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Bootstrapping Chord over MANETs 
- All Roads Lead to Rome 
Wei Ding, Member, IEEE, S. S. Iyengar, Fellow, IEEE

 
Abstract — This paper presents a novel approach on 

bootstrapping Chord over mobile ad hoc networks (MANETs). 
The approach uses only neighborhood information to build a ring 
topology in node ID space of structured peer-to-peer (P2P) 
networks, upon which entire Chord protocol could be put into 
normal operation without lengthy stabilization. RAN protocol 
suite is proposed. It includes three patterns: distributed 
exhaustive, virtual centralized exhaustive, and random. 
Simulation results show that the distributed exhaustive pattern 
has optimal overall performance. Once again the superiority of 
decentralization is proved. 
 

Index Terms — ad hoc networks, bootstrap, Chord, peer-to-
peer 

I. INTRODUCTION 
esearch effort and real world application interact in 
various ways. For P2P networks, the interaction is quite 
positive ⎯ successful business applications aroused 

public interest and initiated active research, and research in 
turn brought in better application software. This is a healthy 
pattern. In the case of MANETs, theoretical research 
dominated the area for a decade; however, except Bluetooth, 
no application has been widely applied. This has set off a 
warning signal in the MANETs community. On the other 
hand, the inherent homogeneity between P2P systems and 
MANETs implies promising propobility of synergy and 
transplantation.  

Majority of research in synergy and transplantation deals 
with problems occurring after a stable P2P network or system 
has been set up over MANETs. They usually ask questions 
like how to transfer proven P2P approaches in wired networks 
to MANETs. [1-5] Little effort has been reflected in 
publications to explore the mechanism of bootstrapping a P2P 
network over MANETs. Bootstrapping has largely been 
circumvented via unrealistic assumptions. Bootstrapping 
basically do two things: (1) configuration of nodes addresses 
(and IDs), (2) setting up overlay topology. This paper focuses 
on the second task. For structured P2P networks, overlay 
topology lays foundation for other functions like routing, file 
sharing, looking up, retrieval, and data dissemination. It is one 
of dominant factors that affect efficiency, robustness, and 

feasibility of algorithms. 
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There are two options for bootstrapping a structured P2P 
network in wired networks. One is to jumpstart a network 
from one or few predefined nodes, in which the only way to 
expand the network is node joining. Many structured P2P 
systems require the manual creation of a “seed” network in 
their bootstrapping protocols. A long time may be needed 
before a topology is ready to use. Another approach is to 
construct an overlay topology for each connected component. 
With this option, a P2P system could advance to normal 
working status immediately after bootstrapping.  

Remarkable advance has been achieved in topology 
generation in wired networks. Present state-of-art generators 
in wired networks can construct basic network topologies 
such as line, ring, mesh, star, and tree. General topology 
generator, which could construct any topology if a 
mathematical expression of preferred selection criteria could 
be inputted, is already available. However, to best of our 
knowledge, no such topology construction protocol in 
MANETs has been recorded in previous publications. Our 
proposal probably is the first successful attempt in the specific 
area. 

This paper presents Ring Ad-hoc Network (RAN) protocol 
suite, a novel solution for bootstrapping structured P2P 
networks over MANETs and building a ring topology in node 
ID space. On this ring, Chord [6, 7] could be put into normal 
operation without lengthy stabilization. The suite includes 
three patterns: distributed exhaustive, virtual centralized 
exhaustive, and random. Simulation results show that the 
distributed exhaustive pattern has optimal overall 
performance. 

II. RELATED WORKS 
Cramer and Fuhrmann’s pessimistic verdict [8] on 

bootstrapping Chord over MANETs, which almost sentenced 
death to the topic, has been an incentive of this research. We 
completely disagree with their conclusion. Serious problems 
could be found in [8]. The whole paper is built upon some 
unrealistic, far-fetched assumptions. For example, they 
assume that all nodes can reach a common bootstrap node 
immediately after they power up. To make it possible, either 
all nodes in the MANET have to be only one hop away; or 
every node already has a route to that super node. The most 
unrealistic assumption states that at the time of power up an 
ID space ring has been set up and all nodes have already 
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joined the this ring.  
This research has benefited from previous research in T-

Man [9], T-Chord [10], and Ring Networks (RN) [11]. T-Man 
is designed as a general purpose distributed protocol for 
building and maintaining topology in overlay network. It is 
intuitive, adaptive, scalable, robust, and flexible. T-Man 
follows a stepwise refining procedure to increase the quality 
of the current set of neighbors. Key concept of T-Man is 
ranking function, which specifies the preference for a node to 
choose its neighbors in the target topology. A node uses the 
ranking function to calculate its neighbor set. This simple and 
elegant abstraction results in an effective algorithm which 
produces various topologies with efficiency. It gradually 
evolves the current topology towards the target. The 
convergence is fast and scalable to network size. 

T-Chord efficiently bootstraps Chord from a random 
unstructured overlay using T-Man. T-Chord creates a perfect 
Chord topology in O(log(N)) steps. N is network size. It 
shows optimized message latency. The generated network is 
immediate operable for Chord. The old pattern of 
bootstrapping structured P2P system uses a jumpstart node 
and node joining procedure. Nodes have to be booted one by 
one in a slow, linear manner. T-Chord completely breaks 
away from the old pattern.  

The RN protocol is an asynchronous message-passing 
distributed protocol. Nodes use traditional message passing in 
communication. Peers do not need to be informed of any 
global network state. The RN protocol is fully distributed. All 
peers periodically call the Closer Peer Search procedure to 
find a closer successor candidate. The most serious problem 
with RN is that it requires a weakly connected initial network 
called minimal bootstrapping system. It does not specify the 
scale of the bootstrapping system and how the system is found 
or configured. 

III.  TOPOLOGY CONSTRUCTION OVER MANETS 
In wired networks like Internet, all nodes are connected. 

Being neighbor is equivalent to knowing address, which in 
turn is equivalent to being able to send a message. In 
MANETs, not any two nodes are guaranteed to be connected. 
Neighbor relation in MANETs is usually defined by radio 
range in lowest layer. It has nothing to do with structured P2P 
ID space or overlay layer. Moreover, the neighborhood 
relation in wired networks is unidirectional, while in 
MANETs it is bidirectional and symmetric, since it is defined 
by radio range. In MANETs, a node’s neighbor set is fixed at 
a given time, while for a node in a wire network, it could have 
countless variation.  

Both P2P over wired networks and P2P over MANETs 
have proximity concerns, but in MANETs this issue has more 
serious impact. A hop in MANETs is more costly than in 
Internet. Hence proximity optimization has more urgent, more 
realistic significance in MANETs. A P2P network over wired 
network usually does not include all intermediate nodes on its 
path on the Network layer. Otherwise the network may have 

too many unrelated nodes. In a P2P network over a MANET, 
the situation is poles apart: all intermediate nodes should be 
included to secure connectivity on the overlay layer. 

IV. RAN PROTOCOL SUITE 

A. Introduction 
RAN is a protocol to build a ring topology over MANETs. 

RAN has integrated merits of T-Man and Ring Network. RAN 
is completely distributed, using only neighborhood 
information. RAN builds an ideal ring topology for each 
connected component. Upon this ring, Chord could run 
immediately without stabilization. Each node first converts its 
connected component into a component tree with itself as the 
root. At each step, if a node has shorter distance from root 
than the current successor, it is selected as the new successor. 
The process repeats till the tree is traversed.  
 

 
Fig.1 Left shows only neighborhood relation. Middle shows original successor 
relation. Right is successor relation after running RAN 
 

A component tree is a spanning tree derived from the 
connected component. We use the assumption of ideal 
network, which is a network with only one complete 
connected component. In an ideal network, all nodes have 
same one node time complexity and same one node message 
complexity. The network message complexity is the sum of 
one node message complexities of all nodes. Suppose M is 
one node message complexity; MNet is network message 
complexity. For a complete component tree with N nodes, 
downward degree k, and depth d, 
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B. Three Patterns and Three Options 
We designed three patterns for RAN, namely distributed 

exhaustive pattern, virtual centralized exhaustive pattern, and 
random pattern. The primary concern is the trade-off between 
the completeness of ring and complexities of time and 
message. Two exhaustive patterns exhaustively search closer 
successor at each level of component tree. The ideal Chord 
ring is guaranteed, because all node IDs are compared. 
However, this exhaustion may suffer from high cost. 
Measures are needed to mitigate the overhead. These two 
exhaustive patterns are equally excellent in effectiveness. In 
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virtual centralized exhaustive pattern the searching node 
serves as a central controller. The distributed exhaustive 
pattern has better performance for only neighbors exchange 
messages. The random pattern has its root in Ring Network. 
We eliminated the minimal bootstrapping system and use a 
breadth-first search scheme in lieu of it. All nodes in a 
component tree of the searching node are traversed in a 
cascading manner.  

Three options are also defined to improve the efficiency. 
Plain option means no additional option. The approximation 
option could be applied to all three patterns. It loosens the end 
condition of search. A small fraction of nodes are allowed to 
be left out of the final rings. In multicast option a node sends 
message to all direct children by multicasting. It considerably 
improves time and message complexity. It can not be applied 
to the random pattern. 

C.  Distributed Exhaustive Pattern 
In the distributed exhaustive pattern, the searching node 

sends a Closest Successor Request message to each child. 
Each child concurrently forwards the request message to its 
children. At following levels, nodes keep forwarding the 
request message to children at next level until leaf nodes are 
reached. Then, from leaf nodes up, the closest successor of the 
root in the subtree is calculated at the root of the subtree and 
returned to the parent node in a Closest Successor message. 
The calculation is done by comparing the distance of returned 
candidates from children. The message complexity of node M 
satisfies , where  is the number 
of skipped messages of kd leaf nodes, for they have no 
children. Let T

22)1(2 1 −−+= +dkNkM 12 +− dk
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In multicast option, 
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The Closest Successor Request message needs 1 time unit to 
move from one level to next, so  
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D. Virtual Centralized Exhaustive Pattern 
 

In the virtual centralized exhaustive pattern, all direct 
children nodes of the root form the first level set. Direct 
children of nodes in first level form the second level, and so 
on. Current level nodes send their downward children set to 
root, so root get information of the next level. Then root sets 
the next level as new current level and repeats the same 
procedure till leaves are reached. This algorithm is most 
expensive in terms of overhead. However, it gives the root 
node tremendous power to control whole process upon 
distributed network. In real world application, individualized 
service could be implemented if this pattern is used.  

If we count a multi-hop message as one message, both 
MNet and M are independent of k and depth d; they only 
depend on N. 
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Unlike in the distributed exhaustive pattern, almost all 
messages have to go through multi-hops. To get precise 
comparison with the distributed exhaustive pattern, the 
message per hop Mhop should be used. A round trip of the 
getAllNeighbors message and AllNeighbors message at first 
level takes k + 1 time units. At second level, it is k2 + 2, and 
so on, till kd + d. 
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E. Random Pattern 
Random pattern is like a RN in MANETs. To it suitable for 

MANETs, several changes are made to make it completely 
decentralized and self-organized. The minimal bootstrapping 
system is eliminated. As its substituent, all nodes in the 
component are made available using a breadth-first traversal. 
In worst case, all nodes will be covered. In fact only small 
number of simulations really used all nodes. In worst case, M 
consists of Ms (to launch nodes into the search) and Msearch. 
(to search each node). To launch nodes each node except the 
root receives a Start message with root included, so 

1−= NM S . The second part is the sum of distance to bottom 
for each node except root,  
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distributed exhaustive pattern.  
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Due to the limit of the page number, detailed algorithms for 
three patterns and their variants are not given in this paper. 
Please refer to full paper if interested.  

V. SIMULATION 
Parameters tested include completeness (percentage of 

nodes covered in the output ring), time, and numbers of sent 
and received messages. Resultd with message processing rate 
at 10 and 1 per time unit are given below. 
 

 
Fig.3 Completeness in approximation option with message processing rate 10 
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Fig.4 Time in approximation option with message processing rate 10 
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Fig.5 Messages sent in approximation option with message processing rate 10 
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Fig.6 Messages received in approximation option with message rate 10 
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Fig.7 Completeness in approximation option with message processing rate 1 
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Fig.8 Time complexity in approximation option with message processing rate 
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Fig.9 Messages sent in approximation option with message processing rate 1 
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Fig.10 Messages received in approximation option with message processing 
rate 1 
 

Obviously, the winner is the distributed exhaustive pattern. 
It shows perfect effectiveness, at the same time and unlike the 
other two patterns, it has no serious side effect to endanger its 
advantage. The other two, however, suffer from different fatal 
problems. For random pattern, it is the effectiveness. For 
virtual centralized exhaustive pattern, it is efficiency. The 
benefit of decentralization has shown by the distributed 
exhaustive pattern. This result also raises a question: could 
centralization be implemented above decentralized 
infrastructure? 

VI. CONCLUSION 
This paper proposes a novel ring construction protocol for 

building Chord over MANETs. It can be extended to other 
popular P2P systems like Pastry. This approach inherited 
successful topology construction methods in P2P over 
Internet. We believe this approach is the first successful 
attempt to build ring in P2P ID space over MANETs. 

Our RAN protocol suite is an algorithm family for ring 
topology construction. RAN builds perfect ring in P2P ID 
space using only simplest multi-hop unicast and multicast 
communication primitives. No underlying routing protocols 
are needed. Upon ring generated by RAN, popular P2P 
networks like Chord could be immediately started and put into 
normal running without usual lengthy stabilization. RAN 
family includes a variety of algorithms for ring building. We 
showed the pros and cons of these algorithms, both in theory 
and in simulation experiments, and illustrated that the 
distributed exhaustive pattern is the best in terms of 
effectiveness and efficiency in time and messages overhead. 
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