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Abstract:

Peer-to-Peer systems are emerging as one of the most popular Internet applications. Structured

Peer-to-Peer overlay networks use identifier based routing algorithms to allow robustness, load balancing, and

distributed lookup needed in this environment. However, identifier based routing that is independent of Inter-
net topology tends to be of low efficiency. Aimed at improving the routing efficiency, the super-proximity rout-
ing algorithms presented in this paper combine Interet topology and overlay routing table in choosing the next
hop. Experimental results showed that the algorithms greatly improve the efficiency of Peer-to-Peer routing.
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INTRODUCTION

Peer-to-Peer (P2P) techniques have attract-
ed much attention, and have been used for all
kinds of applications ( Cheng, 2002; Rao et
al., 2002;: Wu et al., 2003). The core of
these applications is P2P routing algorithm. The
efficiency of the algorithm is of great importance
to P2P systems’ performance.

In existing P2P routing algorithms, each
node maintains a routing table. Node of Chord
(Stoica et al.> 2001), for example, maintains
a routing table with at most 160 entries. The ith
entry in the routing table at node n contains the

identifier of the first node, s, that succeeds n

by at least 2'~! on the identifier circle, i.e., s
= successor(n +2'"1'), where 1 <i<160 Cand
all arithmetic is modulo 2'®) . Since the routing
table is setup based on identifiers, the routing
path is optimal in identifier space> but it may
not be optimal in geographic space. However;
the true efficiency is measured by the end-to-end
latency of the path. Routing algorithms that ig-
nore the latencies of individual hops are likely to
result in high latency paths. Thus, Topology-
aware routing is more efficient for P2P overlay
network than identifier based routing.
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There are four kinds of techniques for coping
with topology: proximity neighbor selection
(Castro et al ., 2002), geographic layout ( Rat-
nasamy et al.> 2002), super-network routing
(Yang and Hector; 2003; Zhao et al ., 2002),
and proximity routing ( Ratnasamy et al.,
2002) . These techniques improve routing perfor-
mance in some degree, but have limitations.
Proximity neighbor selection and geographic lay-
out only apply to certain kinds of routing algo-
rithms; the load and the space overhead of su-
per-network routing are concentrated on super-
nodes; proximity routing is of low efficiency.
There are no achievements that can effectively
improve the performance of the Chord algorithm.

For addressing the limitations of existing
works, Wu et al. (2002) presented a topology-
aware routing algorithm called TRA algorithm,
which greatly improves P2P routing performance
and may be applied to all kinds of P2P net-
works . The load and the space overhead of the
TRA algorithm are much lower than that of the
super-network  routing algorithm. However,
sending route query to super-node may lead to an
increase in the total number of hops taken.

This paper proposes super-proximity routing
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algorithms which combine physical network and
overlay network in choosing the next hop. In su-
per-proximity routing algorithms, the P2P over-
lay network and the clustered physical network
(Krishnamurthy et al., 2001: Zhao et al.,
2002) are presented as directed graphs. Let R
be the connection matrix of the P2P overlay net-
work, and let T be the connection matrix of the
clustered physical network. Connection matrixes
of the super-proximity routing algorithms are the
combinations of R and T . The efficiency of
routing based on the connection matrixes will be
greatly improved.

SUPER-PROXIMITY ROUTING

This section presents the super-proximity
routing algorithms to address the limitations of
the identifier based routing algorithms. Before
presenting the algorithms, we will first introduce
the overlay connection matrix and the physical
network connection matrix.

1. Overlay connection matrix

For an overlay network such as Chord (Stoi-
ca et al.» 2001), the connection matrix of the
overlay graph (V, E) is given by:

R:{r,r 9"',1’4"""'}’1‘ i=1s"""5n
1 2 i n

QP

Vector r;» which is maintained by v;,» v, € V,

contains n entries.

r, = {rilyrizy"'s7'“,'“77"1‘"} 1=1,"""

ij »n

2>
Where
{1’ if(viyvj)EE
r =

Y 0, otherwise

2. Physical network connection matrix

In super-network routing ( Yang and Hector,
2003; Zhao et al ., 2002), nodes that are topo-
logically close and under common administrative
control are clustered as a group. Super-node of
the group refers to client nodes and the client
nodes refer to the super-node. The clustered
physical network (Krishnamurthy et al., 2001;
Zhao et al ., 20020 may be given by:

T = {tlstgs"',ti""yt"}T i=1,"""5>n

(3

t; in Eq.(3) is further given by:

ti= {t“’tﬂ"u’ L;» """ tm} i=l’°'°

ij? > n

4)
Where

{1, v; refers to v;
;=
i

0, otherwise

Matrix T” represents full connection between the
nodes of the same group> where each node refers

2 is the

to all other nodes in the same group. tj
element in the tth row, jth column of matrix

T?, the value of which is given by:

2
o= D0 tu oty
k=1

The operation in Eq.(5) is Boolean opera-

(5

tion.

In the rest of the paper, id(v) denotes the
identifier of node v. Let P, =R, P, =R + T
and Py =RxT". Vi j» l<irj<n, Pc >
P> and Py, ;> denote the element in the ith
rows jth column of Pc» P; and Pp respective-

ly.
3. Routing algorithm

Super-proximity routing combines super-net-

work routing and proximity routing. The combi-
nations are achieved by the operations on R and
T, which play a large part on how efficient the
resulting algorithms are. This section presents
two combinations:
Load The connection matrix of the local algo-
rithm is P; . Compared with the TRA algorithm
(Wu et al., 2002, the load is well balanced
and there are no extra hops taken, but the space
overhead of this approach is higher than that of
the TRA algorithm.

Fig. 1 shows the pseudo-code that imple-
ments search process of the local algorithm. find
Cv;» key) returns the node with the identifier
closest to key . v; is the starting routing node. v;
is the successor of v; in Chord routing table.
Line 1 decides if the destination is reached. If
the destination is reached, line 2 returns the
destination node. Otherwise> line 4 — 5 choose
the next routing hop v, which satisfies that key
< id(Cvk) and the identifier of v, is the closest

to key.
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find Co;» key) {
if Cid(v;) < key and key < id(v;))
return v; 3
else

next hop is v, > which satisfies:

S N R

PLs=1, key<id(v,) and

VYV Py PLyu=1, vy ¢lkey, id(v)];
6 ﬁnd(vk, key);

}

Fig.1 The pseudo-code to find the node responeing
for identifier key

Broaden The connection matrix of the broaden
algorithm is Py . This algorithm is more effi-
cient, since the number of neighboring nodes of
each node is greater than that of the local algo-
rithm. Each node in this algorithm refers to other
nodes of the group, i.e. v, and the nodes in
the successor list of node v. The search process
of the broaden algorithm is similar to that of the
local algorithm.

ANALYSIS

In this section, we present the theoretical
analysis on the super-proximity routing algo-
rithms . The experimental results presented in the
next section will verify the analysis.

Theorem 1 V v;> v, € V> let Hop:Cis>j) and
Hop, Cis j) be the numbers of hops traversed
from v; to v; by Chord and the local algorithm,
respectively. Then, V v;» v, €V, FECN, if
Hop:Cisj) < k> then Hop, Ci>j) < ki Ju;»
v, €V, if Hop,Ci>j) =k + 1, then Hopc(i»j)
>k+1.

Proof - P,=R+T?, and P.=R.

. P, —P,=T".

Vij Il<i> j<n, P¢j=1=P, ;=1
Ji> jo 1<t j<n, PL,iJ-Elz>PC,iJ-EO.

Vs v, €V if HopeCisj) < k= Hop,Ci>
J)<k>
Juvi» v, € V> if Hop,Cisj) =k + 1= HopCis
JO>k+1.

Theorem 1 means that the performance of the
local algorithm is higher than that of Chord. We
can also prove that the performance of the broad-
en algorithm is higher than that of the local algo-
rithm .

Definition 1  \/ v;» v, &€V, the identifier dis-

tance from v; to v; 1s given by:

dCi,j) =
ld( 1}]) - ld( I}i)+2160’ Ld( ’Uj)gld( Ui)

Lemma 1 There are k node {nd,» nd,> ...,
nd, } distributed in [ id, > id, + 1> where =k
=0. Each identifier in [ id,» id, + [) corre-
sponds to one node. L(nd;> k> 1) is the identi-
fier corresponding to nd;. L, Ck, 1) = max( L
Cndys ks 15 LCndys ks 1D, .» LCnd,
ks 1)). EL, Ck, 1) is the expected value of L,
(ks> 1. Then:

U+ k-DNR<EL=Ck, D<l (&)
Proof let p,=PCL,Ck, 1) =1id, + i), then

-1
pi+12pi’ and Epl = 1.
i=k-1
(Pz_z —Pk) +...+ (P<l—k—1)/2 - P<1_k_3)/2) =0.

-1
o EBL, (ks DD = Dixp=U+k=-2)/2x

—
i=k-1

v = L+ k=22,

-1 -1

Also v EL, Cky D= ixp; < > Ixp; = 1,
i=k i

i— i=k—
then (L + k£ — 2)/2 < E!LJr Ck, D l< L.
Lemma 2

(pk—l + pr +...

v; caches m nodes, which are

evenly distributed in [0, 2'9). o, lookups v;
which satisfies id(v,) + 2" < id( v; )< idCv;) +
2F+1 The expected identifier distance traversed
by Chord in one hop is D, = 2, and the ex-

pected distance traversed by the super-proximity
routing algorithms is given by:

2 -1 160
DpCk) =28 £ DVL, Gy 1D x (1 — e ™),
1=0

The identifier distance improvement is given

by:

21

Dy (k> = DL, Cmy 1D x (1 — e,

1=0
Proof Fig.2 shows the identifier distances tra-
versed by Chord and the super-proximity routing
algorithms in one hop. The message will route to

v;,;, and v; in Chord and the super-proximity

routing algorithms, respectively, then Dy =2F.
Let X be the number of nodes distributed in

160

[idk’ idk+l)’ then P(XBl):l—e_lmlz .
Let [ = id(vj) — idCv;,; )s then Dp(k) =
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21

2F 4 EL, (m> 1)) x P(X = 1) =
=0
21

25 SVEL, Cma 1D x (1 = el=m2")
=0
21

Thus Dp (k) = > L, Cms 1) x (1 —

160
e Im/2 ) .

o
v, Vik v

o
Y Vix-t

Fig.2 The identifier distance traversed by Chord
and the super-proximity routing algorithms in one
hop. id(v, )< id(v;) < id(v; ), id(v, ;) =id
Cv; +25), and id(v; ;) = id(v; + 251

Theorem 2V v;» v, €V, Dp (k) increases
with dCi, j).
Proof Since an increase in d(i, j) will lead to

an increase in the expected value of k.
21

Dp (k> = SNVEL, Cms D x (1 — e 2",
- 1=0

“. k2 > klz}Dp_(kz) > DP_(kl)'

* Dp (k) increases with d(i,j).

Theorem 2 shows that the larger d(i,j) is,
the greater the routing performance improves.

EXPERIMENTAL RESULTS

In this section, we evaluate the algorithms
by experiments. The results were obtained using
GT-ITM Models (Zegura et al., 1996). We
compare the logical hops, the
versed> and the load of the algorithms.

We use “transit-stub” model to obtain topol-
ogies that is more closely resemble the Internet

distance tra-

hierarchy than pure random graph. Unless other-
wise specified, a topology of 28800 nodes with a
cluster size of 400 is used for the experiments.
The figures are obtained by 288000 lookups with
random selected keys from random nodes under

GT-ITM Internetwork .

1. Logical hops

Fig.3 shows the probability density function
(PDF) of the number of logical hops per mes-

sage . The numbers of logical hops with the high-
est PDF for Chord> the TRA algorithm, the local
algorithms
proximately 8, 7, 4, and 2, respectively. The
number of the local algorithm is much smaller
than that of Chord, while the number of the TRA
algorithm is close to that of Chord. The reason
for this variation is that, in the TRA algorithms,
every lookup message routes to the super-node
first,

and the broaden algorithm are ap-

which leads to an increase in the total
number of logical hops taken. Moreover, the fig-
ure shows that the PDF of odd hops is larger than
that of even hops. This is because, when the
number of hops is even, the lookup message will
very probably be sent to the super-node, which
will redirect the lookup message to the next
node . But in the local algorithm and the broaden
algorithm, the client nodes need not route mes-
sages to the super-node first. The experimental
results agreed with Theorem 1.

0.5
. e Chord
041 i - - TRA
i
[ x % Local
- 0.3 O Broaden
=

0 3 6 9 12 15
Number of logical hops per message

Fig.3 The PDF of number of logical hops per mes-
sage

Fig.4 shows the identifier distance versus the
number of routing hops. Each dot corresponds to
one message lookup. The real lines are fitted

23 226 22‘) 232
Identifier distance
(a) (b)

22] 226 21‘) 232
[dentifier distance

Fig.4 The identifier distance versus the number of
routing hops(a) Chord; (b) Local

with an expression in the form of y = a — b %
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InCx + ¢)» where x is d(i, j) given in defini-
tion 1, and y is the number of logical hops. The
figure shows that the larger the identifier distance
is, the greater the number of logical hops im-
proves. The experimental results in Fig.4 agreed
well with Theorem 2.

2. Distance traversed

Fig.5 plots the PDF of distribution of dis-
tance traversed per message. The distances tra-
versed with the highest PDF by Chord,> the TRA
algorithm, the local algorithm, and the broaden
algorithm are approximately 200, 100, 95, and
75, respectively. Even though the number of
logical hops of the TRA algorithm is close to
Chord’ s Crefer to Fig.3), the distance traversed
by the TRA algorithm is much smaller than that
of Chord. Moreover; the distance traversed by
the local algorithm is slightly smaller than that of
the TRA algorithm, though the number of logical
hops of the local algorithm is much smaller than
that of the TRA algorithm Crefer to Fig.3). The
in the TRA
algorithm, there are extra hops from the client
nodes to the super-nodes, the distance of which
is small, but there are no such extra hops in the
local algorithm and the broaden algorithm.

reason for these variations is that,

X0.01
2.07 S, Chord
! —--. TRA
1.54 :"n'. Local
¢ O Broaden

X100

Distance traversed

Fig.5 The PDF of distance traversed per message

3. Load evaluation

The load of nodes and the load balancing are
important parameters for evaluating P2P sys-
tems. This paper uses the number of messages of
each node routes as parameters for evaluation of
the load. Fig.6 shows that the load of the super-
proximity routing algorithms is lighter than that
of Chord. To get a good view of some heavily
loaded nodes in the TRA algorithm, we break

the horizontal coordination and the vertical coor-
dination. The figure shows that some nodes of
the TRA algorithm are heavily loaded, while
there are no such nodes in the super-proximity
routing algorithms, which means that there are
no load concentrations in the super-proximity
routing algorithms.

: - --- Chord
101 o —— TRA
. Broaden

0 71000 1500 2000

Load

Fig.6 The PDF of load

Fig.7 shows the average load and the load
balance value of the algorithms. The smaller the
load balance value, the better the load balanc-
es. The loads of broaden algorithm and the local
algorithms are much lower than that of Chord.
We conclude that the super-proximity routing al-
gorithms are effective in reducing the load of the

node of Chord.

} 7777 Chord 1200
30 SN TRA N

B4 Local 1
- 2
£ 20 E== Broaden 1100 E
% 2
~ =
o ©
Z 101 1.0 §
105 5

0 0.0

Fig.7 The average load and the load balance value

CONCLUSIONS

P2P applications have become a popular me-
dium for sharing huge amounts of data. One crit-
ical part of the P2P applications is P2P routing
algorithms . Structured routing algorithms guaran-
tee that any key may be found in O ClogNV )
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steps. However, the algorithms based on identi-
fier have low efficiency. This paper presents su-
per-proximity routing algorithms called local al-
gorithm and broaden algorithm, which combine
overlay network and physical network to choose
the next hop.

Experimental results showed that; for a
28800-node GT-ITM Internet topology with a
cluster size of 400, the super-proximity routing
algorithms are able to improve the routing perfor-
mance by more than twice, while the load of the
algorithms is much lighter than that of Chord.
Even though the study is based on Chord overlay
network > the results of this paper may be applied
to other structured overlay networks. In summa-
ry> the algorithms presented in this paper proved
to be more efficient than others.
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