becomes identical in case
of αH = 0, according to the analytical result in [11]. When αH increases, the
increase of high-speed peers contributes to reduction of the distribution time
in case of the both models. When the system scale is relatively small (e.g.,
NP ≤ 130, 190, and 490 in case of αH = 0.2, 0.5, and 0.8), the TFT model
can achieve the same performance as the altruistic model. When NP further
increases, we also confirm that the improvement degree of the altruistic model
becomes large than that of the TFT model.

In what follows, we further investigate which situations the TFT model
becomes attractive.

5.6 Impact of capacity difference between high-speed and low-speed peers

Fig. 9 illustrates the impact of the capacity difference between high-speed and
low-speed peers on the distribution time of the TFT model when the upload
capacity of high-speed peer, UH, is set to be 2, 3, and 4, and the fraction of
high-speed peers, αH is set to be 0.2, 0.5, and 0.8, respectively. When αH is
large (i.e., αH = 0.8), we observe that increase of UH contributes to reduction
of the distribution time thanks to the abundant data exchange among high-
speed peers. However, we also confirm that increase of NP leads to the lack of
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Fig. 10: Impact of upload capacity of server on distribution time (UH = 2, UL =
1, αH = 0.2, F = 100).

the server S’s upload capacity, which results in no performance improvement
with the increase of UH.

5.7 Impact of upload capacity of server

In this section, we further investigate the impact of the server S’ upload capac-
ity, US. Fig. 10 depicts the relationship between US and the distribution time
when the number of peers, NP, is set to be 100, 500, and 1000, respectively.
We first observe that the distribution time of the TFT model becomes 19.6–
22% worse than that of the altruistic model if US is small. On the other hand,
increase of US contributes to improving the performance of the TFT model
and makes it competitive with that of the altruistic model when US is equal or
greater than 80, 370, and 730 in case of NP = 10, 500, and 1000, respectively.

5.8 Impact of network partitioning

So far we assume that all the peers can communicate with other peers. In other
words, we regard the P2P network as a full-mesh network. In actual systems, it
is desirable for each peer to know part of the whole peers to reduce the control
and communication overhead. In this section, focusing on two kinds of network
structures: (1) the number of peers that each peer can communicate and (2)
connectivity among peers, we reveal how these structures affect the optimality
of the TFT-based P2P file distribution. For this purpose, we first partition
the whole system of NP peers into K (K ≥ 1) disjoint sub-systems, each of
which has the same number of peers, NK

P = NP/K, and has the same upload
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Table 3: Impact of Network Partitioning (NP = 1280, US = 128, αH = 0.2).

K 1 2 4 8 16 32 64

NK
P 1280 640 320 160 80 40 20

US 128 64 32 16 8 4 2
TTFT
min (NK

P ) 88.9 88.9 89.0 89.0 89.2 89.4 90.0

DSL: 5 Mbps

5%
CATV: 10 Mbps

18%

FTTH: 100 Mbps

41%
FTTH: 200 Mbps

9%

FTTH: 1 Gbps

27%

Fig. 11: Practical upload capacity distribution.

capacity of the server S, UK
S = US/K. By comparing the system performance

of the original (whole) system with that of the sub-systems, we can reveal how
the network partitioning affects the optimality.

Table 3 presents the relationship between the number of sub-systems, K,
and the distribution time of the TFT model, TTFT

min (NK
P ), when we set K to

be 2k (k = 0, 1, . . . , 6) and set NP and US to be 1280 and 128, respectively.
Since peers in a certain sub-system cannot communicate with those in other
sub-systems, network partitioning has a possibility to degrade the system per-
formance. However, we confirm that the degree of such degradation is limited
in the range of 0.019–0.621%. The similar results were also observed in the
ILP-based analysis for small-scale systems [8]. This results indicate that the
whole system can be partitioned into multiple small sub-systems while keep-
ing the optimality of distribution time, which will contribute to realizing the
optimal P2P file distribution in an autonomous and distributed manner.

5.9 Evaluation under practical upload capacity distribution

Finally, we evaluate the effectiveness of the TFT-based P2P file distribution
under more practical upload capacity distribution. According to the number
and distribution of fixed-line broadband service subscriptions in Japan [29,
Chap. 5], we prepare the fixed-line access scenario where there are 39,350,000
subscriptions (NP = 39,350,000) and five-class access links: DSL (5 Mbps),
CATV (10 Mbps), FTTH (100 Mbps), FTTH (200 Mbps), and FTTH (1 Gbps).
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Fig. 12: Minimum distribution time under practical upload capacity distribu-
tion (NP = 39,350,000, F = 100).

Fig. 11 presents the upload capacity distribution of the fixed-line access sce-
nario.

Fig. 12 illustrates the relationship between the upload capacity of server
S and the minimum distribution time for the three models (i.e., client–server
model, TFT model, and altruistic model) when F = 100 [Mbits]. We can
confirm the similar tendency observed in the above-mentioned results for the
two-class scenario. First, we confirm that the two P2P models (i.e., TFT model
and altruistic model) are still much scalable than the client–server model. Next,
we focus on the two P2P models. When US is small, the upload capacity of
the server S tends to be bottleneck and thus the TFT model achieves almost
the same performance as the altruistic model. When US becomes large, the
TFT model cannot achieve the same performance as the altruistic model, due
to the TFT constraints with low-speed peers. However, we also confirm that
the performance difference between them is limited and US can be much small
compared with the system scale, NP, to achieve speedy file distribution.

6 Conclusions

In this paper, with the help of the fluid model, we have developed an LP to
minimize the distribution time of the TFT-based P2P file distribution under
the assumption that all the peers simultaneously finish file downloading. By
considering the fact that access link can be categorized into multiple classes
in the current Internet, we have further extended the general formulation to
a multi-class formulation whose problem size does not depend on the system
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scale. Through numerical results, we have revealed the following characteristics
of the TFT-based P2P file distribution compared with the conventional client-
server file distribution and normal P2P file distribution.

1. The TFT-based P2P file distribution (TFT model) has slightly larger min-
imum distribution time than the ideal P2P file distribution with altruis-
tic/cooperative peers (altruistic model) but it is still much scalable than
the conventional client–server file distribution.

2. The TFT model can achieve shorter minimum distribution time than the
normal P2P file distribution (no TFT model) when more than 20% peers
become free riders.

3. If the server’s upload capacity is bottleneck, increase of high-speed peers
and capacity difference between high-speed peers and low-speed peers have
limited impact on the performance of the TFT model.

4. If the server’s upload capacity is abundant, piece exchange among peers is
intensified, and thus the TFT model can achieve almost the same perfor-
mance as the altruistic model.

5. The P2P network can be partitioned into multiple small-scale sub systems
while keeping the minimum file distribution time, which will contribute to
achieving autonomous and distributed control.

6. The TFT-based P2P file distribution is much scalable than the client–server
file distribution even under the practical scenario based on the number and
distribution of fixed-line broadband service subscriptions in Japan.

In future work, we plan to analyze the bit-level flow to achieve the minimum
file distribution time of the TFT-based P2P file distribution.
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imental Reality Check on the Scaling Laws of Swarming Systems. In: Proc. of IEEE
INFOCOM, pp. 1–9 (2017). DOI 10.1109/INFOCOM.2017.8057126

28. Legout, A., Liogkas, N., Kohler, E., Zhang, L.: Clustering and Sharing Incentives in
BitTorrent Systems. ACM SIGMETRICS Performance Evaluation Review 35(1), 301–
312 (2007). DOI 10.1145/1269899.1254919

29. Ministry of Internal Affairs and Communications,
Japan: Information and Communications in Japan.
https://www.soumu.go.jp/johotsusintokei/whitepaper/eng/WP2018/2018-index.html
(2018)

Submitted version


