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anderen als die angegebenen Quellen und Hilfsmittel verwendet habe.

Karlsruhe, den 19. August 2005





Contents

1 Introduction 1

1.1 Goals of this Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Organization of this Study . . . . . . . . . . . . . . . . . . . . . . . . 1

2 Analysis 3

2.1 Basics Terms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.1.1 Secret Key Cryptography . . . . . . . . . . . . . . . . . . . . 3

2.1.2 Public Key Cryptography . . . . . . . . . . . . . . . . . . . . 4

2.1.3 Hash Functions . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.1.4 Digital Signatures . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.1.5 Digital Certificates . . . . . . . . . . . . . . . . . . . . . . . . 6

2.1.6 Challenge Response Authentication . . . . . . . . . . . . . . . 7

2.1.7 Source Routing . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.2 The Protocol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.2.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.2.2 The Address Space . . . . . . . . . . . . . . . . . . . . . . . . 8

2.2.3 The Path Store Data Structure . . . . . . . . . . . . . . . . . 9

2.2.4 The Bootstrapping Phase . . . . . . . . . . . . . . . . . . . . 9

2.2.4.1 The Hello-Message . . . . . . . . . . . . . . . . . . . 9

2.2.4.2 The SuccessorNotification-Message . . . . . . . . . . 10

2.2.4.3 The SuccessorUpdate-Message . . . . . . . . . . . . 10

2.2.5 The Routing Phase . . . . . . . . . . . . . . . . . . . . . . . . 11

2.3 A Protocol Setting . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.4 Problems and Possible Attacks . . . . . . . . . . . . . . . . . . . . . . 12

2.4.1 Node ID Assignment . . . . . . . . . . . . . . . . . . . . . . . 12

2.4.2 The Sybil Attack . . . . . . . . . . . . . . . . . . . . . . . . . 12



ii Contents

2.4.3 The Wormhole Attack . . . . . . . . . . . . . . . . . . . . . . 13

2.4.4 The Sinkhole Attack . . . . . . . . . . . . . . . . . . . . . . . 14

2.4.5 Selective Forwarding . . . . . . . . . . . . . . . . . . . . . . . 15

2.4.6 Tampering with Packets . . . . . . . . . . . . . . . . . . . . . 15

2.4.7 The Hello-Message . . . . . . . . . . . . . . . . . . . . . . . . 15

2.4.8 The SuccessorNotification-Message . . . . . . . . . . . . . . . 16

2.4.9 The SuccessorUpdate-Message . . . . . . . . . . . . . . . . . . 17

2.4.10 Flooding and Denial of Service . . . . . . . . . . . . . . . . . 18

2.5 Countermeasures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.5.1 Node ID Assignment . . . . . . . . . . . . . . . . . . . . . . . 19

2.5.1.1 Certified Node IDs . . . . . . . . . . . . . . . . . . . 19

2.5.1.2 Constraints towards the Node IDs . . . . . . . . . . 19

2.5.1.3 Web of Trust . . . . . . . . . . . . . . . . . . . . . . 21

2.5.2 Countermeasures against the Sybil Attack . . . . . . . . . . . 21

2.5.3 Countermeasures against the Wormhole Attack . . . . . . . . 22

2.5.3.1 Packet Leashes . . . . . . . . . . . . . . . . . . . . . 22

2.5.3.2 Signed Timestamps . . . . . . . . . . . . . . . . . . . 23

2.5.4 Countermeasures against the Sinkhole Attack . . . . . . . . . 24

2.5.5 Countermeasures against Tampering with Packets . . . . . . . 24

3 Design 25

3.1 Node ID Assignment . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.2 Link-Certificates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.2.1 Certificate Format . . . . . . . . . . . . . . . . . . . . . . . . 26

3.2.1.1 Unique Identifier . . . . . . . . . . . . . . . . . . . . 26

3.2.1.2 Node ID . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.2.1.3 Link ID . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.2.1.4 Timestamp . . . . . . . . . . . . . . . . . . . . . . . 27

3.2.1.5 Public Key . . . . . . . . . . . . . . . . . . . . . . . 27

3.2.2 Validity of a Certificate . . . . . . . . . . . . . . . . . . . . . . 28

3.2.3 Example of a One-Way Certificate . . . . . . . . . . . . . . . 28

3.2.4 Verification of a Certificate . . . . . . . . . . . . . . . . . . . . 28

3.2.5 Management of ID Certificates . . . . . . . . . . . . . . . . . 29



Contents iii

3.3 Protocol Messages . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.3.1 The Hello-Message . . . . . . . . . . . . . . . . . . . . . . . . 29

3.3.2 The HelloReply-Message . . . . . . . . . . . . . . . . . . . . . 30

3.3.3 The SendLinkCertificate-Message . . . . . . . . . . . . . . . . 30

3.3.4 The GetIdCertificate-Message . . . . . . . . . . . . . . . . . . 31

3.3.5 The SendIdCertificate-Message . . . . . . . . . . . . . . . . . 32

3.3.6 The SuccessorNotification-Message . . . . . . . . . . . . . . . 33

3.3.7 The SuccessorNotificationAck-Message . . . . . . . . . . . . . 33

3.3.8 The SuccessorUpdate-Message . . . . . . . . . . . . . . . . . . 34

3.3.9 The ConnectionRequest-Message . . . . . . . . . . . . . . . . 35

3.3.10 The Established-Message . . . . . . . . . . . . . . . . . . . . . 35

3.3.11 The Unreachable-Message . . . . . . . . . . . . . . . . . . . . 35

3.4 Management of Neighbors . . . . . . . . . . . . . . . . . . . . . . . . 36

4 Implementation 37

4.1 The OMNet++ Simulator . . . . . . . . . . . . . . . . . . . . . . . . 37

4.2 The Network Structure . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4.2.1 The Network Topology . . . . . . . . . . . . . . . . . . . . . . 37

4.2.1.1 Problems with this Topology . . . . . . . . . . . . . 38

4.2.2 The CPU Concept . . . . . . . . . . . . . . . . . . . . . . . . 38

4.2.3 The Modules . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4.2.3.1 The Watchdog Module . . . . . . . . . . . . . . . . . 38

4.2.3.2 The Node Module . . . . . . . . . . . . . . . . . . . 39

4.2.3.3 The SecureNode Module . . . . . . . . . . . . . . . . 39

4.2.3.4 The SinkholeNode Module . . . . . . . . . . . . . . . 40

4.2.3.5 The SecureSinkholeNode Module . . . . . . . . . . . 40

4.3 The Classes and Files . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.3.1 Certificates . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.3.2 Messages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.3.3 Paths and Path Store . . . . . . . . . . . . . . . . . . . . . . . 41

4.3.4 Modules . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.4 Statistics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.4.1 Vector and Scalar Files . . . . . . . . . . . . . . . . . . . . . . 42



iv Contents

4.4.2 Scripts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.4.2.1 Start Scripts . . . . . . . . . . . . . . . . . . . . . . 42

4.4.2.2 Perl Scripts . . . . . . . . . . . . . . . . . . . . . . . 42

4.4.3 Creating Figures . . . . . . . . . . . . . . . . . . . . . . . . . 42

5 Evaluation 43

5.1 Finding Good Parameters . . . . . . . . . . . . . . . . . . . . . . . . 43

5.1.1 Successor Notification Timeout . . . . . . . . . . . . . . . . . 44

5.1.2 Successor Keep-alive Timer . . . . . . . . . . . . . . . . . . . 45

5.1.3 Retransmit Retries for the SuccessorNotification-Message . . . 47

5.1.4 Certificates per SendIdCertificateMsg . . . . . . . . . . . . . . 48

5.1.5 Timestamp Acceptance . . . . . . . . . . . . . . . . . . . . . . 49

5.1.6 Sign and Verify Operations . . . . . . . . . . . . . . . . . . . 51

5.1.7 Signing and Verification Time . . . . . . . . . . . . . . . . . . 52

5.1.8 Path Store and ID Certificate Store Size . . . . . . . . . . . . 54

5.1.9 More Nodes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

5.2 An Attack against the Standard Protocol . . . . . . . . . . . . . . . . 56

5.2.1 Resources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

5.2.2 Handling Hello-Messages . . . . . . . . . . . . . . . . . . . . . 56

5.2.3 Handling SuccessorUpdate-Messages . . . . . . . . . . . . . . 57

5.2.4 Handling SuccessorNotification-Messages . . . . . . . . . . . . 57

5.2.5 Forwarding Messages . . . . . . . . . . . . . . . . . . . . . . . 57

5.2.6 Handling ConnectRequests . . . . . . . . . . . . . . . . . . . . 57

5.2.7 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

5.3 An Attack against the Secure Protocol . . . . . . . . . . . . . . . . . 59

5.3.1 Bootstrapping Behavior . . . . . . . . . . . . . . . . . . . . . 59

5.3.2 Handling SuccessorNotification-Messages . . . . . . . . . . . . 59

5.3.3 Signing and Verifying . . . . . . . . . . . . . . . . . . . . . . . 60

5.3.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

5.3.4.1 Bootstrapping . . . . . . . . . . . . . . . . . . . . . 60

5.3.4.2 Connections . . . . . . . . . . . . . . . . . . . . . . . 60

5.3.4.3 Message Delay and Traffic . . . . . . . . . . . . . . . 61



Contents v

6 Conclusion and Future Work 63

6.1 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

6.1.1 Speeding up the Bootstrapping . . . . . . . . . . . . . . . . . 63

6.1.1.1 Path-Caching . . . . . . . . . . . . . . . . . . . . . . 63

6.1.1.2 Extra Message . . . . . . . . . . . . . . . . . . . . . 63

6.1.2 Different Network Topologies . . . . . . . . . . . . . . . . . . 63

6.1.3 Implementation Enhancements . . . . . . . . . . . . . . . . . 64

6.1.3.1 Ban List . . . . . . . . . . . . . . . . . . . . . . . . . 64

6.1.3.2 Removing ID Certificates after Removing Nodes . . . 64

6.1.3.3 Flexible Number of Certificate per
SendIdCertificate-Message . . . . . . . . . . . . . . . 64

6.1.4 Denial of Service Attacks . . . . . . . . . . . . . . . . . . . . . 64

6.1.5 Reducing SendIdCertificateMessages . . . . . . . . . . . . . . 64

6.1.6 Node Churn . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

6.2 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

Bibliography 67

Index 72





1. Introduction

Routing security is an important subject. An excellent routing protocol with strong
performance and low demands for resources is useless if very few malicious nodes
can easily and successfully attack the network. As a result it is very important to
analyze an existing protocol towards possible attacks. Furthermore when designing
new routing protocols, security should be one of the main design goals since it is
easier to design a secure protocol from scratch than to customize an existing protocol.

1.1 Goals of this Study

A new routing protocol for self-organizing networks [Fuh04] is examined. Messages
in the protocol are not authenticated and it is not possible to check their integrity.

The goal of this study is to enhance the routing protocol to make authentication
and integrity checks possible. Asymmetric cryptography and digital signatures shall
be used to achieve this goal

The current implementation of the unsecured protocol is modified with regard to
generation and verification of digital signatures. The network, then including nodes
that compute asymmetric cryptographic algorithms, should be analyzed. Estima-
tions about the scalability of the modified network are supposed to be made.

1.2 Organization of this Study

This study begins with a section containing basic terms about cryptography, network
security and a brief introduction to the current protocol.

Afterwards the protocol is analyzed with regard to general attacks and protocol
specific problems. Some countermeasures are proposed with their advantages and
disadvantages.

The design chapter introduces and motivates the modifications and enhancements
of the protocol.

Implementation and evaluation is the subject of chapter 4 and 5. The evaluation
analyzes the effects of the protocol modifications with regard to routing performance.

The study closes with a short conclusion and an outlook on future work.
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2. Analysis

The chapter starts with a brief overview about basic cryptographic terms like asym-
metric cryptography, digital signatures and hash functions. Afterwards the con-
sidered protocol [Fuh04], the most important protocol messages and functions are
introduced.

The following section describes general attacks on peer-to-peer and ad-hoc networks.
The protocol is analyzed with regard to these general attacks.

The chapter is completed by showing possible solutions concerning their advantages
and disadvantages. A full design of the enhanced protocol is the subject of chapter 3.

2.1 Basics Terms

2.1.1 Secret Key Cryptography

Secret key cryptography, also called symmetric cryptography, is a form of cryptog-
raphy which uses a single key to encrypt and decrypt messages. Besides encryption
secret key cryptography can also be used for authentication. One of such authenti-
cation techniques is called message authentication code (MAC).

Assume Alice wants to send an encrypted message to Bob using a secret key Ksym.
The main problem is to exchange the key since Bob needs Ksym to decrypt Alice’s
message. This requires that Alice and Bob initially communicate over a secure
channel to exchange the secret key. If both parties exchanged the key, Alice is able
to send Bob an encrypted message

C = Encrypt(Message, Ksym).

Bob who is aware of the secret key Ksym now can decrypt the message

Message = Decrypt(C, Ksym).

The major advantage of secret key cryptography is that it is faster than public key
cryptography in most cases. The main disadvantage is the secret key exchange.



4 2. Analysis

2.1.2 Public Key Cryptography

Public key systems are primarily used for encryption and digital signatures
(see 2.1.4).

The main challenge of secret key cryptography, that both parties first must agree
on a secret key, is solved. Each party maintains a pair of keys including a public
key KAlice,pub respectively KBob,pub and a private key KAlice,priv respectively KBob,priv .
The public key is published while the private key is kept secret. Since public key
and private key are linked mathematically, it is hypothetically possible to derive
the private key from the public key but in good public key system this challenge is
computationally infeasible.

Now Alice is able to send a confidential message to Bob by encrypting the message
M with Bob’s public key

C = Encrypt(M, KBob,pub).

Bob decrypts the message with his private key

M = Decrypt(C, KBob,priv).

An example for an asymmetric cryptographic system is RSA [rsc05] which is named
after the developers (Rivest, Shamir and Adleman). RSA is used for digital signa-
tures and encrypting messages.

There is no need to exchange secret keys over a secure channel. This simplification
is the major benefit of asymmetric systems. Alice may look up Bob’s public key in
a public directory. On the other hand the main disadvantage is that asymmetric
systems are generally much slower than secret key systems. Furthermore it is not
that simple to obtain a trustworthy public key. How can Alice be sure that the key
KBob,pub belongs to Bob’s identity? It is possible that this key belongs to an attacker
who claims to be Bob.

An asymmetric cryptographic system must ensure a trustworthy mapping between
identity and public key. This problem is discussed again later when secure node ID
assignment is considered.

2.1.3 Hash Functions

This following introduction is taken from [rsc05].

A hash function H is a transformation that takes an input m and
returns a fixed-size string, which is called the hash value h (that is,
h = H(m)). Hash functions with just this property have a variety of
general computational uses, but when employed in cryptography, the
hash functions are usually chosen to have some additional properties.

The basic requirements for a cryptographic hash function are as fol-
lows.
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• The input can be of any length.

• The output has a fixed length.

• H(x) is relatively easy to compute for any given x.

• H(x) is one-way.

• H(x) is collision-free.

A hash function H is said to be one-way if it is hard to invert, where
‘hard to invert’ means that given a hash value h, it is computationally
infeasible to find some input x such that H(x) = h. If, given a message
x, it is computationally infeasible to find a message y not equal to x

such that H(x) = H(y), then H is said to be a weakly collision-free hash
function. A strongly collision-free hash function H is one for which it is
computationally infeasible to find any two messages x and y such that
H(x) = H(y).

The hash value represents concisely the longer message or document
from which it was computed; this value is called the message digest.
One can think of a message digest as a ‘digital fingerprint’ of the larger
document. Examples of well known hash functions are MD2, MD5 and
SHA.

Perhaps the main role of a cryptographic hash function is in the pro-
vision of message integrity checks and digital signatures. Since hash
functions are generally faster than encryption or digital signature algo-
rithms, it is typical to compute the digital signature or integrity check to
some document by applying cryptographic processing to the document’s
hash value, which is small compared to the document itself. Additionally,
a digest can be made public without revealing the contents of the docu-
ment from which it is derived. This is important in digital timestamping
where, using hash functions, one can get a document timestamped with-
out revealing its contents to the timestamping service.

2.1.4 Digital Signatures

Authentication is a process that proves and verifies a certain information, for example
the information about the origin or the sender of a document or message. A digital
signature of an electronic document or message can prove such information.

If a public key system is used to generate a digital signature, the signature is com-
puted from the message and the signer’s private key. First, a hash function is used
to derive a digital fingerprint from the message called the ‘message digest’

Digest = Hash(Message).

Afterwards Alice who wants to sign the message encrypts the message digest with
her private key

Signature = Encrypt(Digest , KAlice,sign).
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The message together with the signature is sent to the receiver Bob who wants to
be sure that Alice is really the sender.

Bob must know which hash function Alice has used to derive the digest. Bob takes
the message and computes the digest again

Digest ′ = Hash(Message).

Additionally he decrypts the signature with Alice’s public key and is now able to
compare Alice’s digest to the one he has derived. If

Digest ′ = Digest

then Bob can be sure that Alice is the author of the message.

Digital signatures rely on the fact that Alice is the only person that is able to derive
the signature since nobody else is aware of her private key. Furthermore the hash
function is required to be collision-free because when Alice signs the message digest
she actually signs every message with the digest Digest.

The problem regarding the mapping between public key and identity (described
in 2.1.2) is a problem in the range of digital signatures, too.

2.1.5 Digital Certificates

In section 2.1.2 the problem regarding the trustworthy mapping between identity
and public key was introduced. This problem can be solved with digital certificates.

Bob wants to check if the key KAlice really belongs to identity ‘Alice’. Bob is not
able to do this verification but a trusted third party can do it. Such a certification
authority checks Alice’s identity for instance by inspecting her identity card and
ensures oneself that Alice is holding the private key that matches the public key
KAlice . Alice has to appear at the certification authority and make a proof about
the key and her identity.

After checking Alice’s identity the certification authority issues her a digital ID
certificate which ensures the correct mapping between the ID ‘Alice’ and the public
key KAlice . This certificate is signed by the certification authority which is a trusted
third party.

Bob trusts the certification authority and is aware of its public key. When Alice
wants to prove that the public key is trustworthy she passes Bob the ID certificate.
Bob is able to check the signature of the certification authority and can be sure that
he holds the correct public key.

Digital certificates are also used to map other facts than identities and public keys.
Authorization certificates for example map grant access permissions to public keys.
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2.1.6 Challenge Response Authentication

Challenge response procedures are used to prove the identity of a person or entity
towards another. Alice wants to prove her identity to Bob or the fact that she is
holding a shared secret. For that purpose Bob sends a challenge to Alice who is
the only one that is able to solve that challenge. The solution is sent back. This
message is called the response. Bob checks if the solution is correct and is now sure
of Alice’s identity [Buc01].

A challenge response procedure can either use symmetric or asymmetric crypto-
graphic systems. In the case of the symmetric alternative Alice and Bob share a
secret key Kshared . Bob sends a random number r to Alice. For example, Alice
computes the hash of r and encrypts the result using the shared key

c = Encrypt(Hash(r), Kshared ).

The result is sent back to Bob.

Bob is aware of the hash function and computes

c′ = Encrypt(Hash(r), Kshared )

because he holds the shared key Kshared . Bob can now check if the response c matches
c’. In that case Bob can be sure that Alice holds the secret key because she was
able to solve the challenge.

If asymmetric cryptography is used Alice signs a message such as
(Alice,Hash(r)signed). This messages is sent back to Bob as the response.
Bob is aware of Alice’s public key and is able to verify her signature. He can be
sure that his counterpart is Alice because she should be the only one who is holding
the private signing key. If Alice lost her private key or has given it to somebody
else, a trustworthy authentication is not longer possible.

Again we encounter the problem described above regarding the trustworthy map-
ping between Alice’s identity and her public key. If an attacker has the ability to
substitute Alice’s public key with his own public key, he might be able to pretend
Alice’s identity [Buc01].

AliceBob

Challenge: random number r

Response: Sign(Alice, hash(r))

Figure 2.1: Challenge response authentication with a public key system
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2.1.7 Source Routing

Source routing is a technique whereby the sender of a packet preselects the route that
the packet should follow when traveling through the network. The packet contains a
route towards the destination and each intermediate node should be able to forward
it along the given path.

The sender of the packet must be aware of enough information about the network to
choose a source route. Sometimes there is a distinction between strict source routing
and loose source routing.

Strict source routing means that the sender specifies a complete route to the desti-
nation. For example:

• source: node 5

• destination: node 9

• route: node 5 −→ node 7 −→ node 4 −→ node 9

If loose source routing is used the sender does not choose the complete route. He
only selects some hops that the message should pass through. For instance:

• source: node 5

• destination: node 9

• via: node 4

2.2 The Protocol

2.2.1 Overview

The core idea of the given protocol [Fuh04] is to combine overlay routing techniques
with source routing. The knowledge about the network topology is distributed over
all nodes in the network. This reduces the routing table size in each node.

Each node maintains only a small routing table with few entries. The address space,
the routing table and the protocol messages are introduced in the next sections.

2.2.2 The Address Space

The address space is circularly connected and builds up a ring with a defined orien-
tation. For each node there is a successor and a predecessor in the ID space. Finding
these two special nodes is the challenge of the bootstrapping phase (see 2.2.4).

Assume {2,10,22,31} to be a set of nodes. Then 2 is the successor of 31. In the
address ring there is no such relation as ‘larger’ or ‘smaller’ between the nodes,
but they can form a correct sequence like (22-31-2) or an incorrect sequence like
(2-31-10).

The distances between nodes in the address space are asymmetric. If {0..39} is the
complete ID space then d(2, 10) = 8 but d(10, 2) = 32. The protocol distinguishes
between distances in the ID space and distances in the network which are defined
as the minimal length of a path between two nodes measured in hops.
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2.2.3 The Path Store Data Structure

Each node maintains a data structure called the ‘path store’ that stores the known
source routes. If a packet contains a source route towards the destination, an inter-
mediate node is able to forward it along the given route. Otherwise it looks up a
route in the path store and prepends it.

If A is the intermediate node and D is the destination, the look-up in the path store
for the next node B is done considering the following aspects in descending order.

1. (A,B,D) is a correct sequence

2. the source route is minimal

3. d(A,B) is maximal

If there is no node that matches criteria 1) the destination D is considered as un-
reachable. The detailed operations on the path store are described in [Fuh04].

2.2.4 The Bootstrapping Phase

The goal of the bootstrapping phase is a network with a consistent state where each
node is able to forward a message towards the destination. For this reason each node
must be aware of its correct successor in the ID space.

First the node needs to know who are its direct topological neighbors. This knowl-
edge is gained from some kind of ‘neighbor discovery’ procedure. For that purpose
the Hello-Message is sent, which is described in 2.2.4.1. After that the node chooses
the best current successor node and informs it with a SuccessorNotification-Message
(2.2.4.2). The chosen node either agrees that it is the correct successor or knows a
better one. If there is a better one the sender of the SuccessorNotification-Message
is informed about that fact by a SuccessorUpdate-Message (2.2.4.3). Step by step
the network approaches a consistent state where each node is aware of its correct
successor. The idea of this iterative bootstrapping phase is described in [CF04].

In most cases the bootstrapping phase leads to a consistent state where each node
knows a source route to its successor. Inconsistencies come up with very low prob-
ability. Each node learns from the messages that are passing through and is so able
to fill the path store very quickly (see [Fuh04] and [CF04] for simulation results). So
the network is now able to forward all messages correctly towards the destination.

2.2.4.1 The Hello-Message

The Hello-Message as described above is used to detect all direct neighbors of a
node. Each node announces itself to its direct neighbors by sending a Hello-Message
containing the own address.

A node that receives such a Hello-Message stores the node ID and the one-hop source
route into the path store. Assuming that no messages are dropped each node is aware
of all direct neighbors after a certain time. The set of neighborhood nodes contains
the best current successor which is informed using a SuccessorNotification-Message
(2.2.4.2).
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Figure 2.2: Exchanging Hello-Messages

2.2.4.2 The SuccessorNotification-Message

Having received all Hello-Messages a node is able to decide which neighbor node
is the proper successor from its point of view. This node is informed about the
choice by means of a SuccessorNotification-Message. This message always contains
the complete route towards the destination which is a one-hop route for the first
time. An intermediate node is able to forward this message along the given route.

The receiver of the SuccessorNotification-Message stores the route into the path
store and checks if the choice is right or if there is a better successor for the sender.

123

4

5

6

Successor-
Notification

Figure 2.3: SN-Message from node 2 to node 5

In the case of a better successor the node sends a SuccessorUpdate-Message (2.2.4.3)
back to the sender of the SuccessorNotification-Message. This update message con-
tains information about the better successor like node ID and source route. Other-
wise it accepts the choice and updates the predecessor pointer. Before doing so the
old predecessor is informed about the new situation by means of a SuccessorUpdate-
Message.

2.2.4.3 The SuccessorUpdate-Message

The purpose of a SuccessorUpdate-Message is to inform a node about a better suc-
cessor. Either a choice of successor is corrected or a predecessor is informed about
the existence of a better successor.

In the example of 2.2.4.2 node 2 sends a SuccessorNotification-Message to node 5
because 2 believes that node 5 is the best current successor. Node 5 does not agree
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because it is aware of the existence of node 3. For this reason a SuccessorUpdate-
Message is sent from node 5 to node 2 containing a source route to node 3. There-
upon node 2 sends a SuccessorNotification-Message to node 3. Figure 2.4 makes this
message flow clear.
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Successor-
Update("3")
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Successor-
Notification

Figure 2.4: Example of a SuccessorUpdate-Message

2.2.5 The Routing Phase

After the bootstrapping phase (2.2.4) the network is in a consistent state where
each node knows a source route to its successor. Additionally each node learns from
messages passing through and the path store fills up with source routes very quickly.

Assume that node A wants to communicate with node B. It builds up a ‘connection’
where connection means to find a source route from A to B. To achieve this goal
A generates a ConnectionRequest-Message containing a path towards B and B’s
address. The path can be the null-path for the first time in case that A does not
know a source route towards B.

There are three cases of handling such a ConnectionRequest-Message. The desti-
nation node B of the message stores the complete source route into its path store
and sends back an Established message to A. Any inner node of the path is able to
forward the message along the given path. Otherwise the node looks up the best
matching route towards the destination in the path store. If there is no such route
the node is unreachable assuming that the network is in a globally consistent state.
In this case an Unreachable message is sent back to A.

2.3 A Protocol Setting

This section describes a possible scenario for an application of the protocol (2.2).
This protocol setting is analyzed and considered when the design for the enhanced
protocol is discussed.

In a simple setting all nodes have bidirectional point-to-point links to other nodes.
The author of the protocol assumes static, reliable and bidirectional point-to-point
links [Fuh04]. Imagine a home or an office where miscellaneous electronical devices
are connected by point-to-point links. Sensors, control systems and switches might
be such devices which build up a network all over the house. There is no need for a
central control unit to manage the network since the routing is self-organizing. The
nodes build up and maintain all routing information by themselves.

When the network is established the topology does not change very often. The
nodes normally do not change their position. The topology changes when a node
shuts down, fails or a new node joins the network.
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Each node in the network has as much neighbors as active interfaces. The neighbor
discovery is much easier than for example in wireless networks. If there is a node
behind an interface it is a neighbor. Problems with that assumption will be discussed
later.

This setting is very general and an infrastructure can not be assumed. So problems
such as secure node ID assignment must be solved.

2.4 Problems and Possible Attacks

This section introduces some general attacks towards ad-hoc and peer-to-peer net-
works. These attacks are analyzed with regard to the current protocol and the
introduced protocol setting. Furthermore the current protocol messages and effects
of fake protocol messages are examined.

2.4.1 Node ID Assignment

The node ID assignment is an important subject in peer-to-peer systems since many
peer-to-peer systems achieve high availability by redundancy mechanisms such as
replicated keys. This mechanism ensures that a key region is available even if the
node which is responsible for that region fails. This is possible because the key region
is replicated. This redundancy must be distributed independently over the network.

An attacker does not need to control a big fraction of the network to start an
effective attack towards such a redundancy mechanism. Controlling all nodes which
are responsible for all replicated keys is sufficient. This can be very simple if the
attacker is able to choose node IDs without any constraints. If he can choose special
node IDs he may be in the position to control all replicated keys. That means that he
is able to manipulate and delete data or just control and deny access to it [CDG+02].

Another attack aims at the routing table of a victim. The attacker tries to control
nearly any node ID in the routing table of the victim. If all entries in the table
point towards a hostile node, the victim’s access to the network is controlled by the
attacker.

The two described attacks (see [CDG+02]) are always possible if node IDs are not
assigned randomly, but instead each node is able to choose an ID for itself. In reality
not all nodes behave friendly and generate a random number as ID. As a result a
secure protocol has to take measures about node ID generation and assignment.
Solutions for this problem will be introduced and discussed in section 2.5.1.

The described attacks are simplified if an attacker can easily obtain many node
IDs. Then he can simulate multiple nodes which have legitimate IDs with only one
physical node. This attack is called the ‘Sybil attack’ and is characterized in 2.4.2.

2.4.2 The Sybil Attack

The Sybil attack is characterized in [Dou02], [NSSP04] and [KW03] for example. A
single node simulates multiple identities. The goal of this attack is in most cases to
attack the redundancy mechanisms of peer-to-peer systems as described in 2.4.1.

A redundancy mechanism is senseless if an attacker can obtain many node IDs. By
simulating a large number of node IDs the attacker might be able to gain control of a
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complete region of the network. The consequences are almost the same as choosing
specific IDs. The attack towards the routing table of a victim is also possible.

A combination of the Sybil attack and selectively choosing node IDs may increase
the chances of success.

The attacker may also want to control as much network traffic as possible [KW03].
To achieve this goal the network traffic must pass through the attacker’s node. If a
single node simulates multiple identities, many packets use routes that contain these
virtual hostile nodes. In fact, the packets pass through only one single or several
real nodes. Without securing node ID assignment this attack is very simple.

In the current protocol the attacker might confuse a neighbor node by sending mul-
tiple Hello-Messages from a single node. If the victim does not recognize that all
messages are received from the same interface which is very hard in the wireless
network case, one node might simulate multiple neighbors.

There is a high probability that one of these virtual neighbors is selected as the suc-
cessor since the chance increases with the number of simulated neighbors. It is pos-
sible to disturb the following bootstrapping phase by sending SuccessorNotification-
or SuccessorUpdate-Messages in the name of virtual nodes as well.

The attack gets more difficult if there is a secure link-layer. An attacker can not
fake the link-layer address and the victim might recognize that there are many nodes
behind one interface. Suggestions for countermeasures against the Sybil attack are
the subjects of the sections 2.5.1 and 2.5.2.

2.4.3 The Wormhole Attack

When performing a wormhole attack ([HPJ03b],[HPJ02],[WB04],[KW03]) an at-
tacker receives and records packets or parts of packets at one point in the network
and ‘tunnels’ them to another point in the network [HPJ02]. These packets are
replayed from that point in the network. The attacker may possibly tunnel only a
few bits through his wormhole. For the receiver of these bits or the complete packet
it seems as if the sender is only a few hops away, but in reality the sender is not that
close. This attack is very hard to detect because the attacker in most cases does not
use the network but private links outside the network like wireless links.

An attack towards the current protocol may look like this. The attacker records the
Hello-Message at one point from his neighbor, tunnels them using his wormhole and
replays the packet at another point. Figure 2.5 shows such an attack. Node A and
node B are not neighbors in this set. Nevertheless after the wormhole attack they
believe that they are direct neighbors. The attacker tunnels the Hello-Message from
node A towards node B and does the same with the message from node B. Both
nodes are now aware of each other and believe that they are direct neighbors. This
‘knowledge’ may lead to routing inconsistencies and problems when A and B try to
identify the correct successor.

Of course an attacker is able to fake a Hello-Message and there is no need to record
and tunnel a packet. The problem with the wormhole attack is that it may deal
with security mechanisms. Assume that it is not possible anymore to fake messages,
because a packet needs a correct signature. Performing a wormhole attack still
makes the described attack on the neighbor discovery possible. It is not necessary
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Figure 2.5: Tunneling a Hello-Message

to fake the signature. Detecting and preventing wormhole attacks is very hard to
achieve. In 2.5.3 ‘packet leashes’ will be introduced. This mechanism is able to
detect a wormhole attack.

2.4.4 The Sinkhole Attack

The goal of the sinkhole attack ([KW03],[Bur03]) is to obtain as much network
traffic as possible to get access to data and information. The attack may help to
do selective forwarding (see 2.4.5) or to do eavesdropping on the communication. In
this case selective forwarding for instance is very simple because the node obtains
nearly the complete traffic towards or from its neighbors. So it is possible to listen
to, to modify or to suppress packets [KW03].

The goal is not achieved by simulating as many nodes as possible (Sybil attack 2.4.2)
or by choosing node IDs carefully. The node ID assignment may be secure and ran-
domized. Nevertheless the attacker is able to perform this sinkhole attack. The
attack works by making a compromised node look very attractive to other nodes
with respect to the routing algorithm [KW03]. For that purpose the attacker com-
municates very fast, cheap or high quality routes to all his neighbors. Many nodes
will try to use routes that pass through the attacker’s node because it is very at-
tractive with respect to the routing metric. Automatically much traffic will pass the
compromised node and the attacker is able to perform other attacks.

To achieve this goal in the given protocol there are a couple of ways. At first the
attacker can fake Hello-Messages because these packets are not checked for integrity
respectively authenticity. As a result the attacker is stored in the neighborhood set
of some nodes.

Faking Hello- and SuccessorUpdate-Messages is possible in the current protocol be-
cause there is no integrity check. A receiver can not be sure which node has sent
a message and whether the message has been modified or not. Besides there is no
verification of the suggested route.

A misbehavior during the bootstrapping phase such as the following may lead to a
state in which a node has more than one predecessor. This can be an advantage.
During the bootstrapping phase a node receives more than one SuccessorNotification-
Message with high probability. Behaving correct the node informs the sender about
the better successor with a SuccessorUpdate-Message. The sender will then try to
contact the suggested node.

What happens if the receiver of the SuccessorNotification-Message does not inform
the sender about the better successor but always accepts the choice? The sender
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will stop searching for the correct successor because there is no information about a
better one. As a result the compromised node has more than one predecessor and
there will be more traffic passing through this node.

2.4.5 Selective Forwarding

This attack [KW03] is performed by forwarding packets selectively towards their
destination. An attacker may suppress or disturb the traffic towards his victim. A
simple way to realize this attack is to drop all packets. But operating as a ‘black
hole’ [KW03] might lead surrounding nodes to the assumption that the node is
down. As a result they will seek for another route. A better way is to forward
packets selectively. An attacker can forward the main traffic but refuse to forward
the traffic towards or from his victims.

The attack is very hard to detect if the attacker forwards the main traffic because
the surrounding nodes will not conclude that the link is down. Detecting this attack
means detecting the malicious node. The attacker himself may detect such detecting
mechanisms and deal with them. On the other hand this attack is hard to perform.
Each packet passing through the node has to be analyzed and forwarded with respect
to the structure, sender and receiver. This requires a powerful attacker.

Selective forwarding is simplified by performing attacks like the Sybil attack or the
sinkhole attack. If much traffic passes through the malicious node there are more
possibilities for the attacker to influence the network traffic.

Selective forwarding during the bootstrapping phase may lead to an inconsistent
state or at least disturb or delay building up the correct routing tables or path
stores respectively. Dropped SuccessorNotification- or SuccessorUpdate-Messages
may lead to trouble. Deleting bootstrapping messages is discussed in 2.4.8 and 2.4.9
where the messages are analyzed with respect to possible attacks.

2.4.6 Tampering with Packets

Modifying a packet is always possible when a packet passes through a node. Each
node is able to modify, cut or drop a packet instead of just forwarding it. Most of
the attacks described in 2.4 do modify or fake packets to achieve their goal. So this
subsection is about tampering packets for no purpose.

A node cuts or deletes a part of the message for either no reason or because of
being a faulty node. Some attackers might want to do damage without embarking
a strategy.

Preventing such an attack is nearly impossible. It is much easier to detect a faulty
packet. Solutions and proposals to protect packets are discussed in section 2.5.5.

2.4.7 The Hello-Message

The attacker may generate a Hello-Message and fake the sender address. Currently
no node is able to verify that a received message was really sent by the claimed
sender.

Furthermore a compromised node can refuse to send Hello-Messages to all or several
neighbors. Keeping this information back may cause problems when the neighbors
try to find the correct successor.
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In addition an attacker could just forward the Hello-Messages. Normally the mes-
sages should not pass more than one hop. If a malicious node forwards a received
message the next node might presume that the origin is a direct neighbor. This is
only possible if a node can not detect this misbehavior on the link layer.

If there are point-to-point links the victim may notice that there is more than one
node behind an interface. Maybe the node can determine that the message passes
more than one hop.

2.4.8 The SuccessorNotification-Message

1. Faking the sender

If a malicious node generates a SuccessorNotification-Message containing a
bogus sender address this will cause problems because currently there are
no acknowledgments. The receiver will change its predecessor and inform
the old predecessor about the new situation with a SuccessorUpdate-Message
(see 2.2.4.3). This action may lead to an inconsistent state because it will
probably initiate new bootstrapping messages. Anyway there will be more
network traffic than necessary.

Figure 2.6 shows the described attack.

3 5

SN("4")

3 5

SU("4")

3 5

SN("4")

Figure 2.6: Faking a sender of a SN-Message

2. Deleting / Dropping the message

An intermediate node may just drop or delete the message respectively. Cur-
rently the protocol does not use any acknowledges. As a result deleting mes-
sages may lead to an inconsistent state.

Assume that node 5 sends a SuccessorNotification-Message to node 8. If an
inner node drops this message, node 5 will assume that node 8 agrees with the
choice because node 5 does not receive a SuccessorUpdate-Message.

Figure 2.7 illustrates this attack.
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Figure 2.7: Dropping the message causes problems.
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3. Modifying the message

An inner node may change the sender, the receiver or any part of the message.
This is a general attack. Each node is able to modify or cut a message.

4. Replay attack

A malicious node may record a message that passes through the node and re-
play the message later. If the state of the network has changed in the meantime
the attacker may cause confusion.

The current protocol does not use signatures to protect packets against tam-
pering. If signatures are introduced it is important to keep replay attacks in
mind. The signature is useless if an attacker is able to record and replay the
packet because that attack does not change the signature and a receiver does
not realize that the packet is out-of-date.

2.4.9 The SuccessorUpdate-Message

1. Faking the sender

A SuccessorUpdate-Message containing a fake sender may cause confusion as
well. In figure 2.8 node 5 is the current successor of node 3. Now an attacker
sends a SuccessorUpdate-Message to node 3 containing the information that
node 4 is a better successor. The message is sent claiming node 5 to be the
sender. It seems that node 4 has sent a message to node 5 and now node 5
informs node 3 about the new situation that the better successor is node 4.

Node 3 will send a SuccessorNotification-Message to node 4 which does not
exist and therefore node 4 will not answer this message with a SuccessorUpdate-
Message. Because this response is missing, node 3 assumes that node 4 agrees
with the choice and will change the successor pointer to node 4.

At the end node 3 has a non-existing successor and node 5 a non-existing
predecessor and both nodes have lost their correct successor/predecessor rela-
tionship.

3 5

SU("4")

3 5 3 5

SN("4")

Figure 2.8: SuccessorUpdate-Message containing a fake sender

A second possibility is generating a fake update message in response to a
SuccessorNotification-Message. Figure 2.9 shows this attack. Node 3 sends
a SuccessorNotification-Message to node 5 which is the chosen successor.
Node 5 agrees and does not answer with a SuccessorUpdate-Message but in-
stead changes the predecessor pointer to node 3. Now the malicious node 6
generates a SuccessorUpdate-Message containing the sender address node 5
and the information about a non-existing node 4 being a better successor.
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Node 3 will accept the message and send a SuccessorNotification-Message to
the better successor node 4 and will certainly get no response. Node 3 conse-
quently chooses node 4 as successor and changes the pointer.
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Figure 2.9: Fake SuccessorUpdate-Message

2. Deleting / Dropping the message

Deleting a messages causes problems illustrated in figure 2.10. At first node 3
sends a SuccessorNotification-Message to node 5 because it identifies node 5 as
the legitimate successor. Node 5 does not agree because it is aware of node 4
which would be the right choice. Therefore node 5 sends a SuccessorUpdate-
Message back to node 3 containing the information about node 4. Node 6,
the attacker, does not forward this message towards node 3 but drops it. As a
result node 3 assumes that node 5 agrees with the successor choice.

3 6 5

SN("3")

3 6 5

4

SuccPred

4

SuccPred

Succ

SU("4")

Figure 2.10: Deleting a SuccessorUpdate-Message

2.4.10 Flooding and Denial of Service

A denial of service attack (DoS) can be very harmful if the device is low on resources.
Flooding is a simple way to keep a small device busy if it tries to handle each message.
This study does not work on DoS attacks.

2.5 Countermeasures

This section introduces possible solutions for the described attacks and prob-
lems (2.4). In addition the advantages and disadvantages are discussed and compared
with respect to the given protocol [Fuh04]. The choice of the concrete solutions takes
place in chapter 3.
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2.5.1 Node ID Assignment

According to [CDG+02] it is very important to ensure secure and randomized node
ID assignment. Otherwise redundancy mechanism in peer-to-peer networks are use-
less. Furthermore the described Sybil attack (see 2.4.2) is always possible.

Each node that joins the network obtains a random node ID. In addition the network
must ensure that the node IDs are uniformly distributed over the ID space. If all
nodes stick to the rules they may choose their node IDs for themselves. The nodes
would pick a node ID at random. In reality this will not work because there are
always nodes which do not stick to the rules. Malicious nodes will pick special IDs
to perform attacks and achieve their goals.

Simulating multiple identities which was introduced as the so-called Sybil at-
tack (2.4.2) is possible if node ID assignment is not secure. [Dou02] shows that
this attack is always possible without a central authority which is responsible for se-
cure node ID assignment. Actual solutions against the Sybil attack will be discussed
in section 2.5.2.

2.5.1.1 Certified Node IDs

[CDG+02] recommends building up a central certification authority. One task of this
authority is the supervision of the randomized, uniformly distributed ID assignment.
Furthermore the certification authority issues certificates for correct node IDs. Each
node of the network would have the ability to verify a node ID of another node.

For this reason the public key of the certification authority must be installed in
each node. If central nodes are part of this infrastructure that would constrain the
self-organizing behavior of the network because fixed and central nodes would be
essential.

An advantage of this solution is the fact that it simplifies building up of a public
key infrastructure. The central authority is able to certificate the mapping between
a node ID and the matching public key and each node in the network has the ability
to check such an ID certificate.

In the introduced protocol setting (2.3) the user or the operator of the network
respectively can act as a certification authority. When the network is built up or
a new device is integrated, the operator installs the certificate on the device. This
installation occurs once only and does not affect the self-organizing behavior of the
network that much. Moreover the nodes only need to maintain one public key.
Other people’s malicious devices are not able to join the network. So the user is
able to personalize his own devices. For example the power socket of user A will not
communicate with the lamp of user B and deny access.

Alternatively the producer of the device can certify the node ID. This requires world-
wide unique node IDs. Furthermore each node has to maintain the public keys of
all producers of nodes in the network. Otherwise the node is not able to check all
node IDs.

2.5.1.2 Constraints towards the Node IDs

The current protocol uses node IDs that represent bit strings from an ID space such
as [0 . . . 2m−1]. Each message is forwarded to its destination along these addresses.
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One option is using the public key of the node as the node ID at the same time. The
main advantage is that a mapping between node ID and public key is unnecessary
and no central authority has to certify anything. The given protocol does not require
a layer 3 protocol such as the Internet Protocol. For this reason a mapping between
node ID and layer-3 addresses also becomes redundant.

Public keys are very long (order of 1024 bits) so it may be a good idea to use the
hash value of the public key instead. Each node is able to check if the node ID is
the hash of the public key. A further advantage of using a hash function is making
attacks towards special ID spaces more difficult because choosing IDs selectively
means finding an input for the hash function that is mapped to the desired node ID
or generating public keys until the hash of one key matches the ID, which both is
nearly impossible.

Nevertheless it is still possible to obtain more than one node ID. According to [Dou02]
it is impossible to prevent the Sybil attack if there is no central authority which is
responsible for secure node ID assignment. Even though it is possible to make this
attack more difficult by defining constraints towards the node IDs.

For example hash values are only accepted as node IDs if they contain a fixed number
n of zero bits or if the first n bits are on par with the last n bits. For example n = 8.

100110111
︸ ︷︷ ︸

n−Bits

10100100....0011011 100110111
︸ ︷︷ ︸

n−Bits
︸ ︷︷ ︸

m−Bits

The generation of a node ID would process the following algorithm.

1. LOOP

2. GEN KEY(Kpub , Kpriv);

3. ID = HASH m(Kpub);

4. WHILE (firstn(ID) 6= lastn(ID));

The function firstn(x) provides the first n bits and lastn(x) the last n bits of the bit
string x.

The generation of a correct node ID is 2n−1 times more difficult on average
(n ≥ 0, n > m

2
) then. This requires the assumption that each node has got

the same processing power. For a strong attacker with large processing power this
is not a constraint.

Who defines the factor n? If n depends on a network state or local nodes there
would a problem for any other node to know about the current value of n. Therefore
it is the better alternative to define n as a global factor. So each node knows n and
is able to check a node ID.

Another question is the order of n. If n is too small then it is easy to generate
more than one ID and then simulate multiple identities. If n is too big then weak



2.5. Countermeasures 21

devices have difficulties generating a correct node ID. The order of n depends on the
application. It has to be defined application dependent.

Verification of a node ID is very simple because a node only has to check if
firstn(ID) = lastn(ID). The check of the mapping between the public key
and the node ID is easy as well. Public key and node ID belong together if
Hashm(Kpub, ID) = ID.

It is important to point out that the described constraints do not prevent a Sybil
attack since this is not possible without a central authority. The attack is more
difficult but not impossible.

A disadvantage is that the node ID space is not used completely because there are
now many node IDs that do not conform to the constraints.

2.5.1.3 Web of Trust

The web of trust is an alternative to a hierarchical public key infrastructure. Each
user generates his own pair of keys. The mapping of the user and the corresponding
key is signed by other users. So each user acts as certification authority. This
approach is completely decentralized.

There can be many independent webs of trust which may be connected by users
that are part of more than one web. The web of trust is very flexible and leaves the
decision making in the hands of the users.

The problem with the web of trust in this case is the initial trust in another user.
Normally users that sign other certificates know each other and trust each other. In
the case of a random network this initial trust can not be assumed. If no node trusts
another node a web of trust will not work since initial trust is required. A node will
not sign a certificate if it does not trust the other node.

A very popular program that uses the web of trust concept is Open PGP (Pretty
Good Privacy, author Phil Zimmermann)[Zim05] which is mostly noted for email
encryption and email signatures.

2.5.2 Countermeasures against the Sybil Attack

[CDG+02] proposes two countermeasures against the Sybil attack. One solution is
to require an user to pay money for node ID certificates. The costs of a Sybil attack
grows with the size of the network if the attacker wants to control a fixed percentage
of the network.

This alternative requires a central authority which has to take control of the as-
signment and the settlement of the node IDs. The complexity of this infrastructure
affects the self-organizing structure of the protocol.

The second option is to bind node IDs to real world identities. This is not possible
in this case since the protocol is used in all-purpose and often the nodes do not
correspond to a real world identity.

A constraint regarding the number of allowed neighbors can make the Sybil attack
more difficult. If each node is only allowed to have n neighbors or if the devices
have only n interfaces it might be possible for a node to detect that one node claims
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to have more than n neighbors. That fact might indicate a Sybil attack. Perhaps
the information is found in the path store. But this constraint would not allow
networks like small world networks in which a few nodes maintain connections to
many neighbors.

A challenge may indicate that a node tries to simulate multiple identities [Dou02].
The suspicious nodes have to solve a task that a single node is not able to solve.
This requires the assumption that the resources of any two nodes differ by at most
a constant factor. The challenge might be a crypto puzzle. But which entity does
generate these challenges? There might be a central authority like a ‘watchdog’
which is responsible for spotting a Sybil attack. If there is no such entity all nodes
may generate challenges. But how does a node move on if it suspects a node?
Challenges may also lead to a complex infrastructure.

2.5.3 Countermeasures against the Wormhole Attack

Wormhole attacks are very difficult to defend against since in most cases the attacker
uses a private out-of-band channel [KW03]. This channel is invisible to the network.
The following proposals make the attack more difficult.

2.5.3.1 Packet Leashes

Packet Leashes are introduced in [HPJ03b] as a measure to detect and prevent worm-
hole attacks in wireless networks. A leash is an information which is added to the
packet to prevent it from traveling more hops than intended. Therefore this infor-
mation is called leash. Two versions of packet leashes are suggested: geographical
leashes and temporal leashes.

Concerning the first version the node must be aware of its geographical position.
Furthermore all nodes must have loosely synchronized clocks. The sender of a packet
appends a timestamp ts and its own position ps. It might be a good idea to sign
this information to prevent fake leashes. The clocks in the network are synchronized
within ∆. ν is an upper bound for the velocity of any node, if the nodes change
their position.

The receiver knows its own position pr and the point in time tr at which the packet
is received. From these values and a position error δ the receiver derives the upper
bound on the distance between the sender and itself:

dsr ≤‖ ps − pr ‖ +2ν(tr − ts + ∆) + δ ([HPJ03b]).

A maximum allowed distance between sender and receiver has to be defined.

The second version of packet leashes requires tightly synchronized clocks. The error
∆ between any two nodes is in order of a few microseconds or even a few hundred
nanoseconds.

The sender adds a timestamp ts and the receiver compares this value with the time
at which it received the packet tr. By means of the speed of light and the claimed
transmission time the receiver is able to detect if the packet traveled too far.
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Signing the timestamps would be a good idea for temporal leashes as well. The
clocks must be tightly synchronized because small errors in time lead to big errors
in measuring the distance. Therefore expensive hardware is required.

Packet leashes are introduced for wireless networks. The transfer to a physical link
layer is not that trivial, because the length of a route does not correspond to the
distance in hops in a network. Assuming equal transmitting power for any two nodes
in a wireless network there is a maximum distance between two nodes that are able
to communicate directly. In a wired network two nodes may have a distance of a
few meters without being direct neighbors.

Other disadvantages are the necessity of synchronized clocks and the knowledge
about the geographical position. This requires very expensive hardware. In most
cases the nodes are not equipped with such hardware so the packet leashes are not
practicable.

2.5.3.2 Signed Timestamps

A measure to detect wormhole attacks in wired networks might be to compute the
round trip time. For this purpose node A generates and signs a Hello-Message
including a timestamp Tsend. This message is sent to each neighbor. A neighbor
node B which receives this packet signs it with its signing key and then sends the
packet back to node A.

Node A receives this ‘Hello-Reply’ and is now able to compare the receiving time
with the timestamp Tsend . The signature of A ensures that the packet was originally
sent by A. Node A accepts node B as a direct neighbor if the time difference

Tdiff = Treceive − Tsend

is smaller than a bound taccept .

Of course A must check the node ID of B and the signature of the packet. In addition
A has to check whether it is the origin of the Hello-Message by checking the own
signature.

At the same time node A has to prove that it is a direct neighbor of B by means of
the same procedure. Both nodes prove to each other that they are direct neighbors
and that there is a link between them.

Figure 2.11 shows a path-time diagram. In the left diagram B’s response arrives in
time and the verification of the node ID and the signatures is successful. In the right
diagram B’s response arrives too late (Tdiff > taccept) and A does not accept it.

Concerning this method the value taccept must be analyzed and evaluated. It must
be kept in mind that a node has to check and generate signatures within this time.
At the beginning the node IDs and the public keys have to be checked.

In the design chapter flooding a node with HelloReply-Messages must be examined.
This can lead to a denial of service attack. First of all the timestamp should be
checked before verifying the signature. Packets with Tdiff > taccept can be dropped
without checking the signature. This order saves computation power and energy.

It should be mentioned that this method does not require tightly or loosely syn-
chronized clocks such as packet leashes (2.5.3.1) because a node that generates a
timestamp compares that timestamp later with its own clock.
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t_send
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check_key() ; check_sign() ;

OK!

Figure 2.11: Neighbor discovery with signed timestamps

2.5.4 Countermeasures against the Sinkhole Attack

To prevent a sinkhole attack it is important to detect wrong routing messages. The
malicious node must not be able to propagate that it is an attractive node for all
routes.

Any node must be able to verify that a claimed route really exists. Furthermore a
Sybil attack and a wormhole attack must be prevented.

If no node can claim that it is aware of non-existing routes and fake routing messages
are detected, a sinkhole attack is hard to perform. The section 3.2 introduces link-
certificates to prove the existence of a physical link between two nodes.

2.5.5 Countermeasures against Tampering with Packets

Preventing attacks that cut, modify or delete packets without any reason is very
hard. Taking measures to detect the faulty packets is much easier. Integrity infor-
mation can help to discover such attacks.

Each node maintains an asymmetric pair of keys that allows to sign messages before
sending them. If an inner node modifies a packet the receiver of the packet will notice
it because the verification of the signature fails. Thus the receiver takes notice of
the attack and is able to ask for the packet again.
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This chapter introduces the concrete solutions for the problems and attacks that
are described in chapter 2. After discussing advantages and disadvantages of the
solutions the suitable ones are introduced. In addition the reasons for picking these
solutions are mentioned.

3.1 Node ID Assignment

The node ID assignment is managed by a trusted third party. Therefore it is ensured
that the IDs are chosen at random and uniformly distributed. As a result a selective
choice of a node ID by an attacker is not possible.

This trusted third party also generates the public and private keys for all nodes.
The mapping between the public key and the node ID is secured by means of an ID
certificate. This certificate is installed on a node together with the public key of the
trusted authority. With its certificate each node is able to prove that it maintains a
correct ID and the matching public key.

To allow any node to verify all ID certificates it is important that each node possesses
the public key of the trusted third party. The simplest way is operating with only one
trusted party. In the protocol setting described in 2.3 this might be the operator of
the network. Before a device joins the network for the first time, the ID certificate,
the public key of the trusted party and the public/private key pair are installed.
The nodes may be programmed by physical contact. Initializing is done only once.
Except for the initialization the nodes are operating autonomously.

This procedure prevents a Sybil attack. The countermeasure described in 2.5.1.2,
which is about constraints towards node IDs, makes the attack more difficult but
does not prevent it. Furthermore the assumption that any two nodes have got nearly
equal computation power might not be realistic. It is hard to find a good parameter n

that satisfies a heterogeneous network. Some nodes might have problems to generate
a correct ID whereas for other nodes it is not a constraint at all.
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3.2 Link-Certificates

Important information in routing protocols are information about existing links and
routes. To ensure a correct bootstrapping and routing phase it is fundamental
to prevent routing messages that claim non-existent links between nodes. Routing
information must not be propagated if it is not correct. For that reason a mechanism
is required that allows nodes to verify a claimed route.

Two connected nodes must prove the existence of their physical link to any other
node. For this reason a digital certificate is introduced. This certificate proves
the existence of a link between two nodes. Since the links are bidirectional two
certificates are needed to prove the existence.

Assume node A and node B to be neighbors. If A and B want to prove to node
C that they are direct neighbors, node A has to certify the link between A and B.
In addition node B has to certify the link between B and A. Two certificates are
necessary to prove the existence of a bidirectional link.

A certificate that proves the link in one direction is called ‘one-way certificate’. To
prove the existence of a complete link two one-way certificates are necessary. Two
one-way certificates together are called ‘link-certificate’.

Before issuing a one-way certificate both nodes have to convince each other that
they are direct neighbors. Afterwards both nodes sign their one-way certificate with
their private signing key. A physical link is considered as existent if both one-way
certificates can be verified. After proving their neighborhood to each other both
nodes send their one-way certificate to the neighbor.

A −→ B : Cert(A→ B)signed(A)

B −→ A : Cert(B → A)signed(B)

3.2.1 Certificate Format

The link-certificate includes two one-way certificates which are signed by different
nodes. The format of the two one-way certificates is identical. In the following
the parts of the certificate are introduced. In addition the purpose of each field is
explained.

The size of the certificate should be as small as possible to save bandwidth and
memory in the nodes.

3.2.1.1 Unique Identifier

A unique identifier is not absolutely necessary since the certificate can be identified
by means of the timestamp and the two unique node IDs. Nevertheless a unique
ID might be useful to recognize a certificate quickly or to speed up the access to it.
Duplicated certificates are recognized faster.

The identifier might be a random number or the two IDs of the connected nodes
added by a random number. The implementation and evaluation shows if an identi-
fier is really needed. Maybe the described node IDs and the timestamp are sufficient.
Without an additional identifier the certificate is smaller. This would save band-
width.
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3.2.1.2 Node ID

The certificate must include the two IDs of the connected nodes to identify the link.
To save an additional link ID it is reasonable to stick to the correct order of the
node IDs.

1. ID 1: start node (certifies)

2. ID 2: end node

This order means that node 1 certifies the existence of a link from node 1 to node 2.
The certificate is signed with the signing key of node 1. Any other node needs the
public key of node 1 to verify this certificate.

3.2.1.3 Link ID

An additional link ID is not necessary if the certificate format sticks to the introduced
order of the node IDs (3.2.1.2). Then a link is identified by a start node and an end
node. Each node is able to identify the link and the direction of the certificate by
means of the start and the end node.

As a result the node ID can be omitted to save bandwidth and memory.

3.2.1.4 Timestamp

A timestamp is useful for several reasons. First of all it identifies a certificate together
with the start and the end node. Additionally it provides protection against replay
attacks. If an attacker records a package that contains a correct validated certificate
and replays it later the certified link might be down already.

The certificates have limited validity. As a result the replayed package would not
be accepted because the timestamp is out-of-date. That is why a timestamp pro-
vides good protection against replay attacks if the clocks of all nodes are loosely
synchronized.

An important value is the valid time of a certificate. This is discussed later in
section 3.2.2.

3.2.1.5 Public Key

The node that verifies a one-way certificate needs the public key to check the sig-
nature. An ID certificate which includes the public key contains much data with
regard to the size of a message. The size of a protocol message is limited by the
maximum size of the underlying layer 2 message. There are no protocol messages to
fragment and reassemble messages.

For that purpose the ID certificate is not part of the one-way certificate. Protocol
messages to exchange the ID certificates will be introduced in section 3.3. These
messages lead to extra traffic but ID certificates have a very long validity period and
the public keys can be maintained in a cache structure to speed up the access. In
addition fragmentation means overhead and complexity too.
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3.2.2 Validity of a Certificate

The certificates can be realized soft-state or hard-state. Soft-state means that a
certificate expires and must be generated and exchanged again. Hard-state means
that it does not expire or has got a very long valid time. This requires a revocation
of certificates since it is possible that links break and then the certificates would
certify invalid links.

In the protocol setting 2.3 a revocation of link-certificates is not possible since there
is no central infrastructure. Central nodes which store the revocation lists would
be necessary to provide the access to these lists to all nodes. If the topology of the
network changes quickly the revocation lists are often out-of-date.

Link-certificates with limited validity make more sense. A certificate is valid if both
one-way certificates are valid. A one-way certificate expires if the valid time t∆

added to the current time is older then the timestamp of the certificate,

(tcertificate + t∆) < tnow .

An important design parameter is the value t∆. It must be kept in mind that the
clocks in the network are only loosely synchronized. If t∆ is too small then the
certificates expire very often. This means that links are not accepted by other nodes
and that certificates have to be renewed which increases the costs for each node and
costs bandwidth.

If t∆ is too long replay attacks are simplified. Furthermore there might be certificates
that ensure links that are down already. The dimension of tvalid and its effect will
be examined in chapter 5.

3.2.3 Example of a One-Way Certificate

As described above a complete link-certificate includes two one-way certificates.
Each one-way certificate ensures the existence of the link in one direction.

The signature is computed over the bold fields.

unique ID

start node ID

end node ID

timestamp

signature

3.2.4 Verification of a Certificate

The verification of a certificate sticks to an exact algorithm. It makes sense to
check the expiration first because if the certificate is out-of-date it can be dropped.
Verifying the signature is needless if the certificate has expired. This correct order
saves computing time.

Afterwards the public key of the start node must be looked up in the public key
cache. If the look-up fails the ID certificate of the start node is requested from the
node by means of a GetIdCertificate-Message (see 3.3.4).

Finally the signature of the one-way certificate that ensures the existence of the link
in one direction is verified. The public key of the start node can be taken from the
ID certificate or from the data structure that contains the known nodes.
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3.2.5 Management of ID Certificates

ID certificates have a very long validity period. It is not necessary to apply the
certificates to each one-way certificate since this would lead to very big messages
and network traffic. An exception is the ID certificate of the sender. This might be
applied to the message to allow the receiver the verification of the message without
demanding the ID certificate with an extra message.

If a node is not aware of a public key it sends a GetIdCertificate-Message (see 3.3.4)
and the receiver replies with a SendIdCertificate-Message (see 3.3.5).

After verifying a certificate the public key together with the node ID is stored in a
public key cache data structure. This cache speeds up the access to the public keys.
The ID certificate does not have to be verified before checking a one-way certificate
or a message signature.

Since the cache is not big enough to store all obtained public keys and node IDs a
replacement strategy is needed. First of all the direct neighbors have a special status
as they are protected from being replaced. Furthermore all public keys of node IDs
that are part of the source route to the successor are protected too.

All other public keys are replaced by means of a last recently used (LRU) strategy.

The size of the cache data structure is discussed in chapter 5.

3.3 Protocol Messages

This section describes the modifications of the protocol messages and introduces new
messages.

3.3.1 The Hello-Message

The current Hello-Message is enhanced by three new fields to come up to the new
requirements. The message must contain the ID certificate of the sender to allow
the neighbor node to check the node ID and to obtain the public key.

The next field is a timestamp. By means of the timestamp the round trip time is
computed. This procedure was introduced in section 2.5.3.2. Measuring the round
trip time makes tunneling Hello-Messages and replay attacks more difficult.

Finally the certificate now contains a signature of the complete message. This sig-
nature allows the receiver to determine the sender and to detect fake or modified
messages.

The enhanced Hello-Message might look like this (signature is computed over the
bold fields):

message type

src node ID

timestamp

ID certificate

signature
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3.3.2 The HelloReply-Message

This message is not part of the current protocol. The message is a reply and acknowl-
edge to the Hello-Message and its second purpose is to estimate the round trip time.
Assume that node A sends a Hello-Message to node B containing the timestamp
tsend−hello . Node B receives this message and responds with a HelloReply-Message.
This reply is signed by node B.

If A receives the acknowledgment it clocks the timestamp treceived−reply . The round
trip time is computed as

tRTT = treceived−reply − tsend−hello .

To make the wormhole attack (see 2.4.3) that tunnels Hello-Messages more difficult
node A accepts node B as a neighbor only if the round trip time is smaller than a
threshold. If the reply message arrives too late the round trip time is bigger than
the threshold. As a result node A assumes that the Hello-Message traveled more
than one hop and node B is not a real neighbor.

If node A has verified the signature of B it accepts node B as direct neighbor and
the existence of the link between them.

The HelloReply-Message must contain a proof that node B has received a Hello-
Message from A. This could be the complete Hello-Message or the signed hash of
the message.

The complete message is much bigger than the hash and this increases the band-
width costs. But if a hash is used, node A has to store the hash and the timestamp
to recognize the message and to compute the round trip time. The complete mes-
sage contains the timestamp and a signature of A and A can easily check the own
signature.

It is not absolutely necessary to add the ID certificate to the reply message because
node B sends a Hello-Message to node A, too. On the other hand if the message
gets lost, node A is not able to verify the signature and this might cause a delay.
Therefore adding the ID certificate is worthwhile.

message type

src node ID

dst node ID

timestamp

ID certificate

hello hash

signature

3.3.3 The SendLinkCertificate-Message

After receiving a HelloReply-Message and verifying that the sender is a direct neigh-
bor, the node generates the one-way certificate. Afterwards a SendLinkCertificate-
Message including this certificate is sent to the neighbor. The neighbor is now able
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to prove the existence of the direct link towards other nodes since it obtained both
one-way certificates.

Additionally the message contains a timestamp to prevent replay attacks and the
signature of the sender.

message type

src node ID

dst node ID

timestamp

one-way certificate

signature

3.3.4 The GetIdCertificate-Message

Since an ID certificate has a very long validity period it does not make sense to
apply it to every one-way certificate. The certificate is verified once and then the
public key is maintained in a cache (see 3.2.5).

If a node is not aware of the public key, it generates a GetIdCertificate-Message to
obtain the missing key. Since the source route towards the node can not be verified
until the public key is known, this message must be sent over an untrusted path.

Many GetIdCertificate-Message are generated in the bootstrapping phase since many
paths are exchanged and signed and the nodes are not aware of all the public keys.

To send a GetIdCertificate-Message the sender node copies the path from the re-
ceived message and inverts it. Clearly this is an untrusted path. A destination node
which gets such a request replies with a SendIdCertificate-Message (3.3.5).

The sender applies its own ID certificate to the get-message to speed up the propa-
gation of the public keys. Each inner node that forwards the message can learn from
the message and can insert the public key into the public key cache after verifying
the certificate.

Normally there is more than one ID certificate missing since missing certificates
are the result of path-inserting operations. To speed up the process of obtaining
certificates, more than one certificate can be requested with one GetIdCertificate-
Message. The message is sent to the last node of the source route that could not
be inserted and the nodes in the path for which the ID certificates are missing are
marked.

The signature of the GetIdCertificate-Message is very important. No node should
answer a request without verifying the signature. Otherwise a GetIdCertificate-
Message could be used for a denial of service attack. The attacker may send a
lot of request messages containing the victim’s address as sender. Many nodes will
fulfill the request and then the victim has a lot of work with verifying, inserting and
processing the reply-messages.

It is also important that this messages are not enhanced by inner nodes since in-
serting and changing the path will lead to more GetIdCertificate-Message and if one
of this messages causes n other this will result in a huge number of messages. Any
inner node behaves the following way:
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1. Check the message’s signature by using the ID certificate from the message

2. Check the request field and answer the requests with SendIdCertificate-
Messages

3. Mark answered requests as fulfilled

4. Forward the original message if there is still an open request

There is a high probability that an inner node is aware of one or more requested
certificates. As a result a GetIdCertificate-Message will normally not travel the
complete path since there are inner nodes of the path that can fulfill the requests.
Together with the accumulative request this decreases the number of messages.

message type

src node ID

dst node ID

timestamp

ID certificate

length
source route

request field
flag field
signature

3.3.5 The SendIdCertificate-Message

The SendIdCertificate-Message is the response to a GetIdCertificate-Message. The
receiver of the get message inverts the source route and applies it to the generated
SendIdCertificate-Message. The payload contains the own ID certificate.

Each inner node forwards the message towards the destination and in addition inserts
the public key into its key cache after verifying the certificate.

To decrease the number of messages more than one requested certificate could be
allowed per SendIdCertificate-Message. On the other hand the message size will
increase since an ID certificate is not that small. The number of certificates per
message will be examined in chapter 5.

message type

src node ID

dst node ID

timestamp

ID certificate

length
source route

ID certificate 1
ID certificate ...
ID certificate n

signature
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3.3.6 The SuccessorNotification-Message

The SuccessorNotification-Message is enhanced by the link-certificates to prevent
propagating fake routes. For this purpose the sender adds all relevant link-
certificates. This means that for each hop between sender and receiver there has
to be a valid link-certificate.

The first message is sent to a direct neighbor. The required link-certificate is made
up of the two exchanged one-way certificates. Step by step the nodes obtain the
required link-certificates from SuccessorUpdate-Messages for instance.

The message contains a timestamp to prevent replay attacks. Since the message
content can change the signature is computed over the constant field such as source
and destination node and timestamp.

message type

src node ID

dst node ID

timestamp

ID certificate

length
source route

link-certificate 1
...

link-certificate n
signature

It is very important to maintain the connection between the predecessor and the
successor node. The link-certificates of this connection have to be up-to-date.

For this purpose the SuccessorNotification-Message is sent periodically. The suc-
cessor must reply with a SuccessorNotificationAck-Message to keep the connection
between the nodes alive. The period time is a subject of the evaluation in chapter 5.

It is possible that the route to the successor changes because nodes are down or new
nodes join the network. Any inner node that forwards one of these messages looks
up its path store for a better route and substitute the source route and the paths.
Furthermore any inner node refreshes the own one-way certificate in the message to
update the link-certificates.

If the successor is unreachable or does not respond after m messages with
an acknowledgment message the node loses its successor. If this happens a
SuccessorNotification-Message is sent to the node which is the next best successor.

3.3.7 The SuccessorNotificationAck-Message

The SuccessorNotificationAck-Message is a response to the SuccessorNotification-
Message to make sure that the potential successor accepts the choice. Furthermore it
is a reply to the periodic notification to maintain the connection between predecessor
and successor as a kind of keep-alive message.
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The acknowledge message is important since a lost or dropped SuccessorUpdate-
Message leads to an inconsistent state. In the current protocol the sender of a
SuccessorNotification-Message will assume that the receiver has accepted its choice
if an update message gets lost.

The node does not change its successor until it receives an acknowledge message. If
the acknowledge message gets lost the notification message is repeated.

The node checks the signature everytime a notification is received. Furthermore
it checks if the source route towards the predecessor has changed. If so, the link-
certificates are checked and the source route is updated.

Since the link-certificates of the predecessor route have to be up-to-date, old certifi-
cates are refreshed. The notification contains the newest certificates.

Any inner node forwards the message and refreshes the own one-way certificates. If
the source route does not exist any longer the route is adapted and the required link-
certificates are substituted. For that reason the sender of a SuccessorNotificationAck-
Message only signs the constant fields of the message.

message type

src node ID

dst node ID

timestamp

ID certificate

length
source route

link-certificate 1
...

link-certificate n
signature

3.3.8 The SuccessorUpdate-Message

The sender of a SuccessorUpdate-Message has to apply all relevant link-certificates
to the message because the inner nodes learn paths from the update messages and
have to check the link-certificates before inserting the routes into the path store.
The signature can be computed over the constant fields only such as source and
destination node and timestamp.

The source route from the sender to the receiver of a SuccessorUpdate-Message
changes with high probability because inner nodes of the path try to find a better
route and modify the source route if they find one. Any inner node that substitutes
the source route has to substitute the link-certificates too since the receiver has to
check the complete source route.

Furthermore the SuccessorUpdate-Message contains the update route to inform the
receiver about the better successor. All link-certificates that certify this update path
have to be appended too.
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message type

src node ID

dst node ID

timestamp

ID certificate

length
source route
update route

link-certificate 1
...

link-certificate n
link-certificate (update route) 1

...
link-certificate (update route) n

signature

3.3.9 The ConnectionRequest-Message

If a node wants to communicate with another node it tries to send a
ConnectionRequest-Message to this node. An inner node just forwards this mes-
sage while a node, that is neither an inner node nor the destination node, tries to
append a path towards the destination.

The sender signs the hash over the constant fields such as source node, destination
node and timestamp.

3.3.10 The Established-Message

The Established-Message is sent back to the sender of a ConnectionRequest-
Message. The current protocol recommends to treat an Established-Message like
a SuccessorUpdate-Message. This means an inner node learns from the path and
tries to find a better one.

This learning would require messages with link-certificates of the complete route.
The evaluation has to show whether this is too much work for the inner node. If
so, the inner node may just forward the messages and the link-certificates are not
necessary.

3.3.11 The Unreachable-Message

The Unreachable-Message is sent back to the sender of a ConnectionRequest-Message
if the destination node is unreachable. To prevent fake messages a hash is com-
puted over the message and signed by the node that is not able to forward the
ConnectionRequest-Message because the route is broken.
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message type

src node ID

dst node ID

unreachable ID

timestamp

ID certificate

length
source route

signature

3.4 Management of Neighbors

It is of great benefit to maintain a data structure that contains information about
the direct neighbors such as node IDs, public keys and link-certificates.

This data structure simplifies access to the public keys. The Hello- and the
HelloReply-Messages are sent periodically and it is not necessary to verify the ID
certificate each time if the node ID and the public key can be found in the data
structure.

A clean-up procedure that deletes old entries helps to keep the neighbor informa-
tion up-to-date. This means that the entries are soft-state and there is a need to
refresh the information. The soft-state concept ensures always the recent neighbor
information.

After receiving a Hello-Message the entry is refreshed. If the entry was deleted
meanwhile the ID certificate has to be verified again.
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This chapter describes the implementation of the new secure protocol.

4.1 The OMNet++ Simulator

To simulate the protocol behavior OMNet++[Var05] is used. OMNet++ is a
discrete event simulation environment and provides a component architecture for
models. These components are programmed in C++ which are then put together
to larger components. OMNet++ models use NED (NEtwork Description) as a
high-level language to describe the topology of the components.

4.2 The Network Structure

The simulated network has one Watchdog module and several Node modules. Node
modules can be nodes, secure nodes and several malicious nodes. All modules are
declared in the NED language in the file mynetwork.ned. In this file the parameters
of these modules are declared. OMNet++ modules declare parameters which can
be changed in the omnetpp.ini file. These parameters are parsed in the C++ code.
This allows the user to simulate several so called runs with different parameters
without recompiling the source code between the runs.

4.2.1 The Network Topology

The watchdog module is responsible for the generation of a network. In this network
each new node is connected to n existing nodes at random. This network topology
is called an Erdős-Rényi-Graph. First of all an initial network of size initialNodes is
created. Each node will request a correct node address from the watchdog and the
watchdog will generate a pair of keys (public/private) and set up the ID certificate
for each node. After that the nodes join the network by sending a JoinMsg to the
watchdog. When a new node joins the network the watchdog chooses a random
number (initialConnections) of nodes and connects the new node to these random
nodes. The new node and the random new neighbors are informed about the new
existing link with a LinkUpMsg. This message is not part of the protocol but rather
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simulates a layer 2 message about a new physical link. If the watchdog kills a node,
the neighbors of the leaving node are informed with a LinkDownMsg about the fact
that the physical link is down.

4.2.1.1 Problems with this Topology

In this network topology there are a few nodes that have many neighbors and con-
nections. In the enhanced protocol these nodes can be a bottleneck since many
messages pass these nodes and they have a lot of signing and verification work to
do. As a result the passing messages are delayed. To come along with this problem
nodes with many neighbors must have more computational power. In a real network
this will be the situation but it is not part of this implementation.

4.2.2 The CPU Concept

To keep the simulation of the secure protocol realistic it is very important to consider
the costs of signing and verifying messages. Every sign and verify operation costs
CPU time. To simulate this fact in OMNet++ each secure node holds a CPU
variable. If a message or certificate is signed or verified the computation time is
added to the CPU variable. Then the next message that is sent to another node is
sent with delay. This delay is computed in the following way:

delay = Timecurrent − TimeCPUfree + link delay

4.2.3 The Modules

The following subsection describes the several modules that are used within the
simulation and their parameters.

4.2.3.1 The Watchdog Module

The watchdog is the master and observer of the network and implements several
managerial functions. With respect to the real world scenario the watchdog can be
seen as the user or administrator of the network. One task is to generate a pair
of keys for each node address and to certify this mapping within an ID certificate.
These ID certificates are distributed to each node once at the time the node joins the
network. All other tasks do not correspond to a real world activity. The watchdog
creates and kills nodes and records statistical data. The Watchdog module provides
the following parameters.

maxNodes If nodes are created dynamically in a simulation this is the upper bound
of nodes in the network (maxNodes > initialNodes in a simulation run).

minNodes If nodes are killed dynamically in a simulation this is the lower bound
of nodes in the network.

nodeType The node type of the normal nodes in the network. This parameter is
1 for a standard node or 2 for a secure node.

sinkholeNodes This value sets the number of malicious sinkhole nodes in the initial
network with the current protocol.
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secureSinkholeNodes This value sets the number of malicious sinkhole nodes in
the initial network with the enhanced protocol.

maxAddress The addresses that the watchdog generates lie in the
range [1..maxAddress).

createIntervall The time between the creation of two new nodes measured in sec-
onds. 0 means that no new nodes are created within a simulation run.

initialNodes The number of initial nodes/secure nodes in the network.

startSimulation The time the first node is created and the simulation begins.

killIntervall The time between the ‘death’ of two different nodes.

measureIntervall The frequency of doing statistics. Every measureIntervall the
watchdog gets a message to record the statistical data.

initialConnections The number of links for each node. When a node joins the
network, the watchdog tries to connect it to a number(initialConnections) of
nodes.

4.2.3.2 The Node Module

The Node module implements the behavior of a node in the standard protocol. The
code can be found in the files node.h and node.cc.

pathstoreSize The maximum size of the node’s path store. The path store provides
a clean-up function. Periodically the least-recently used nodes are deleted from
the path store if the current size of the path store is bigger than pathstoreSize.

connectionIntervall The frequency of connection requests per node. If a node
sends a connection requests it waits for that time until the next request is
sent. If a node should send a request with an interval of n seconds, it makes
sense to let OMNet++ compute a value in the range [n− n

2
, n+ n

2
]. Otherwise

each node in the network will send a connection request at the same time and
then the complete network does not send any request until the next interval.

cleanUpInterval With this frequency the clean-up function is called and the path
store is cut down to the maximum size again.

linkDelay The link delay to a neighbor in seconds.

helloTimer A Hello-Message is sent periodically with this frequency.

4.2.3.3 The SecureNode Module

The SecureNode module implements a node that sticks to the enhanced protocol. It
is derived from the Node module but many functions have changed since no message
is handled in the same way. Parameters that are taken from the Node module are
not listed again.
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pathstoreSize The same parameter as in the Node module. In the clean-up func-
tion all nodes with expired link-certificates are removed too.

maxMsgId The maximum message identifier.

successorNotificationTimeout When a node sends a SuccessorNotification-
Message to another node and does not get an acknowledgment, it waits for
this time until the message is retransmitted.

successorNotificationTimeoutRetries When a SuccessorNotification-Message
timed out the message is retransmitted and the retries counter is decremented.
Furthermore the timeout period is increased. If retries is 0 the successor is
deleted from the path store and the next better successor is informed.

successorKeepAliveTimer If a node receives a SuccessorNotificationAck-Message
the timeout is canceled and the keep-alive timeout is started. After this time
the node sends a SuccessorNotification-Message again.

timestampAcceptance A one-way certificate expires if

tcurrent > timestampCertificate + timestampAcceptance.

signTime The CPU time that is necessary for a sign operation.

verifyTime The CPU time that is necessary for a verify operation.

idCertificateStoreLimit The maximum size of the ID certificate store.

4.2.3.4 The SinkholeNode Module

The SinkholeNode module is derived from the Node module and can be found in the
files sinkholenode.h/cc. It implements a malicious node that performs the attack
described in 5.2. Since the module does not send any Connect-Messages and does
not maintain a path store, the only parameter is linkDelay described in 4.2.3.2.

4.2.3.5 The SecureSinkholeNode Module

The SecureSinkholeNode module is derived from the Node module and can be found
in the files securesinkholenode.h/cc. It implements a malicious node that performs
the attack which is described in 5.3. All parameters are the same as for the secure
Node module.

4.3 The Classes and Files

4.3.1 Certificates

The code for the certificates is declared in the file certificate.h and implemented
in certificate.cc. A certificate can be an ID certificate or a one-way certificate. So
it makes sense to use a base class Certificate that provides all basic methods like
sign(), verify() and timestamps. Since this is only a simulation, signatures are not
computed with a real signing algorithm. A signature in this simulation is just a
boolean flag that is set to true if the signature is correct.
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Certificate

IdCertificate OneWayCertificate

Figure 4.1: The class diagram for the certificate classes

4.3.2 Messages

All protocol messages are declared in the file message.h and implemented in mes-
sage.cc. In addition to these files there is a file message id.h where unique integers
are defined for all messages. These integers are used for the ‘message kind’ field in
OMNet++. Messages are handled by means of the ‘message kind’.

Message

HelloAckMsg HelloMsg HopByHopMsg JoinMsg LinkDownMsg LinkUpMsg OneWayCertificateMsg

ConnectMsg

EstablishedMsg

GetIdCertificateMsg

SendIdCertificateMsg

SuccessorNotificationAckMsg

SuccessorNotificationMsg

SuccessorUpdateMsg

UnreachableMsg

Figure 4.2: The class diagram for the message classes

4.3.3 Paths and Path Store

The path data structure and methods to handle and manipulate paths are defined in
path.h/cc. A path is an array of address elements together with an array of forward
certificates and an array of backward certificates. The maximum length of the array
is fixed to the #define MAXPATHLENGTH.

The path store structure is implemented in the files pathstore.h/cc. The path store
is organized as a tree. The root address is the address of the node that maintains
the path store. Each tree node has a parent pointer, a parent certificate, a list of
children and a list of child certificates. In addition to the tree all nodes in the path
store are stored in a double-linked list which is sorted with respect to the nodes’
addresses. To load a path to a node X from the path store, the destination node X

is looked up in the tree and then the demanded path is the route from X upwards
to the root node.

4.3.4 Modules

The different modules are implemented in the files node.h/cc, securenode.h/cc, sink-
holenode.h/cc, securesinkholenode.h/cc and watchdog.h/cc.
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4.4 Statistics

4.4.1 Vector and Scalar Files

OMNet++ stores the statistical data in vector files and scalar files. A vector file
is a text file that contains (vector number,simtime,value) tuples. A scalar file is
recorded at the end of each run and contains values like Total Number Of Messages.
The Watchdog module is responsible for recording the statistical data. Vector data
is collected periodically and activated by a self-message. The scalar data is collected
when the Watchdog module finishes in the method finish().

4.4.2 Scripts

4.4.2.1 Start Scripts

The source code contains some bash scripts that generate OMNet++ ini files
for different parameters. These ini files contain the parameters for several runs.
Each run creates a scalar file ‘scalar parameter parametervalue run X’ and a vector
file ‘vec parameter parametervalue run X’. After executing all runs, the vector and
scalar files together with the ini file are zipped.

4.4.2.2 Perl Scripts

There are two perl scripts to analyze the vector and scalar files. The perl script
derive mean vec.pl needs the two arguments parameter and parametervalue. It de-
rives a file called ‘mean parameter parametervalue’ which is a vector file containing
the average vectors. It is important that all vector files contain the same number of
vectors since this simple script is not fault-tolerant.

The perl script derive mean scalar.pl with the same arguments does the same for
the scalar files. Again it is important that all scalar files contain the same number
of scalars.

The script buildgnu.pl needs the arguments parameter and search string. It searches
for files like ‘mean scalar parameter *’ and extracts the search string scalar into a
text file. Furthermore it creates a gnuplot [TW04] input file and a postscript file
containing a bar plot for the different parameter values. The user is asked if he
wants to delete the temporary .gnu and .dat file. Sometimes a gnuplot file needs
some modifications and the user does not want to delete it directly. The boxfill.pl
[Wid00] script needs an input and an output postscript file and paints the bar plots
which are created by gnuplot. buildgnu.pl calls boxfill.pl automatically.

4.4.3 Creating Figures

All plots are created with gnuplot, a command-line driven interactive data and func-
tion plotting utility [TW04]. Mean vector files are first split with the OMNet++

program splitvec and then several files are plotted with gnuplot. The bar plots for
the scalar data are plotted with gnuplot too and painted with the perl script boxfill.pl
[Wid00].



5. Evaluation

The evaluation chapter is split up in three parts. The first part describes the at-
tempts to find good parameters for the enhanced protocol and tries to figure out the
costs of security. The second part shows an attack against the old protocol and the
the last part examines the resistance of the new protocol against this attack.

5.1 Finding Good Parameters

The enhanced protocol has many parameters which influence each other. As a result
the search space for the right parameter is very large and can not be completely
searched in this study. Furthermore each run in OMNet++ starts with a run-
specific seed value for the random number generator. This means that the network
topology of run 1 is completely different from the topology of run 2. It can happen
that a parameter value shows great results for run 1 but bad results for run 2. To
get a balanced result to some degree each tuple (parameter, value) is tested for n

runs and then a perl-script derives a mean result. Because of the time constraints
of this study, we have chosen n = 5. It is totally clear that with increasing n the
results are more reliable. The time constraints limit the network size too, because
running n simulations for each choice of parameters is not that fast. Most of the
simulations run with 256 nodes. This value allows to test more parameters. The
table shows the fixed parameters for this section.

Parameter Value
Nodes 256
Sign Time 100ms
Verify Time 10ms
Link Delay 1ms

The evaluation tries to find good parameters sequentially. For example the first
parameter is the successor notification timeout. The best value is chosen and then
this value is fix for the next parameter test. This will apparently not find the global
optimum but it may find good values. For each subsection a table illustrates the fixed
values in addition to the table above and the range of values for the test parameter.
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5.1.1 Successor Notification Timeout

This timeout is started when a SuccessorNotification-Message is sent. The possible
successor must reply with a SuccessorNotificationAck-Message within this time. Af-
ter a node receives an acknowledge from its successor, the timeout is replaced by a
keep-alive timer to keep the virtual connection between successor and predecessor
alive and to ensure that the source route’s one-way certificates are always up-to-date.

It is not that easy to set the timeout parameter correct since it depends on the
number of nodes, the mean path length, the message delay that is caused by signing
and verifying and so on.
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Figure 5.2: Successor notification time-
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Figure 5.1 and 5.2 show the successor notification for the range [1..5.5] seconds in
steps of 0.5s. The left graph shows the global correctness, in other words the ratio

#GlobalCorrectSuccessors

#Nodes
.

The right figure shows the unreachable ratio. For each connection request a global
ConnectRequest-Counter is increased. For each Unreachable-Message and for each
connection that failed from the beginning an Unreachable-Counter is increased. The
ratio

Unreachable−Counter
ConnectRequest−Counter

is the unreachable ratio. The unreachable ratio will not reach the value 0 since
the complete time is considered and not a value for the last n seconds. So the
Unreachable-Messages from the beginning of the simulation affect the ratio until the
end. We expect the ratio to approach 0 asymptotically.

For the network with the given parameters the best successor notification timeout
lies between 1.5 and 2 seconds where tTimeout = 2s shows better results with regard
to the correctness and tTimeout = 1.5 has a better unreachable performance.
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When the network gets up the different timeouts show nearly equal results. The
several graphs do not differ at first. The reason may be that very few nodes find
their correct successor in the beginning. During a long timeout period the assumed
incorrect successor is replaced by a better node and the timeout is canceled. Later
in the bootstrapping phase when each node has learned more about the network,
the different timeouts matter. A very long timeout causes a long waiting time if the
successor is correct but was not able to verify the path and dropped the message.
The predecessor will wait for the complete timeout since there is no better successor
and therefore no SuccessorUpdate-Message that causes the abort of the timeout.

If a timeout is too short a node may have problems to send a SuccessorNotification-
Message during this short timeout period. In the beginning of the bootstrapping
phase each node executes many signing and verification operations. These operations
increase the message delay and a reply message may arrive too late.

Parameter Value
Path Store Size 50
ID Certificate Store Size 50
Path Store CleanUp Interval 40
Timestamp Acceptance 1000
Hello Timer 500
Certificates per SendIdMsg 2
Successor Notification Timeout [1..5.5]
Successor Notification Timeout Retries 10
Successor Keep-alive Timer 120
Connection Interval uniform(10,30)

5.1.2 Successor Keep-alive Timer

After a node has established the virtual connection to its successor, in other words
a SuccessorNotification-Message has been replied with a SuccessorNotificationAck-
Message, the successor notification timer is canceled and the keep-alive timer replaces
the previous timeout. The keep-alive timer should be longer than the successor
notification timeout to prevent message overhead. The idea is to keep the path to
the successor and above all the link-certificates of this path up-to-date. If the timeout
is too long the certificates may expire before the path is updated. If it is too short,
there will be many messages sent that cost signing and verifying operations and cause
message delay. Furthermore more messages make the nodes spend more energy. The
table illustrates the used parameter values. For the successor notification timeout
the best value tTimeout = 1.5s from the previous test is taken.

Figure 5.3 and 5.4 show that the keep-alive timer with tKeepalive = 20s has the best
results. Another important point is the number of total messages. A short timeout
leads to more messages. On the one hand there are more messages to learn paths
from, on the other hand, more messages mean more signing and verifying operations
and more energy consumption. Figure 5.5 shows the mean number of total messages
for each test value. The better results in the unreachable ratio costs more messages.
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Figure 5.3: Keep-alive timeout: global
correctness
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reachable ratio

 0

 100000

 200000

 300000

 400000

 500000

Total Number Of Messages

X-Axis: Keepalive Timeout

020 030 040 050 060 070 080 090 100 110 120

Figure 5.5: Keep-alive timeout: total messages

Parameter Value
Path Store Size 50
ID Certificate Store Size 50
Path Store CleanUp Interval 40
Timestamp Acceptance 1000
Hello Timer 500
Certificates per SendIdMsg 2
Successor Notification Timeout 1.5
Successor Notification Timeout Retries 10
Successor Keep-alive Timeout [10..120]
Connection Interval uniform(10,30)
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5.1.3 Retransmit Retries for the SuccessorNotification-

Message

The table shows the parameters for this test. The keep-alive timer is set to 20s
since this was the best result in 5.1.2 and the timeout retries lie in the range [3..16]
with steps of 1 second. To keep the figure readable only every second graph is
plotted. The best result is achieved for 14 retries which is a surprising large num-
ber. If the retry value is too small the estimated correct successor is dropped
and a worse successor is chosen. This worse successor will probably answer with
a SuccessorUpdate-Message since the choice is not correct. Then the former node
is notified with a SuccessorNotification-Message again. These messages are wasting
CPU time and cause message delay. If the value is too big, a node will try very
long to contact the successor which is probably down or there is too much network
traffic so that the messages are delayed and the node is not able to answer with
a SuccessorNotificationAck-Message in time. Then sending one notification after
another is very counterproductive since these messages cause delay too.
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Figure 5.7: Successor notification re-
tries: unreachable ratio

Parameter Value
Path Store Size 50
ID Certificate Store Size 50
Path Store CleanUp Interval 40
Timestamp Acceptance 1000
Hello Timer 500
Certificates per SendIdMsg 2
Successor Notification Timeout 1.5
Successor Notification Timeout Retries [3..16]
Successor Keep-alive Timeout 20
Connection Interval uniform(10,30)
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5.1.4 Certificates per SendIdCertificateMsg

This parameter adjusts the number of ID certificates in a SendIdCertificate-Message.
Normally a node that tries to insert a path into the path store is not aware of all ID
certificates of all nodes that are part of the path. As a result it is not possible to verify
all one-way certificates of the path. In that case the node sends a GetIdCertificate-
Message along the path to the last node whose certificate is missing. This message
contains all requests. Any inner node tries to fulfill the requests by looking up
the requested certificates in its ID certificate store and sending a SendIdCertificate-
Message back to the requesting node if a certificate is found, but how many ID
certificates should be allowed in a SendIdCertificate-Message? If only 1 certificate is
allowed, many messages are generated. If too much are allowed, the message’s size
grows very fast since an ID certificate is large.

The table shows the parameters for this test. Allowing more than 5 certificates per
SendIdCertificate-Message does not make sense since the message size is too big
then. We expect a good result for 2 instead of 1 ID certificate per message but no
big enhancement for the values 3...5 that would legitimate such big messages. In this
test, besides from the global correctness and the unreachable ratio, the total number
of messages and the total number of GetIdCertificate-Message and SendIdCertificate-
Message are examined.
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Figure 5.8: ID certificates per SendIdCertificateMsg: total messages

The unreachable ratio and the global correctness are not much affected by this test,
so there are no plots. More interesting is the number of total messages and the
number of SendIdCertificate-Messages. Figure 5.8 and 5.9 show that between 1 and
2 certificates per message there is major difference while the step from 2 to 3 or from
3 to 4 certificates is not that gainful. If the maximum message size allows to send 3
certificates per message that would be a good choice since 4 or more certificates is
not feasible in most cases. For the next tests we set the parameter to 2.
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Figure 5.9: ID certificates per SendIdCertificateMsg: SendIdCertificate messages

Parameter Value
Path Store Size 50
ID Certificate Store Size 50
Path Store CleanUp Interval 40
Timestamp Acceptance 1000
Hello Timer 500
Certificates per SendIdMsg [1..5]
Successor Notification Timeout 1.5
Successor Notification Timeout Retries 14
Successor Keep-alive Timeout 20
Connection Interval uniform(10,30)

5.1.5 Timestamp Acceptance

The next test tries to find two parameters: the timestamp acceptance which influ-
ences the expiration of the link-certificates and the hello timer which controls the
frequency of exchanging Hello-Messages. A one-way certificate is valid if

Tcurrent < Ttimestamp + Tacceptance .

The hello timer is always half the timestamp acceptance value. The value of the hello
timer must allow the nodes to exchange hello messages and one-way certificates in
time to keep the certificates of the paths always up-to-date.

The best result for this network is for Tacceptance = 300s = 5min. Since this requires
loosely synchronized clocks and the simulation does not implement unsynchronized
clocks between the nodes, the value is perhaps too small in reality. If the clocks
are not synchronized, many certificates are dropped even though they were issued
recently.
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Figure 5.10: Timestamp acceptance:
global correctness
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Figure 5.11: Timestamp acceptance:
unreachable ratio

The acceptance value does not affect the number of messages pretty much, except
for Tacceptance = 150s. This can be explained with the fraction of the HelloMes-
sages, HelloAck-Messages and SendOneWayCertificate-Messages of the total mes-
sages. This overview is shown in the figures 5.12, 5.13 and 5.14. The fraction is
not very big since the lion’s share are the SendIdCertificate-Messages. The many
SendIdCertificate-Messages slow down the bootstrapping phase compared to the old
protocol. When enhancing the new protocol this should be a starting point. If
the distribution of link load is considered for each message type, the fraction of
SendIdCertificate-Messages is still very large.
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Figure 5.12: Timestamp acceptance: total messages
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Figure 5.14: Timestamp acceptance: message fraction

Parameter Value
Path Store Size 50
ID Certificate Store Size 50
Path Store CleanUp Interval 40
Timestamp Acceptance [150..1500]
Hello Timer [75..750]
Certificates per SendIdMsg 2
Successor Notification Timeout 1.5
Successor Notification Timeout Retries 14
Successor Keep-alive Timeout 20
Connection Interval uniform(10,30)

5.1.6 Sign and Verify Operations

Consider the simulation run number from 5.1.5 with Tacceptance = 300s. Figure 5.15
shows the asymmetric cryptographic operation distribution. There are about 34



52 5. Evaluation

times more verify than sign operations which is quite asymmetric. The number of
signing operations does not contain watchdog operations. The protocol does not
propose concrete cryptographic algorithms but an algorithm with lower verification
costs than signing costs is recommended.
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Figure 5.15: Sign and verify operation overview

Now we vary the sign and verify time and show the results. All simulations above
assume verify operations to be 10 times faster than sign operations. With faster
cryptographic operations the tests above must be repeated since it is not clear if
for example a former value that had bad results is now bad too, since the network
behaves differently with faster cryptographic operations. The messages will be for-
warded faster since the message delay is decreased.

5.1.7 Signing and Verification Time

This test will vary the delay time for sign and verify operations, in other words, vary
the computational power of the nodes. All tests above worked with a sign delay of
100ms and a verify delay of 10ms.

In the first test the computation time for a sign operation is brought more in line with
the one for a verify operation. Figure 5.16 shows that the unreachable ratio increases
very fast if a verify operation is more expensive. Furthermore Tverify = Tsign = 55ms

gets the worst result. So a cryptographic algorithm with symmetric costs for verify
and sign operations is not a good idea. The plot in figure 5.17 shows the average
message delay. This is the time a message is delayed before forwarding it because
the CPU is not free.

The second test increases the sign time in steps of 10ms and decreases the verify time
in steps of 1ms at the same time. The result for the average message delay is shown in
figure 5.18. Quite surprisingly there is no big difference between Timeverify = 10ms

and Timeverify = 9ms but a big step to from Timeverify = 9ms to Timeverify = 7ms.
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Figure 5.16: Unreachable ratio (different
sign/verify costs)
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Figure 5.17: Average message delay (dif-
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Figure 5.18: Average message delay for different sign/verify costs

Parameter 1st Test 2nd Test
Sign Time [100..55] [100..190]
Verify Time [10..55] [10..1]
Path Store Size 50 50
ID Certificate Store Size 50 50
Path Store CleanUp Interval 40 40
Timestamp Acceptance 300 300
Hello Timer 150 150
Certificates per SendIdMsg 2 2
Successor Notification Timeout 1.5 1.5
Successor Notification Timeout Retries 14 14
Successor Keep-alive Timeout 20 20
Connection Interval uniform(10,30) uniform(10,30)
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5.1.8 Path Store and ID Certificate Store Size

A bigger path store will probably have better results with regard to the unreachable
ratio and the global correctness since the nodes are able to store more paths and do
not lose paths if the path store is full. But it must be kept in mind that a big path
store needs more memory and more CPU time for searching, inserting and clean-up
operations. The implementation of this simulation does not consider memory costs.
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store size: global correctness
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Figure 5.20: ID certificate and path
store size: unreachable ratio

Figure 5.19 and 5.20 show that a path store size of 25 does not have feasible results.
The unreachable ratio for example stays near 0.5 and we do not expect it to reach
0. The biggest path store of size 70 has the best results which is no big surprise.
The size 50 which is the size of all tests above, has respectable results too. There is
always a minimum path store size that corresponds with the diameter of the network
since all nodes must be able to insert their successor. If there are successor paths
with a length bigger than the path store size, the global correctness of 100% is never
reached.

The second test tries to figure out if a bigger path store or a bigger ID certificate
store is more important. In this test the sum

SizePathStore + SizeIDCertificateStore = 100 = constant

and then both values are varied in steps of 5. For example if the path store size is
30, the ID certificate store size is 70.

Figure 5.21 and 5.22 show the global correctness and the total number of
SendIdCertificate-Messages. The best results are achieved for runs with a path
store size about the size of the ID certificate store. If the ID certificate store size is
too small the number of SendIdCertificate-Message increases which results in mes-
sage delay and more traffic. Comparing the size (25, 75) and (75, 25), where the first
number is the size of the path store and the second number is the size of the ID
certificate store, shows that in the beginning of the bootstrapping phase a small path
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store does not matter and has a better result but later nodes with long successor
paths lose their successor when cleaning up the path store. This would explain the
zigzag characteristics of the plot.

Parameter 1st Test 2nd Test
Path Store Size [70..25] [75..25]
ID Certificate Store Size [70..25] [25..75]
Path Store CleanUp Interval 40 40
Timestamp Acceptance 300 300
Hello Timer 150 150
Certificates per SendIdMsg 2 2
Successor Notification Timeout 1.5 1.5
Successor Notification Timeout Retries 14 14
Successor Keep-alive Timeout 20 20
Connection Interval uniform(10,30) uniform(10,30)
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5.1.9 More Nodes

This test just increases the number of nodes without changing the parameters. The
parameters from the best result of test 5.1.5 are used. The time until each node is
aware of its correct successor will increase which is totally clear. But it must be kept
in mind that with a larger number of nodes the evaluation steps must be repeated
since the current parameters show the best result for 256 nodes.
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Figure 5.23: Global correctness for increasing number of nodes

Figure 5.23 shows the global correctness for network sizes from 256 to 768 nodes.
The characteristic zigzag of the line for bigger networks might be a result of too short
timeouts. As we expected the parameters must be adapted for bigger networks.

5.2 An Attack against the Standard Protocol

This section introduces an attack against the standard protocol. The goal of the
attack is to get as many connections as possible and to disturb the global correctness
of the network. After describing the behavior of the node in the first subsections,
the result of the attack will be analyzed.

5.2.1 Resources

The malicious node does not maintain a path store. In other words it is able to
perform the attack without any state. Any information about the network and the
victims are taken from the received and forwarded messages. The problem with
maintaining a path store could be that the malicious node has to store all Sybil
identities and fake routes. Otherwise the malicious node will poison its own path
store when the routes return and it did not store the information about the fake
routes earlier. The problem is that storing all fake identities and routes is very
expensive.

5.2.2 Handling Hello-Messages

The malicious node does not send any Hello-Messages on start up. If it receives
a hello from a neighbor with address X, it generates a Hello-Messages containing
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the source address X + 1 pretending to be the best successor of node X. As a
result node X will forward all ConnectRequests with an incomplete route to the
malicious node, because if no path towards the destination is found, a node forwards
the message to the successor. This is then the malicious node and not the real
successor. Furthermore the malicious node does not use its correct address for any
communication with other nodes.

5.2.3 Handling SuccessorUpdate-Messages

After sending SuccessorNotification-Messages with fake addresses to all neighbors
the neighbors will respond to these messages with a SuccessorUpdate-Message since
X + 1 is definitely not the correct predecessor of node X. These messages contain
an update path to a better successor. Each SuccessorUpdate-Message is answered
with a SuccessorNotification-Message since the malicious node does not maintain
correct successors and predecessors. Furthermore each node of the update path is
fooled with a fake SuccessorNotification-Message from the perfect successor. The
procedure is described below in 5.2.5.

5.2.4 Handling SuccessorNotification-Messages

Since the malicious node will only get SuccessorNotification-Message for fake ad-
dresses, these messages are dropped. As a result the sender of the message
believes that the receiver, the fake address, agreed with the choice because no
SuccesssorUpdate-Message is sent back.

5.2.5 Forwarding Messages

Normally a message is forwarded along the path in the message. The malicious
node behaves the following way before forwarding a message. For each node X in
the path, it generates a SuccessorNotification-Message containing the path

X + 1←→ malicious node ←→ · · · ←→ X

The advantage of sending a SuccessorNotification-Message instead of a
SuccessorUpdate-Message is that it is inserted into the path store too and the desti-
nation node will send a SuccessorNotification-Message to X+1 anyway after checking
the path store the next time since X + 1 is the perfect successor. But furthermore
the node X will send a SuccessorUpdate-Message back to X + 1 since X + 1 is not
the correct predecessor of X. This message contains a path and an update path and
consequently more victim nodes to disturb with fake paths and successors.

5.2.6 Handling ConnectRequests

For any ConnectRequest that is received, destined to the malicious node or not, an
Established-Message is sent back immediately. The path is inverted and used to send
the Established-Message. To distinguish the fake connections from real connections,
a flag is set. This simplifies recording the statistical data.
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5.2.7 Results

Figure 5.24 shows the mean correctness and mean unreachable ratio of this attack.
100 runs with 256 nodes and 1 sinkhole node were averaged.

The unreachable ratio differs from the unreachable ratio of the previous figures. If
a node receives an Established-Message with the flag ‘Sent By Sinkhole’ set, this
counts as a connect failure because the node did not establish a connection to the
correct node. So the unreachable message counter is increased. This emphasizes the
influence of the malicious node.
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Figure 5.24: Sinkhole attack: correctness and unreachable ratio

In reality the node that sent the ConnectRequest may not even realize that the
connection is not established to the correct node but to the malicious node. This
attack can be extended to a man-in-the-middle attack if the malicious node forwards
the original ConnectRequest to the correct node. This requires that the the malicious
node is still part of the path when the ConnectRequest reaches the correct receiver.
The correctness ratio never reaches 1 in this scenario and decreases very fast. Only
one sinkhole node controls a large part of the network. It must be kept in mind that
the sinkhole node does not use a path store to perform this attack.

Starting with fooling the physical neighbors, the first SuccessorUpdate-Messages are
used to reach and fool more nodes. More and more nodes have the sinkhole node
as successor and all ConnectRequests with incomplete paths are sent to the sinkhole
node. These paths contain more victims and so more and more nodes are fooled and
the sinkhole node gains more and more control of many connections.

Figure 5.25 shows the correct established connections per node. The left bar shows
the scenario for 256 nodes without any sinkhole node. The right bar shows a scenario
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Figure 5.25: Sinkhole attack: correct established connections

with one sinkhole node attacking the network. About 180 connections per node are
established if all nodes behave correct. With only one sinkhole node the value is
about 51. Furthermore the correct connections are established in the beginning.
Later the malicious node controls the lion’s share of the connections. The mean
established connection value for the sinkhole is about 30 000 which is an impressive
value.

5.3 An Attack against the Secure Protocol

This section examines the effect of the same attack as described above in 5.2 against
the enhanced protocol. The behavior is nearly the same as in the attack against
the standard protocol except that the malicious node shows a correct behavior for
its real address. The reason is that it is not able to fool its neighbors with wrong
addresses. The neighbors will not accept these addresses because the ID certificate
is not signed by the master key. So the only possibility to obtain node addresses of
victims is to scan the paths of messages like SuccessorNotification-Messages.

5.3.1 Bootstrapping Behavior

The malicious node must use its correct address for the communication with its
neighbors. Otherwise the neighbors will not accept the neighborhood of the sinkhole
node. So Hello-Messages, HelloAck-Messages and OneWayCertificate-Messages are
answered with respect to the protocol. In addition a SuccessorNotification-Message
is sent to each neighbor immediately after the neighbors sent the one-way certificates.
Some of the notifications will be answered with a SuccessorUpdate-Message which
are used to get aware of more victims.

5.3.2 Handling SuccessorNotification-Messages

Any SuccessorNotification-Message is answered with a SuccessorNotificationAck-
Message without checking whether the choice of the sender is correct, since this is
not possible without a path store. In addition for each neighbor a SuccessorUpdate-
Message is sent back to the sender containing the update path
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sender ↔ ... ↔ malicious node ↔ neighbor.

This should ensure that other nodes learn about the paths to the neighbors. Other-
wise the malicious sinkhole node will never be an inner node and will not have the
ability to obtain a ConnectRequest.

5.3.3 Signing and Verifying

The malicious node does not care if a message’s signature is correct or corrupted.
Furthermore the node does not check the link-certificates and does not request any
ID certificates. The only cryptographic operation is the signing of messages that are
sent with the malicious node itself as sender. If it generates a Sybil identity with
the path ‘sinkhole’ ↔ ‘Sybil’ it sets the correct start and end node but is not able
to fake the one-way certificate ‘Sybil’ → ‘sinkhole’ .

5.3.4 Results

The evaluation uses 50 runs and averages the results.

5.3.4.1 Bootstrapping

The neighbor nodes do not accept the Sybil identities so the malicious node is not
able to choose identities and act as the perfect successor for its neighbors. This is a
problem for reaching more victim nodes since the only way to obtain more addresses
is to learn paths from the neighbors. As a result the sinkhole node must send
SuccessorNotification-Messages to each of its neighbors to get information about
the network and about new victims. As a second result, the malicious node will
not get more ConnectRequests with incomplete paths from its neighbors like in the
previous attack because it is not the successor for all neighbors.

5.3.4.2 Connections

All ConnectRequests with the sinkhole node as an inner node will not be established
correctly since they do not reach the original destination. The enhanced protocol
does not include a countermeasure against nodes that just drop or refuse to forward
messages. So these connections are lost. But the malicious node is not able to
fool the sender of the ConnectRequest because it is not possible for the sinkhole
node to sign the Established-Message like the original receiver would do. So the
node that receives the Established-Message will discard it because the signature is
corrupted. Furthermore in the previous attack the Sybil identities are part of the
network because they are stored in the path stores of other nodes. Normal nodes
try to connect to the Sybil nodes because they seem to be correct addresses. In the
enhanced protocol the Sybil identities are not inserted in the path stores because
there is no correct link-certificate that ensures the direction

Sybil node → sinkhole node.

As a result the complete link-certificate Sybil node ↔ sinkhole node is broken.
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Figure 5.26: ‘Secure’ sinkhole attack: correctness, unreachable, delay

5.3.4.3 Message Delay and Traffic

The only effect of this attack is that there is more traffic and message delay since
the receiver of fake messages and fake paths will probably send GetIdCertificate-
Messages to verify the path Sybil node ↔ sinkhole node. But no node is able to
answer this request and the message finally arrives at the sinkhole node which will
just drop it.

Figure 5.26 shows that the attack does not affect the network. The global correctness
is achieved and the messages delay is acceptable. On average the sinkhole node uses
about 182 Sybil identities to fool the other nodes and send about 165 Established-
Messages back to the sender. The behavior of the sinkhole node let about 10 800
signature checks fail. 0.41 connection requests per node are not accepted because
the sinkhole node fakes the Established-Message and still about 169 are accepted.
This is a good result.



62 5. Evaluation



6. Conclusion and Future Work

6.1 Future Work

6.1.1 Speeding up the Bootstrapping

6.1.1.1 Path-Caching

There is a problem with the link-certificates. If a node sends a SuccessorNotification-
Message to another node, the receiving node will in most cases not be able to verify
the path completely since it is not aware of all ID certificates and has to request the
missing certificates with a GetIdCertificate-Message. In this case the receiving node
does not respond with a SuccesssorNotification-Message and the sending node must
wait until the timeout expires and then retransmit the message.

Then another problem can come up. If an inner node enhances the path with
respect to the path length, the receiving node may again not be able to verify and
insert the path completely because the path has changed. Then another timeout
period is necessary before the message is retransmitted again. This behavior could
be improved by caching the path. If the receiver is not able to insert the path
completely, the path is stored in a path cache. If all ID certificates have been
received the path is inserted and a SuccessorNotificationAck-Message is sent. This
may speed up the bootstrapping-phase.

6.1.1.2 Extra Message

Another possibility is to introduce a new message. This message would have the
semantic ‘Your successor choice is correct, but I was not able to verify the path.
Please send the message again!’. It has to be evaluated if this message really enhances
the bootstrapping phase. Of course it is possible that an extra message is too much
overhead. Furthermore, if the retransmit occurs too early, the successor might not
have the chance to obtain all missing ID certificates.

6.1.2 Different Network Topologies

There is a need to test the protocol with different network topologies. In the current
topology the nodes are connected randomly and build up an Erdős-Rényi-Graph.
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This is a problem if all nodes have equal CPU power, because some nodes have many
neighbors and some nodes have only two neighbors. Nodes with many neighbors can
be a bottleneck because they have to perform more cryptographic operations. As
a result these nodes delay the messages because the CPU is often at full working
load. As nodes with many neighbors are forwarding more messages than other
nodes anyway, this again means that more traffic is delayed. The protocol would
have better results if only nodes with more CPU power are allowed to have more
neighbors.

6.1.3 Implementation Enhancements

6.1.3.1 Ban List

If a timeout for the successor expires n-times there probably is a problem with the
successor node. In this case it may be a good idea to keep a ban list and to insert
this node into the list. Otherwise the successor node is dropped from the path store
but the next better successor node will probably answer with a SuccessorUpdate-
Message if the information about the problem with the former node does not spread
fast enough. Then there are another n tries and a timeout again. A ban list would
prevent a node from contacting a successor again and again.

6.1.3.2 Removing ID Certificates after Removing Nodes

In this implementation the ID certificate of a node that is removed from the path
store is not deleted directly from the ID certificate store but replaced with a LRU
strategy. Removing the ID certificate allows more space for new certificates. On the
other hand, if a node is removed and directly re-inserted, the ID certificate is still
there and no GetIdCertificate-Message is needed to obtain it.

6.1.3.3 Flexible Number of Certificate per SendIdCertificate-Message

To handle different nodes and network types, the number of ID certificates per
SendIdCertificate-Message could be more flexible. The requesting node may send
the parameter in the request to show how many certificates are acceptable for it.

6.1.4 Denial of Service Attacks

The denial of service attack has not been examined in this study. A node can be
attacked in the enhanced protocol by flooding since it will try to verify each message
and this costs CPU time. On the other hand this attack is already possible by
sending a lot of messages to this node if a node has low computational power and
energy .

6.1.5 Reducing SendIdCertificateMessages

The evaluation showed that there are a lot of SendIdCertificate-Messages in com-
parison to all other message types. If the huge number of these messages can be
reduced, the protocol would be faster since more messages mean more cryptographic
operations and more traffic.

One problem in the enhanced protocol are double requests. If a node tries to insert
the same path twice because it received two different messages containing the same
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path, the node will request the missing certificates twice if the first request has not
been fulfilled already. A data structure is needed to prevent these double requests.
A request could be stored and is then not sent again during a time period, but these
entries have to be removed after a certain time since a SendIdCertificate-Messages
could get lost and then the missing ID certificate would never be requested again.

6.1.6 Node Churn

Due to the time constraints of this study, node churn has not been examined. The
basics are implemented but node churn has not been evaluated. It would be inter-
esting to analyze the reaction of the new protocol with several churn rates. How
long does it take until the network learns about the new node and how long does
it take until a dead node has been removed from the path store of each node. If
an Unreachable-Message causes a node to remove the unreachable node from its
path store, this could be a great attack against the standard protocol. A malicious
node could send many Unreachable-Messages to destroy the global correctness of
the network.

6.2 Conclusion

After analyzing the standard protocol with respect to possible security problems
some countermeasures were examined and some of them taken over to the enhanced
protocol. The evaluation of the enhanced protocol shows that introduced security
mechanisms slow down the protocol, because the asymmetric cryptographic opera-
tions are very expensive, especially for small devices.

On the other hand, the attack described in 5.2 shows that the standard protocol
is vulnerable. This attack even works with low resources and does not require a
strong attacker. The same attack against the enhanced protocol had nearly any
effect except that it causes more traffic. Denial of service (DoS) attacks are still
possible in the enhanced protocol and if verifying a corrupted message is expensive,
flooding could be a big problem in the new protocol.

The lion’s share of the traffic in the new protocol is caused by exchanging the ID
certificates. These exchanges need a large number of messages and slow down the
protocol. Future work may start at this point to speed up the protocol.
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