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Abstract—In Peer-to-Peer (P2P) systems where stored objects
are small, routing dominates the cost of publishing and retrieving
an object. In such systems, the issue of fairly balancing the
routing load among all nodes becomes critical. In this paper
we address this issue for Chord-based P2P systems. We first
present an analytical model to evaluate the routing fairness
of Chord based on the well accepted Jain’s Fairness Index
(F'I). Our model shows that Chord performs poorly, with a
FI around 0.6, mainly due to the different sizes of the zones
between nodes. Following this observation, we propose a simple
enhancement to the Chord finger selection algorithm with the
goal of mitigating this effect. The key advantage of our proposal
as compared to previous approaches is that it does not add
any overhead to the basic Chord algorithm. The proposed
approach is evaluated analytically showing a very substantial
improvement over Chord, with a '] around 0.9. We conduct an
extensive large-scale simulation study to evaluate our proposal
and validate the analysis. The simulation study includes, among
other aspects, churn conditions, heterogeneous nodes and Zipf-
like object popularity.

I. INTRODUCTION

Peer-to-Peer (P2P) systems have become one of the most
popular applications in the Internet, mainly pushed by file
sharing applications such as BitTorrent and Emule, in addition
to emerging applications such as peer-to-peer SIP (P2PSIP)
[1]. Indeed, nowadays P2P applications are responsible for
most of the Internet traffic [2]. P2P systems are classified into
unstructured P2P systems, such as Gnutella [3], and structured
P2P systems or Distributed Hash Tables (DHTs), such as
Chord [4], Kademlia [5] or Pastry [6]. The main advantage of
DHTs is that data placement and search procedures generate
less traffic. Among the DHT-based approaches, Chord is one
of the most popular systems' and it is the focus of the present
paper.

Although the issue of fairly balancing the load among the
nodes of a DHT has been extensively studied in the literature
[8]-[17], most of the efforts so far have been devoted to fairly
distributing the load of stored data, while the issue of balancing
the routing load has received much less attention. However, as
it has been observed by [10], in DHT-based P2P systems where
objects are small, routing dominates the bandwidth and latency
costs of storing and finding an object. This is the case for most

IFor instance, Chord has been recently adopted as mandatory by the TETF
P2PSIP Working Group [1].

Manuel Uruena
Universidad Carlos III de Madrid
Av. de la Universidad, 30
28911-Leganes (Spain)
Email: muruenya@it.uc3m.es

Albert Banchs
Universidad Carlos III de Madrid
Av. de la Universidad, 30
28911-Leganes (Spain)
Email: banchs@it.uc3m.es

of the existing P2P indexing systems where the objects fetched
from the DHT are just lists with the IP addresses of the hosts
that actually store the desired content. P2PSIP is another clear
example of a P2P system with small objects. As the load of
such systems is dominated by routing, it becomes critical to
fairly balance the routing load among nodes.

To the knowledge of the authors, the only work that has
explicitly addressed the issue of routing fairness in DHTs is
[18]. This proposal is specific to Pastry and its key idea is to
dynamically remove from the routing tables those nodes that
are responsible for the most popular objects. One disadvantage
of this approach is that it incurs additional overhead and
complexity due to the dynamic maintenance of the routing
tables. Additionally, the proposals made to balance the load of
stored data may be also applied to the routing load; however,
these also incur additional overhead. In particular, [8]-[12]
assign several logical nodes (called virtual servers) to physical
nodes, which adds an overhead proportional to the number
of virtual servers. Finally, other approaches [13]-[17] aim at
modifying the node identifiers to keep them equally spaced,
which adds a high overhead to update ids when nodes join
and leave the ring.

In this paper we address the issue of balancing the rout-
ing load of Chord. We first analyze the routing fairness of
Chord. Then, based on this analysis, we propose a simple
enhancement to the finger selection mechanism that improves
very substantially Chord’s fairness. The main advantage of
this approach over existing proposals is that it does not
add any overhead to the standard Chord algorithm. The key
contributions of the paper are:

o We analyze the routing fairness of Chord according to
the Jain’s Fairness Index [19]. Although the goal of
our analysis is to evaluate fairness, the analysis also
contains other findings that are valuable contributions by
themselves, including the characterization of the size of
the zone between nodes, the number of fingers and the
number of routed messages.

o We propose an enhancement to the basic Chord finger
selection mechanism that improves very substantially the
fairness of the routing load without adding any extra
overhead. The fairness level of the proposed mechanism
is studied analytically.
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o We run large scale simulations, with up to 10° nodes, that
validate our analysis as well as the performance improve-
ment obtained with the proposed Chord enhancement.

The rest of the paper is organized as follows. In Section
IT we describe the standard Chord mechanism. Section III
presents an analysis of the routing fairness of Chord. Based
on this analysis, we identify the main cause for Chord un-
fairness, which motivates the enhancement that we propose.
This enhancement is described and analyzed in Section IV.
Section V then evaluates the performance of Chord and the
proposed mechanism, both analytically and via simulation.
Finally, Section VI closes the paper with some final remarks.

II. STANDARD CHORD DESCRIPTION

In this section we briefly describe the standard Chord
mechanism. For a more detailed description the reader is
referred to [4].

A Chord P2P system is composed of nodes arranged in a
logical ring (see figure 1). The position of each node in the ring
is given by the node’s identifier (id). Identifiers have a length
of k bits which yields an identifier space id € [0,2% — 1]. The
objects stored in the ring are identified by their key, which
belongs to the same identifier space as the node ids (key €
[0,2F — 1]). Nodes’ identifiers and objects’ keys are usually
created by means of hash operations, which results in that
nodes and keys are randomly placed into the Chord ring.

The responsibility for storing an object is given to the first
node whose identifier is equal to or greater than the object’s
key. Following this, we define the zone of responsibility of a
node as the subset of the identifier space between this node
and the previous one, since the node is responsible for all the
keys that fall into this zone. For instance, in the example of
figure 1, the object with key /K 54 will be stored by node N57,
and its zone of responsibility is the id-space (53, 57].

In Chord, to guarantee that the ring is not broken even
when multiple nodes join and leave the system, each node
knows the first s nodes whose identifier is greater than the
node’s. These nodes are referred to as the node’s successors.
Additionally, each node maintains a table of fingers which
point to other nodes of the ring. In particular, a node with
identifier ¢d chooses as its fingers the nodes responsible for
the keys key; = id + 2! Vi € [1, k], respectively. In order
to avoid duplicating information, the successors of a node are
excluded from its finger table. Figure 1 shows the successors
and fingers of nodes NO and N32. Notice that f1 = id + 20,
f2 = id + 2" are not shown because they point to the same
node than f4 = id + 22. Notice also that nodes N38 and
N41 are successors of node N32 and therefore they are not
included in its finger table.

Routing in Chord is based on the following key lookup
algorithm. When a node receives a query looking for a given
object’s key, it looks into its table of fingers as well as its
successors list for the nearest node to this key that has a lower
or equal identifier, and forwards the query message to this
node. In this way, the query message is routed through the
Chord ring until it reaches a node that detects that the key
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Fig. 1.

An example Chord ring (k=6, s=3)

is located between itself and its successor. This node then
returns the IP address of the successor which is responsible
for the requested object. In the example of figure 1, if node
NO looks for key K54, it would first use its finger 32 to
query node N32. Then N32 would route the query message
through its f16 finger, and finally node N53 would return a
message to N0 with the IP address of node N57, which is the
node responsible for key K54. A key feature of this lookup
algorithm is that it provides a O(log(n)) performance, as each
finger covers a zone of size 2° and thus allows query messages
to skip half of the identifier space left towards the key.

In the rest of the paper we will use the following terminol-
ogy for the Chord routing operation:

« We will say that a node sends a message over a successor
link when it forwards it to one of its successors.

o With outbound fingers we will refer to the outgoing
fingers of a node that point to other nodes. Following
our previous explanation, the successors of a node will
not be considered as part of its outbound fingers.

e With inbound fingers of a node we will refer to the
incoming fingers from other nodes that point at this node.
Similarly to the above, inbound fingers will not include
those nodes that have the given node as a successor.

ITI. ANALYSIS OF THE ROUTING FAIRNESS IN CHORD

In this section we analyze the fairness of the routing in
Chord. The metric that we use to this aim is the Jain’s Fairness
Index (F'1) [19], which is a widely accepted metric to assess
the level of fairness of a distribution. This metric gives a value
between 0 and 1, where O is the unfairest distribution and 1 is
the fairest one. Applying Jain’s Fairness Index to the routing
load of each node in the ring (measured in terms of the number
of routed messages) results in the following expression:

i il

FI = =5 5

nY iy m;

where n is the number of nodes in the ring and m; is the
number of messages routed by node .

(D
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Our analysis of the routing fairness proceeds along the
following steps:

o We first analyze the distribution of the size of the zone
between two consecutive nodes of the Chord ring (i.e. the
zone of responsibility of a node).

o Then we analyze the number of inbound fingers pointing
to a node as a function of the size of the zone of
responsibility of that node and, from this, the distribution
of inbound fingers.

o Next, we obtain the number of messages routed by a node
as a function of its number of inbound fingers.

o Finally, we compute the F'I of the routing load based on
the distribution of the number of messages routed by one
node.

Without loss of generality, our model assumes that node
identifiers are randomly distributed in the continuous id-space
[0,1]. This is an accurate approximation of the real scenario
in which the node-ids are randomly distributed in the discrete
id-space [0,2’“), where k is the length of the hash operation
employed to generate identifiers (e.g. 128, 160 or 256). Note
that with such large values of k, the assumption that the id-
space is continuous instead of discrete yields very accurate
results. The conversion of the space [0,2%) to [0,1] only
introduces a scalar factor whose only purpose is to simplify
the notation.

Let us start with the analysis of the size of a node’s zone
of responsibility in Chord. Let X be the random variable that
represents the size of the zone between two consecutive nodes.
The probability of the node’s zone (X) to be smaller than a
given value z is equal to the probability of having at least one
node inside X. Since nodes ids are uniformly distributed in the
ring and the id-space size is equal to 1, the probability that a
node falls within a zone of size z is precisely x. This yields the
following cumulative distribution function for random variable
X:

2

The probability distribution function of the size of the
node’s zone of responsibility, pdf (z), is simply computed as
the derivative of the above cdf:

pdf(z) =n(l —z)" ! (3

We next model the probability P(f|z) that a node has f
inbound fingers given that it has a zone of size x. Our key
approximation in the modeling of P(f|x) is to assume that
all the fingers in the ring are uniformly distributed in the id-
space. From this assumption, the probability that a node whose
zone size is x has f inbound fingers can be computed as the
probability that f fingers fall into a zone of size x;

P(flx) = (?)xf (1—a)f

where F' is the total number of fingers in the ring.
To compute the above expression, we need to obtain £,
which we do as follows;

cdf () =P(X <z)=1-(1-2)"

“4)

F= nfout @)

where f,,; is the average number of outbound fingers of Chord
nodes.

To calculate f,,;, we consider the following behavior of
Chord. A node with a given id looks for outbound fingers in
id-space [id,id + 2¥) as follows. It divides the id-space in k
zones, namely [id + 2¢,id + 2¢71), with i = 0,1,2,...,k — 1.
Then, it establishes an outbound finger to one of these zones
if the following two conditions hold:

« There should be at least one node in the zone [id+2¢, id+
2i+1) ] as otherwise no node can be selected as a finger.
This occurs with probability:

2i\"
Prodge(i) =1 — (1 — Qk)

o There should be at least s successors in the zone [id, id +
2" — 1], i.e. between the node id and the given zone,
as otherwise this will be a successor link and not an
outbound finger. This occurs with probability:

s—1 9i _ 1 J 2 _q n—j
- £0) () (25
=0
(7

Assuming that the above conditions are independent, we can
compute the average number of outbound fingers of a node as
the sum across all the zones of the probability that the node
has an outbound finger pointing to a node in the zone:

(6)

k—1
fout - Z Prwde (Z)Pbuc((z) (8)
1=0

The above terminates the analysis of P(f|x). The next step
is to compute the distribution of the number of inbound fingers,
P(f). We do this by combining Eqs. (3) and (4),

P(f) = / P (fle) pdf (x) do

:/01 ((?)ﬂ (1 —x)Ff> (n(1=2)"") da
:G)n/ol o (1 2)™ T gy

:<?>nf!(F+n—f—1)!

(F+n)!

We next address the analysis of the average number of
messages routed by a node (m) as a function of the number
of inbound fingers of that node (f). The key approximation
here is to assume that all successor links in the ring route
the same number of messages and so do all fingers. With this
approximation the number of messages routed by a node can
be expressed as a function of the number of inbound fingers

©)

a!b!

2To solve the integral we have used fol (1 — z)P6x = [CEEsyE
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pointing to this node as follows?;
m(f) = (s = 1)Ms+ (f +1) Mg

where M is the average number of messages routed by each
successor link and M} the average number of messages routed
by each finger.

In the above expression, M, and M; remain to be com-
puted. We start with M. Let g be the total number of queries
routed in the ring during a given observation interval, and H
the average number of hops per query over successors links.
Then, Mg can be computed as the total number of hops routed
over successors links during the interval, ¢H s, divided by the
total number of successor links in the Chord ring, n(s — 1),
which yields:

(10)

qH,
n(s—1)

In order to compute H in the above expression we proceed
as follows. When routed towards a certain destination, a query
message may either reach the destination node directly via a
finger, or it may first reach one of the s — 1 nodes that has
the final destination in its successors list. In the former case,
there isn’t any hop in successors links, while in the latter there
is one. Assuming that any of these s nodes are reached with

the same probability, the second event occurs with probability
(s — 1)/s, which yields:

M, = (1)

s—1
5

To compute M we proceed similarly to Eq. (11): we divide
the total number of hops routed over fingers by the total
number of fingers in the ring, which gives

My = qHy
n(E(f) +1)
where H is the average number of hops per query routed over
fingers, and E(f) = F/n is the average number of fingers per
node.

To compute H; we follow the result of [4] which shows
that the average number of hops in a Chord ring that does
not use successor links to route queries is given by %logg(n),
where n is the number of nodes of the ring. In order to apply
this result in a ring that uses successor links, we assume that
this expression holds when considering a subportion of the
ring. In particular, we consider that the number of hops using
fingers required to cover a zone with s successors is given by
loga(s)/2. Since, by using successor links we save the hops
required to cover this zone, these do not have to be counted
in Hy, which gives

H, = 12)

13)

_ loga(n) _ logs (s)

H
f 2 2

(14)

3We account for the last successor as a finger instead of a successor because
of the following. The number of messages that a node routes through a link
depends on the size of the zone between this link and the next one. Since
successors are close to each other, this size will be small for all successors
but the last one. Indeed, the link next to the last successor is a finger, and the
zone inbetween is larger than the zone between two successors. Following
this, in our analysis we take s — 1 for the number of successors and f + 1
for the number of fingers.

The above terminates the analysis of m(f); combining all
the equations we obtain:

q Hy
m(h) =2 (Ho+ 4D g7 )

In summary, our analysis has shown that a node routes a
number of messages m(f) given by Eq. (15) with a probability
P(f) given by Eq. (9), for f =0,1,2,..., F.

With the above, we can proceed to compute the Fairness
Index (FI) given by Eq. (1), which is the objective that we
set at the beginning of this section. The numerator of Eq. (1)
corresponds to the square of the total number of messages
routed. Since the total number of queries is given by ¢, and
each query takes H = H, + Hy hops in average, we have:

15)

2
= (qH)?

n

2 mi

=1

(16)

To compute the denominator of Eq. (1), we rearrange the
sum by grouping all the nodes that have f fingers (and
therefore route m(f) messages according to our previous
analysis) together:

n F
nE}mZQ = n;nfm2(f)
i= =0

where n is the number of nodes that have f inbound fingers.
Since the probability that a node has f fingers pointing to it
is given by P(f), we have:

a7

P(f)=— 18
() =" (8)
from which:
n F
ny mi=n>> P(f)m*(f) (19)
i=1 =0
Combining Egs. (1), (16) and (19) we obtain:
H)?
FI = (gH) S (0)
25 p a(g Hy 1
n Zf:o (f) (n ( s + E(f)+1 (f+ )))
from which we finally obtain the following expression:
H2
FI = 5
F 1 1
H2 4350 P(f) ((HfE{;Hl) + 2H$Hfmf}+)+l>
2D

which terminates the analysis routing fairness in Chord.

IV. ENHANCED CHORD: PROPOSAL AND ANALYSIS

Following the analysis presented above, it can be observed
that the routing unfairness of Chord is caused by the differ-
ent size of the zones between nodes. Indeed, since ids are
randomly placed in the ring, it is well known that zones will
typically have very different sizes [4]. Then, the larger the
size of the zone of responsibility of a node, the larger the
probability that a finger falls within this zone and therefore the
more inbound fingers this node will have. Since the number of
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messages routed by a node grows with the number of fingers
that point to the node, this yields a large degree of unfairness.
In this section, we propose (and analyze) an enhancement of
Chord that improves the routing fairness without changing the
distribution of nodes and zones between them. We name our
solution Enhanced Chord (e-Chord).

Since, according to the above, routing unfairness in Chord
is caused by the unbalanced distribution of inbound fingers,
the main goal of e-Chord is to modify the finger selection
algorithm in order to achieve a more balanced distribution.
With Chord’s original finger selection algorithm, a node with
a larger zone is more likely to be chosen as a finger; in order
to avoid this, the key idea of e-Chord is the following. When a
node is selected to be a finger, instead of pointing the finger to
this node, we choose with some probability one of the node’s
successors and point the finger to this successor. In particular,
when choosing a finger, the node and all its successors are
selected with exactly the same probability. In this way, the
number of inbound fingers of a node does no longer keep a
strong correlation with its zone size, since a node with a large
zone will share incoming fingers with its successors.

In more detail, the finger selection algorithm of e-Chord
works as follows. Like in basic Chord, when a node with an
identifier ¢d creates its fingers table, it starts by performing
a lookup to know which are the nodes n; with an identifier
equal to or greater than key; = id + 2'~! Vi € [1,k]. Then,
instead of selecting this node as the finger (as it would be done
in basic Chord), the finger is picked up randomly from the set
of R = s+ 1 nodes formed by node n; and its s successors.

Note that this mechanism does not require e-Chord nodes
to keep any additional information than with standard Chord,
since nodes only need to know their s successors. Moreover,
the random process for finger selection of e-Chord can be
performed at the remote node n; in a transparent way without
adding any extra overhead. In particular, when a node issues
a query to set up a finger and this query reaches the desti-
nation node, instead of returning the IP address of n;, it can
simply return with some probability the address of one of its
successors.

Another advantage of the proposed solution is that it does
not require to modify any other Chord mechanism and in
particular the Chord lookup algorithm is not modified at all.
Additionally, e-Chord also keeps the O(log(n)) performance
of the Chord lookup algorithm. Indeed, this performance is
given by the fact that fingers are located in different 2° zones
of the Chord ring and does not depend on the specific nodes
being used as fingers within these zones.

In summary, with a simple modification to the standard
Chord finger selection mechanism, e-Chord improves the fair-
ness of the routed messages without adding any control traffic
overhead. We next analyze the resulting routing performance;
the analysis follows the same lines as the analysis of the
routing fairness of Chord in the previous section, although
there are some significant differences:

o Instead of computing the distribution of the zone between

one node and the next one, we now compute the distribu-

tion of the zone that contains a node and its s successors.
We refer to this as a R-node zone, where R = s + 1 is
the number of nodes contained in this zone.

o The probability that a node is chosen as a finger is
computed as 1/R times the probability that it falls into
the node’s R-zone.

e Once the number of inbound fingers that point to a node
has been computed, the rest of the analysis proceeds like
for the Chord case.

To analyze the distribution of an R-node zone we proceed
as follows. Let its size be represented by the random variable
X. Then, the probability that this variable is smaller than a
give value z is equal to the probability that more than R nodes
have their identifiers within this zone. Since the node ids are
uniformly distributed along the [0, 1] id-space, the probability
that one given id falls in this area is x, which yields:

n r - (n—7r)
<r> 2" (1— ) (22)

The pdf of the R-node zone is computed as the derivative
of the above:

R—-1

cdf(x):Pr(X<x):1—Z

r=0

R—1

pdf (z) =

r=0

(:) (nz —r) 2D (1—2)" 7Y (@23)

For a finger to point to a given node whose R-node size is
x, the following two things must happen: ¢) the finger key has
to fall within the node’s R-zone, which occurs with probability
x, and 77) the node must be selected among the R possible
candidates for this finger, which occurs with probability 1/R.
This yields a probability of z/R for a node to be chosen as a
finger. Following this, we can compute the probability that a
node has f inbound fingers as follows:

F\ fxz\/f x\ EF=F)
= (5) () (-3
mo=(5) (5) (-5
The next step is to compute the distribution of the number
of inbound fingers in e-Chord, P(f):

(24)

1
P = [ PP (@)
R—1 1 25)
n F 1 r+f— (
L (G)w [ ene
n—r—1 z\F-1
1-2) (1 - E> dz
By applying the following two equalities to the above,
(1-2)"=Y (Z) 1 (—z)*F (26)
k=0
-5 =y (O ()T @
R P k R
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we obtain:

(28)
SO0
k=0 j=o \" f &
()
j —J
(n+F k—3j n+F—k—j—1)
)

Once P(f) has been obtained, the rest of the analysis to
compute the Fairness Index of e-Chord routing follows the
same Eqgs. (10) — (21) of the basic Chord analysis. This
terminates the analysis of the routing fairness in e-Chord.

(71)n—r—1—k+F—f—j

V. PERFORMANCE EVALUATION

In this section we evaluate the performance of the basic
Chord mechanism and the proposed enhancement in terms
of routing load and fairness. Furthermore, we validate the
presented analytical model by comparing it against simulations
results. Simulations have been performed using our own sim-
ulator developed in J ava*. For all simulations, 95% confidence
intervals are given with errorbars (note that in many cases they
are so small that they can barely be appreciated in the graphs).
Unless otherwise stated, we take a number of nodes n = 106
and a number of successors s = 16 as default values. Note that
these are typical settings in real Chord implementations [20]
and real P2P applications [7]. The number of queries in each
simulation run is ¢ = 108, and for each query message a pair
of source and destination nodes is chosen randomly among all
nodes (except for the experiment of Section V-G in which we
consider a Zipf-like object popularity distribution).

A. Routing fairness

We first evaluate the routing fairness of Chord and e-Chord.
For this purpose, we use the Jain’s Fairness Index (F']) applied
to the routing load as proposed in Eq. (1). Table I gives the
F'I obtained via analysis and simulation for different settings,
in the ranges n € [10%,105] and s € [8,32]. We draw the
following conclusions from these results:

o Simulation follow analytical results fairly closely, with
small errors of around 1% and 2% both for Chord and e-
Chord. This validates the analyses presented in Sections
III and IV.

o The proposed e-Chord scheme outperforms Chord very
substantially. Indeed, the fairness index provided by

4The source code of the simulator is available under a GPL license at
http://www.it.uc3m.es/muruenya/infocom09/ChordSim.jar.

n S chord chord e-chord e-chord
simulation | analysis | simulation | analysis

10° | 16 0.6470 0.6726 0.9029 0.9109
10 | 16 0.6024 0.6166 0.8996 0.9126
10° | 16 0.5752 0.5882 0.9039 0.9163
109 | 16 0.5594 0.5710 0.9064 0.9198
10° 8 0.5596 0.5638 0.8816 0.8886
108 | 24 0.5591 0.5746 0.9149 0.9309
109 | 32 0.5618 0.5772 0.9189 0.9360

TABLE I

FAIRNESS INDEX OF THE MESSAGES ROUTED BY CHORD/e-CHORD NODES

0.10 T T T
Chord (S|mulat|on) Feepees
0.09 - e-Chord (simulation) +—x—+ |
. Chord (analysis) --a--
e-Chord (analysis) —=—
0.08 k
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E I 1
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2 005 | .
Qo
©
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o
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Fig. 2. Histogram of the messages routed by Chord/e-Chord nodes (n =

106, s = 16, = 10%)

Chord is around 0.6 for all n and s settings, while e-
Chord provides a much greater fairness index, around
0.9. This validates the proposed approach as it provides
a much better routing fairness than standard Chord.

B. Routing load distribution

The results given in the previous section allow to assess the
overall level of fairness of the routing load but do not show
how the routing load is distributed among nodes. In order to
give an insight into the actual distribution of the routing load,
figure 2 illustrates the distribution of the number of routed
messages (namely, the probability with which a node routes
a given number of messages). The results are obtained both
analytically and via simulation.

We can observe from the figure that the routing load with e-
Chord is much more balanced that with Chord, which explains
the F'I results obtained in Section V-A. Specifically, with
e-Chord the distribution is centered around the average and
sharply decreases for smaller and larger numbers, which means
that most nodes route a number of messages close to the
average. Instead, with Chord we have a much less balanced
distribution, with with many nodes that route few messages
and a long tail with heavily loaded nodes.

We further observe that the analytical results follow sim-
ulations reasonably closely, although there is some small
deviation. This deviation is caused by our assumption that all
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Fig. 3. Distribution of inbound fingers pointing to Chord/e-Chord Nodes

(n=108,s = 16)

the nodes that have the same number of fingers route the same
number of messages. This assumption hides some randomness
in the number of routed messages that our model does not
account for.

C. Inbound fingers distribution

The key idea behind e-Chord is to balance the number of
fingers that point at each node by redistributing the inbound
fingers that a node receives among its successors. In order
to evaluate how well e-Chord achieves this objective, figure 3
depicts the distribution of the number of fingers for Chord and
e-Chord (in particular, the figure shows the probability that
a node has a given number of inbound fingers f), obtained
analytically and via simulation.

We first observe from the figure that e-Chord provides a
much more balanced distribution than Chord. Indeed, with
e-Chord almost all nodes have a number of fingers close
to the average given by the peak in the distribution, while
Chord exhibits a much more unbalanced distribution. Note
that distributions have a similar shape to the ones of figure 2.

We conclude that e-Chord achieves the objective of bal-
ancing the number of inbound fingers. We further observe
from the figure that analytical results follow simulations very
closely, which validates this part of the analysis.

D. Routing load vs. number of fingers

One key step of our analysis is the computation of the
number of messages routed by a node as a function of the
number of fingers pointing to this node. This relationship is
given by Eq. (15). In order to validate this part of the analysis,
we performed the following experiment. We evaluated the
number of messages routed by all the nodes that have the
same number of fingers, took their average and compared it
against the value given by Eq. (15).

Figure 4 illustrates the number of messages routed by all
nodes, their mean as well as the value given by the analysis.
We observe that the average value matches with the analytical
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Fig. 4. Routed messages vs. inbound fingers per node in Chord (n =

109, s = 16, ¢ = 10%)
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results, which validates this part of the analysis. There are
only some deviations for large numbers of fingers, however
this region contains only few samples which make the results
not statistically significant.

E. Number of hops

Since e-Chord introduces some changes in the set up of
the fingers, this could raise the question of whether choosing
different fingers can have a negative impact on routing. In
order to evaluate this, we measured the routing performance
in terms of average number of hops for rings of different size
n. The results obtained are illustrated in figure 5. We observe
from these results that routing in e-Chord is not negatively
affected by the different choice of fingers, and not only that,
but it actually performs slightly better than Chord since fingers
are better spread over the e-Chord ring. Therefore we conclude
that e-Chord does not pay any price in lookup performance to
achieve a better routing fairness.
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F. Churn conditions

Our analysis and simulations so far have assumed static
conditions in which all nodes are permanently active. In order
to gain insight into the impact of churn conditions into the
performance of Chord and e-Chord, we ran the following
experiment. We divided the simulation into cycles of 10.000
queries each. At the beginning of each cycle, each node leaft
the system with a probability ¢ € [0.0, 0.5] to return in the next
cycle. The fairness indexs F'I resulting from this experiment
with Chord and e-Chord are given in figure 6. We observe
that the F'I of Chord and e-Chord keeps almost constant
independent of c; there is only a slight improvement when ¢
grows which is caused by the fact that the worst-off nodes see
their load reduced as a result of being inactive for some time.
In any case, e-Chord clearly outperforms Chord regardless of
¢, which confirms the effectiveness of the proposed solution
also under churn conditions.

G. Zipf popularity

All the simulations so far has assumed that all objects are
equally popular. While this assumption may be appropriate for
some scenarios like P2PSIP, it may be less suitable for other
scenarios such as file sharing. Indeed, Zipf have been shown
to be a good approximation [21] of the popularity distribution
in P2P systems and have been widely used [18] to reflect
the skewed popularity level of the different contents in a file
sharing scenario.

In order to understand the performance of Chord and e-
Chord under a Zipf popularity distribution, we simulated them
and evaluated the resulting F'I varying the o parameter of
a Zipf distribution with the most popular key being queried
from ¢ymqe = 10° different nodes. The results, given in figure
7, show that both Chord and e-Chord become unfairer as the
Zipf a parameter increases. The reason is that, when some
objects become a lot more popular than others, the routes that
lead to the popular objects become more loaded independent
of the algorithm used. However, e-Chord keeps outperforming

"Chord with Zipf (simulation) =+
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Fig. 7. Fairness Index of the messages routed by Chord/e-Chord nodes with
Zipf(10°, ) object popularity (n = 108, s = 16,q = 10%)
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Chord by a similar degree, which confirms the effectiveness
of e-Chord also for this case.

H. Heterogeneous nodes

In case of heterogeneous nodes, it may be desirable to
assign more load to those nodes that have a larger capacity
and/or computational power. While other approaches [8]-[12]
require of additional overhead to support this functionality,
with e-Chord this can be achieved just by 7) assigning different
weights to the different nodes depending on their capacity,
and 47) accounting for these weights when redirecting fingers
among successors. In order to assess the feasibility of e-Chord
with an heterogeneous population, we performed the following
experiment. We divided the nodes of the ring in two categories:
low capacity and high capacity nodes, and assigned a weight
W =1 to the former and W = 4 to the latter. Figure 8 depicts
the distribution of the routing load for both categories. It can
be observed that the load of the high capacity nodes is larger
than the load of the low capacity nodes, which confirms the
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ability of e-Chord to support heterogeneous scenarios without
incurring any extra overhead.

VI. SUMMARY AND CONCLUSIONS

While fairness in P2P has been widely studied for stored
data, much less effort has been devoted to studying the fairness
on routing load. In this paper we have argued that routing
represents the main cost in those DHT-based P2P systems
where the size of the stored objects is small, and we have
addressed this issue for Chord.

Our analysis of the routing fairness in Chord has been
based on applying the well accepted Jain’s Fairness Index to
the routing load supported by each node in the Chord ring.
To compute this metric, we have modeled the distribution
of the routing load. We have done this by i) computing the
distribution of the size of the zone between two consecutive
nodes, i7) calculating from this the distribution of the number
of fingers that point to a node, and i) obtaining from this
the routing load distribution. The analysis we have conducted
has shown that Chord’s routing unfairness is mainly caused
by the different zone sizes between nodes. Indeed, the larger
the zone of responsibility of a node, the more fingers it will
receive and therefore the larger its routing load will be.

In order to mitigate Chord’s unfairness, in this paper we
have proposed a simple enhancement to the finger selec-
tion mechanism of Chord. In the proposed algorithm, when
receiving a query to set up a finger, a node replies with
the address of one of its successors chosen randomly. This
balances the number of fingers that point to a node, since this
number does no longer depend on the size of its zone, which
results in a more balanced routing load. One key advantage
of the proposed approach is that, since a node in Chord
already knows the addresses of all its successors, the proposed
algorithm does not add any extra overhead.

The analytical results obtained in this paper, which have
been validated by simulation, show that the proposed enhance-
ment to Chord improves very substantially the performance
of Chord. Indeed, the Jain’s Fairness Index, which provides
a measure between 0 and 1, is about 0.6 for the number
of messages routed by Chord nodes, while the enhanced
Chord proposal achieves a fairness index of 0.9. In addition
to the fairness index, we have also evaluated analytically the
distribution of the number of fingers and the routing load. The
results obtained show that enhanced Chord provides a much
better balanced distributions, which explains the big difference
in fairness indexes.

In addition to the analysis, we have also conducted a simula-
tion study to gain insight into the performance of the proposed
solutions. Simulations have been performed for up to 106
nodes, which corresponds to realistic implementations of P2P
systems. Simulation results have shown that the improvement
in fairness of our solution does not involve any price in per-
formance; on the contrary, it behaves even slightly better than
Chord in terms of the number of hops required to reach the
destination of a query. Simulation results have also shown the

effectiveness of the proposed solution under churn conditions,
Zipf-like object popularity and heterogeneous nodes.
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