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Abstract—This paper presents the design and evaluation of to both of them. For example, if N is the total number of nodes
a highly scalable, decentralized and self-organizing peer-to- in the network, a two dimensional torus has a diameter of
peer network architecture based on the multi-mesh topology. ®(N1/2) where as a multi-mesh has a diameter&ﬁf\ﬂ/“).

Our network automatically adapts to dynamic node arrivals, .
departures and failures. Each node maintains a fixed set of In both the graphs however, the degree of each node is four.

neighbor connections, regardless of the size of the network. The rest of this paper is organized into three parts. In
This demonstrates the scalability of the network. Our network the first part, we introduce some necessary background and
is close in spirit to the Content-Addressable Network. While related work in P2P systems and multi-mesh network. In the
the Content-Addressable Network uses torus as the underlying gacqpq part, we present the design of our P2P system based
network topology, our network uses multi-mesh. Multi-mesh . . . .

has some unique advantages over torus and this is reflected in O the multi-mesh architecture and the simulation results. The
the evaluations of our network against the Content-Addressable third part discusses some future extensions of the multi-mesh

Network. architecture to three dimensions.

I. INTRODUCTION Il. BACKGROUND AND RELATED WORK

Peer-to-peer(P2P) Overlay Networks have gained a lot ofEach node in a P2P network has a node identifier and
popularity over the last few years for their applicability irstores all those objects whose key closely matches with the
highly scalable, decentralized distributed applications. Amomgpde identifier. This node is referred to as theme node
the most recent P2P systems are Pastry [1], Tapestry [2], Ch@odthose objects. The most basic operation in a P2P system
[3] and Content-Addressable Network (CAN) [4]. These syss lookup(key) , which locates the node that stores the
tems are based on the distributed resource discovery iadgect with the key. When some node in the network issues
presented in [5] and fall into the category of distributed lookup request for an object, the request is routed in the
hash table systems. The issue of resource discovery in a PRBrlay network towards the home node of that object. The
environment is to locate the distributed objects in an efficierkisting distributed hash table P2P systems namely, Pastry,
way. Principal to the resource discovery scheme is a scalab&pestry, Chord and CAN form a different overlay network
distributed hash table, in which the objects are mapped ongiwucture and has a different routing algorithm.
different nodes in the system. The entire hash table itself isIn Pastry, the node identifiers are chosen from a 128-bit
distributed among all the participants of the system. circular key space. The routing table hag, N rows (b is

In a P2P system, a lookup request for a particular objestme integer), with each row having nodes whose identifiers
travels from node to node making application-level jumpmatch one prefix more than those of the previous row. Routing
and reaches the destination node containing the object. Thissdone by matching the identifier in the local routing table for
application level hops are expensive and a P2P system shdblkel longest shared prefix with the key. Pastry routes a message
try to minimize the number of hops involved. Closely relatedithin O(log, V) hops.
is the issue of state space and routing efficiency tradeoff. Statdapestry is a variant of the resource discovery idea presented
space is the space required to store the routing tables in each5]. The modifications support dynamic node insertions
node to keep track of its neighbors. One of the main objectivand departures that were not supported earlier. As in Pastry,
in a P2P network is to achieve better routing efficiency, whil@apestry nodes maintain links to a set of neighbors that share
maintaining a fixed state space. In this paper, we present@mmon prefixes with its identifier. Tapestry can route a
new P2P network that displays good routing efficiency, stithessage irO(log,/N) hops.
maintaining a very small and fixed number of neighbors. Our In Chord, the home node of an object is the node whose
network is based on the Multi-Mesh architecture [6]. A multiidentifier most closely succeeds the key of that object. The
mesh network consists of nodes with uniform degree four. Theuting table in each node has a list of k nodes that immedi-
multi-mesh network is similar to a mesh and a torus netwoekely follow it in the key space. The graph formed by Chord
in terms of its simplicity of interconnections and routingcan be visualized as a circle with a number of chords. Each
However, it possesses better topological properties comparedie maintaing® (log o V) chords spaced exponentially around



the key space and these chords improve the efficiency of tRetworks [7]. A multi-mesh network is a uniform graph, in
routing. Chord can route a message withiflog»N) hops. which the degree of each node is four. A Complete Multi-
CAN places nodes into a virtual, multi-dimensional keyvlesh (CMM) network consists of exactly* nodes, where
space. The entire key space is divided among all the existings some integefn > 3). The basic unit of a multi-mesh
live nodes. The borders of this virtual space are wrappeétwork is a block, which is a complete mesh consisting of
around to form a d-dimensional torus topology. Each nod€ nodes arranged in n rows and n columns.such blocks
owns a region of this space called the zone and its neighbarsanged in n rows and n columns make up a CMM. Each node
are the nodes that own the contiguous zones. Routing queitea multi-mesh is identified by a four tuple, 3, x, y), where
are passed along the axes in this virtual space until they redck «, 3, z,y < n. The first two literals(«, 3) identify the
the destination. CAN nodes maintaii(d) neighbors and the block and the last twdz, y) identify the node in that block.
path-lengths ar€(dn'/?) hops. The n2 nodes in a block are connected as a regular two-
Though Pastry, Tapestry and Chord have shorter patfimensional mesh. The boundary nodes in a two- dimensional
lengths than CAN, it comes at the expense of having tmesh have degree less than four. In a multi-mesh, these nodes
maintain more state information in the routing tables. There connected to other blocks using the following rules.
routing state information in Pastry, Tapestry and Chord growsRule 1)Vj3,1 < 8 < n, and node(«, 3,1,y) is connected
with the number of nodes in the network. This overhead the node(y, 3,n,a) wherel < y,a < n,
involves not just the extra storage required to store the routingRule 2)Va,1 < a < n, node (o, 3,z,1) is connected to
tables but also the number of updates that have to be dahe node(w,z,3,n) wherel < y,a <n
when nodes join or leave the network. We would like to
achieve shorter path-lengths, while maintaining a fixed number
of neighbors and this is achieved by our Multi-Mesh based P2P !
system.
These systems are often evaluated with respect to three
parameters. -
1) Overlay path-length - This is the diameter of the P2P —
overlay network measured in terms of number of hops.
2) Neighbor state - This is the size of the routing table in
each participating node in the P2P overlay network. =
3) Cost of node insertions - An insertion of a new node —
into the overlay network incurs some overhead in terms of the
messages exchanged in order to affect the routing tables in the
neighboring nodes.
Table | shows a comparison of Pastry, Tapestry, CAN, Cho%_ 1
with respect to these parameters.
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A partially completed CMM with 81 nodes, n=3 (Not all links are
shown for clarity)

TABLE |

One limitation of a CMM is its requirement for exactly
METRICS COMPARISON

n* nodes. This is a serious restriction on some networks
that have less tham* nodes or dynamically changing set

Parameter Pastry Tapestry Chord CAN of nodes, like the P2P systems. In [7], the authors have
g;/ﬁ]f_'isén " O(log,N) | O(logyN) | O(log2N) | O(N'9) | presented a generalization of the multi-mesh interconnection
Neighbof OGTogsN) | O%logyN) | O(logaN) o topology, which re_Iaxes th|§ requirement. This modification
State termed as Generalized Multi-Mesh (GM) supports any number
Messages | O(logyN) | O(log3N) | O(log3N) | O(dN'/?) | of nodes. In an GM comprising oV nodes with a block
to insert size of n,1 < N < n*, there arem = [N/n?] number

of blocks, which are arranged in rows and columns. There

CAN is based on torus network and the above measu€p = [m/n] rows, in which only the last row is partially
of diameter and path-lengths are directly derived from tf@mplete withy = mod(m, n) blocks. All the other rows have
properties of torus. The multi-mesh network has the same fixad¢omplete blocks, each block having nodes. Only the last
neighbor state as that of two-dimensional torus but has a befqck in the last row may be incomplete. Four functions are
path-length than torus, which makes it an ideal candidate fé¢ed to describe the inter-block connections:
adaptation to P2P networks.

I1l. THE MULTI-MESHNETWORK
The Multi-Mesh Network [6] was originally intended for

1) top(a, B,4): If the it" column in the block has at least
one node, thertop(«, 3,1)is the node in row 1, column.
Otherwise, it is not defined.

2) bottom(a, 3,4): If the i** column in the block has at

use in parallel processor environments. Since its inceptionjéast one node, thewttom (o, 3,4)is theit® column node in
has also been proposed as an architecture for use in Optib&l highest indexed row that has at leastodes. Otherwise,



it is not defined. A. Routing in a Multi-Mesh Network

3) left(a, 3,i): If the i*" row in the block has at least The process of routing in a multi-mesh in described in [6].
one node, there ft(c, 8,i)is the node in rowi, column 1. |y 5 multi-mesh, a block has connections to all the blocks in

Otherwise, it is not dEfi”fi‘S- _ the same row or same column. Routing to a destination node
4) right(e, §,1): If the ¢** column in the block has at leastin a plock that is in the same row or same column as the

one node, themight(a, 5, 7)is the highest indexed columnggyrce block (block containing the source node) is trivial. If
node in row:. Otherwise, it is not defined. ~ the destination block is not in the same row or same column as
The inter-block connections are given by the followingnat of the source block then, there is one intermediate block

rules. _ in the path between the source block and the destination block.
Rule 1.1) If the node top(x,,a) exists, then we will scrutinize in some more detail how routing is done
bottom(a, 3, x) is connected to the nodep(z, 3, a). in this case.

Rule 1.2) If the nodetop(z, 3, ) does not exist and the T4 route a message from a source nddg, 3,, s, ys) to
nodetop(a+1, 8, x) exists, therbottom(a, 3, x) is connected 5 Jestination nodéay, B4, xa,ya), first imaginary lines are
to the nodetop(a + 1, 3, z) drawn in the source block connecting the nogtes, 3., 1, cy)

Rule 1.3) If the nodetop(z,3,) as well as the node g (ais, Bs, n, ag) and(a, Bs, Ba, 1) & (evs, By, Ba,m). Similar
top(a+1, 5, ) do not exist, themottom(a, 5, x)is connected jmaginary lines are drawn in the destination block connecting
to the nodetop(i, 3, ), wherei is the lowest indexed row for e nodegag, Ba, 1, as) & (g, Ba, n, as) and (aa, Ba, Bs, 1)
which top(i, 3, z) is not connected using Rule 1.1). & (ag, B4, Bs,n). These lines divide the source block and the

Rule 2.1) If the node left(a,z,3) exists, then gestination block into four quadrants each. The four boundary
right(a, §, ) is connected to the nodeft(c, z, 3). nodes through which these imaginary lines are drawn in the

Rule 2.2) If the noddeft(a,z,3) does not exist and the soyrce block are called the source block exit points and the
nodeleft(c, f+1, ) exists, themight(a, 3, z) is connected foyr houndary nodes in the destination block are called the
to the nodelefi(o, 3 + 1, z) destination block entry points. Now, the quadrants into which

Rule 2.3) If left(a,x,3) as well aslefi(o, 3 + 1,2)  the source node and the destination node fall in their respective
do not exist, thenright(a,3,x) is connected to the nodepocks are located. There are two exit points in the source
left(a,i,x), wherei is the lowest indexed column for whichpgck closest to the source node and two entry points in
left(a,i,)is not connected using Rule 2.1). the destination block closest to the destination node. The
two possible paths passing through these two pairs of entry
1 points and exit points are enumerated and the path with the
lower number of hops is selected. The intermediate block
has an entry point and an exit point. A list consisting of the
\ source block exit node, intermediate block exit node and the
destination node is made and it is included in the routing
message for routing purposes. Each node that receives this
message tries to route the message to the node at the top of
& the list. Further, when the message reaches the exit nodes, the

nodes remove their entry at the top of the list, so that the

message travels towards the next item in the list and so on,

‘ oo _until it re_ache_s the destinatiqn. The P2P network construction
is described in the next section.

Fig. 2. A GM Network with 40 nodes, n=3 .
9 eworkcwt nodes, n B. P2P Network Construction

A special case of GM is whetV = n?, in which case, it  Four main algorithms are principal to the construction of all
reduces to a CMM. Note that in this case, only rules 1.1) aftPP systems in general. The first two algorithms describe the
2.1) apply astop(z, 3, ) andleft(a,z, 3) always exist. manner in which new nodes join and leave the P2P network.

Both GM and CMM have diameter @(N'/4), whilst the The next two describe the procedures for inserting a new object
per-node degree is four. This feature of the multi-mesh makigéo the system and retrieving an object.
it very attractive for use in P2P systems. 1) Join algorithm: The key in our case is the four tuple
(o, By2,9), 1 < o, B, 2,y < n, where(a, 3) represents the
block position and(z, y) represents the node position in the

Our P2P Network design is centered around the generaliz@dck. Each node in the overlay network is associated with a
multi-mesh. Each node in the peer-to-peer network at a givpair of keys. The first one is called the Real Identifi&7 ),
instant of time assumes a particular position in this generalizedhich is the position in the multi-mesh network that this node
multi-mesh and the network grows incrementally. Initially, theccupied when it initially joined the network. Recall that the
system designer sets a suitable value for the block (@ize GM grows incrementally. So, nodes joining successively in the
N4, network have consecutivRId s. The second identifier termed

IV. P2P NETWORK BASED ONMULTI-MESH



as the Virtual Identifier¥ Id) is actually the key of the objects 4) Retrieve algorithm:The node that wants to retrieve an
for which this node acts as theome nodeBoth RId and object with a key, routes eetrieve(key) message towards the
VId are of the form(a, 5,2,y) as mentioned earlier. Notenode whoseRId is equal to the key. The destination node upon
that RId of a node depends on the state of network when theceiving this request checks its key-table to see if the home
node joined the network. Bul/ Id is constant for a particular node for this object exists. If the home node exists, then the
node, obtained by hashing its unique identifier (for examplegquest is forwarded to the home node. If the home node does
the machine IP address). Each node maintains a routing talolet exist, then the destination node checks its local repository
which has the neighboRId s and their corresponding IPfor the object. If the object is found, the object is sent back to
addresses. In addition, every node maintains a sfRell- the requester, otherwise, an error message informing that the
table’, which has the IP of the home node that haslitéd object does not exist in the system is sent to the requester.
same as th&kId of this node. This key-table can be regardeg Simulation Envi d Resul
as a pointer to the home node. . Simulation Environment and Results

It is assumed that a new node wishing to join the P2P Our P2P network is com_pargble t_o 2-dimensional CAN,
network knows at least one of the existing nodes in tHance both the networks maintain a fixed per-node degree of

network. This existing node in the network acts on behalf &ur and givenV nodes, both have the same number of overlay

the new node and issues the join request in the network. T§ig€s. While the CAN is based on the torus, our network
join operation is presented in the following algorithm. is based on multi-mesh. In all our simulation experiments,

Step 1) The new node sendsjain(VId, IP) request to we compare the performancg of our netvyork with CAN. Our
- . simulation environment consists of a physical network of 5500

one of the existing nodes in the network. . .
Step 2) The existing node finds the position of the new)des modelled as a Transit-Stub topology using the GT-
node in the network, which is the new nodeg¥d. Recall M topology generator [8]. Transit-Stub topologies have 2-

. . level hierarchy of routing domains with transit domains that
that the multi-mesh network grows incrementally row'by'rov'\hterconnect lower level stub domains
in a block and, then block-by-block. If the current last blocf< 1) Performance Metrics:Our evalua{tions focuss on two

in the netwo'rll< is an incomplete blo?k, thgp th!s pqsmon IS ain performance aspects.
the next position after the last node’s position in this block, A tretch
otherwise, it is the first node’s position in a new block. * Average stretc
. . « Average hop-length
Step 3) Next, a message is routed towards the node in the

network that has itsId same as tha’Id of the new node Stretch is defined as the ratio of the path-length on the
informing it about the position of the new node. This ste[; I verlay network to the path-length on the physical network.

required since all requests for objects published at the n etch gvesa notion (.Jf hoalosethe topology of the overlay
node go to this node. netwc_)rk is to the _phy5|c_al topplogy. This can b_e improved by
. .a variety of techniques includingndmark ordering of nodes
Step 4) Lastly, the routing table of the new node and i : : .
neighbors are updated. ]. In landmark ordering qf nodgsavery.nodg is ordered in
] _the overlay network according to its relative distance measured
2) Leave algorithm:When a node leaves the network, ity 4 set of fixed nodes in the network called landmark nodes.
leaves behind a void in the space it occupied in the multi-megh,gmark ordering technique can be applied to a number of
network. This void is filled up by the current last node (Witlbop systems including all those that we have discussed in this
the highesti2/d) in the network. The departing node '”Ser?aper. We currently have not implemented landmark ordering
a specialeave(RId, key-tablg message into the network and, our p2p network, hence, all our measurements with CAN
exits. This special message is routed towards the final nage without the landmark ordering technique.
in the network. The last node upon receiving this message ) simulation ProcedureGiven the physical network and
updates its state, informs existing and new neighbors ab@yt number of nodes in the overlay netwoiX), we first
the changes and changes Hdd to the RId in the message. construct two P2P networks, one based on multi-mesh and
Node failures are handled in a similar way, except for th_ﬁe other based on CAN . The same set of physica| nodes
fact that the node failures have to recognized by some noglgrticipate in both the P2P networks. Nekt number of
that tried routing a message to the failed node. This node thedom sender-receiver pairs are selected and for each pair,
takes care of informing the last node in the network to fill ug message is routed from the source to the destination in both
the void left behind by the failed node. the networks. The stretch and the number of hops for each
3) Insert algorithm: The operation of publishing an objectsender-receiver pair are measured in both the networks. The
in the system is the operation of inserting the object intexperiment is repeated for different values/éf
its home node. To insert an object, amsert(key, object) 3) Simulation Results and Discussiom all our experi-
message is routed towards the node that haRli$ equal to ments, we vary the number of overlay nodes from 81 to 4096
key. The destination node upon receiving this message chenksles. While it is possible to have an generalized multi-mesh
its key-table. If the key-table has @Y d entry then, the object of any number of nodes, we had a complete multi-mesh in
is sent to the node in the key-table, otherwise, the objectd our experiments. CMMs are easier to construct than GMs
published in the destination node itself. and further, both have approximately the same performance



metrics. All the results that we obtained with CMMs wouldverlay topology of our P2P network is in a sense more

hold true even for GMs. strongly connectedthan in CAN. In large P2P networks
The first graph shows the average stretch as a functiontgpically consisting of several tens of thousands of nodes,
the number of overlay nodes in the network. multi-mesh P2P network would provide far better performance

statistics than CAN.

V. FUTURE WORK

Currently, the multi-mesh architecture exists only in two di-
" mensions. However, it is possible to extend iBtdimensions
and in general td dimensions. A two-dimensional multi-mesh

is superior to a two-dimensional torus in many aspects and a
d-dimensional multi-mesh would be superior compared with
its counterpart. Ad-dimensional multi-mesh ha&d number
of neighbors. This gives us a clue that increasing the per-node
state space, i. e., going to higher dimensions, would result in
m better routing performances. We have at present, extended the
multi-mesh to 3-dimensions. Due to the space limitation in
this paper, we will not be discussing the details of it here.

The effect of concurrent node failures in a multi-mesh P2P

The graph of Fig. 4. shows the number of routing hops Aetwork is yet to be determined. The number of simultaneous

Average Stretch

# Overlay Nodes

Fig. 3. Average Stretch

a function of the size of the overlay network. node failures that would seriously impact the performance of
the network would help us understand the resilience of the
. multi-mesh P2P network.

x VI. CONCLUSION

We have outlined the design and implementation of a
new P2P network based on the multi-mesh architecture. The
system supports dynamic node arrivals and departures. The
evaluations demonstrate the advantages of this network over
CAN. Analysis shows us that while still maintaining the same
number of nodes and edges as CAN, this network provides
better connectivity. This is indeed a unique property.
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