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ABSTRACT 
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Gossiping refers to a class of distributed algorithms that are inspired by epidemic models 

of disease spread. Gossip-based algorithms have recently received much attention as they 

provide a reliable and efficient mechanism for propagating information across large-scale 

distributed systems. Modeling the performance of such algorithms is important for understanding 

the behavior of applications that overlay them. This thesis examines the performance 

characteristics of two existing and one proposed gossip-based update propagation algorithms in 

terms of total propagation time and work. The first is an idealized algorithm referred to as 

Perfect Knowledge, while the second algorithm is randomized with respect to the selection of 

gossip peers. The proposed algorithm, called Virtual Tree Algorithm aims to reduce redundant 

transmissions (wasted work), while maintaining reasonable total propagation time. Extensive 

simulation experiments are carried out to compare the performance characteristics of the three 

algorithms. 
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1. INTRODUCTION 

 

 A distributed system is non-centralized network consisting of a group of two or more 

independent computers. These independent computers appear to users as parts of a single, large, 

logically connected system of shared hardware, software and/or data. Conceptually, a distributed 

system is the opposite of a centralized system such as a mainframe in which clients are 

connected to a single central computer. Figure 1.1 shows an example of a distributed system 

where nodes are interconnected via a communication network. Networks can interconnect with 

other networks and contain sub networks. 

 

Server

Server

Printer

LaptopLaptop

PC

Terminal

 

Figure 1.1 - A distributed system 
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 One way to exchange information within a distributed network is by gossiping. Gossiping 

refers to exchange mechanism where each network component can be a source of information, 

and is capable of information transfer. Significant research has been done in order to develop 

information transmission techniques and algorithms using gossiping strategies. 

 

 Gossip-based algorithms were first introduced in large-scale distributed systems for 

propagating information and have proven to be successful especially in peer-to-peer Internet 

systems or ad-hoc networks [1]. However, their simplicity and flexibility make them attractive 

for more than just pure data dissemination. For example, gossiping algorithms can also be used 

for data aggregation and resource allocation in distributed systems. Gossiping algorithms 

describe steps in which each process in the distributed system forwards information it has 

received to randomly chosen peers. Based on such a simple localized strategy, the main side 

effect is the propagation of the information across the complete network.  

 

 Gossiping has received considerable attention for quite some time now due to its 

importance in distributed networks. In the earlier studies, gossiping problem presumed two-way 

communication between units, later it has also been looked at as one-way communication model, 

in which transmission can take place in only one direction at a time.   

 

 Gossip-based algorithms are simple and easy to deploy. In addition to their attractive 

scalability promises, they exhibit a very stable behavior even in the presence of a high rate of 
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link and/or process failures. A large amount of research has been devoted to observing, 

analyzing, and devising mathematical theories for epidemics in distributed systems. 

 

 This thesis investigates two existing gossiping algorithms and develops the simulation 

models for these. A new gossiping algorithm, termed Virtual Tree algorithm, is also introduced.  

The algorithm spreads information across a network in such a way as to minimize the number of 

information exchanges in the network. The performance of these algorithms is compared in 

terms of the total time taken by the algorithm to spread information across the network and the 

total work done by the nodes in the system. Finally, the performance of an existing algorithm is 

evaluated in the presence of individual node failures. 
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2. STATEMENT OF PURPOSE 

 

 This thesis investigates two gossiping algorithms ï randomized algorithm and perfect 

knowledge algorithm ï and develops a simulation model for these algorithms. Also, a new 

gossip algorithm, called virtual tree algorithm, is developed for disseminating information across 

a network of nodes. The performance of these algorithms is compared in terms of the total time 

and work required by the algorithm to update the whole system. The randomized algorithm is 

further studied with the assumption of node failure. The importance of this thesis lies in the fact 

that the ability of a network to effectively disseminate information is an important qualitative 

measure for the suitability of the network.  

 

 The main idea of the proposed virtual tree algorithm is to spread information across a 

network in such a way as to minimize the number of information exchanges. There is significant 

cost associated with the information transfer from one node to other in a network. Fewer 

information exchanges reduce the network load. Additionally, fewer exchanges reduce the 

exposure to the third parties eves droppers which is very important from a security point of view. 

Hence, in order to measure the systemôs performance to distribute the original information, we 

considered the number of information exchanges as an important parameter to study. The source 

node, which initiates the information update, transmits it to its immediate neighboring nodes, 

which in turn propagate it further, extending outward until all nodes are updated. The 
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propagation time of this information exchange between the nodes is assumed to be probabilistic 

to capture the variability in communication time in data networks. We also assumed that a node 

initiates a single transmission at any given point in time, but can receive multiple updates 

simultaneously.  

 

 In the weakest model of communication, a node participates in just one communication at 

a time (either as a sender or receiver) and pairs are selected randomly. For a graph with N nodes, 

any algorithm under the weakest model of communication would require at least ὰέὫ”ὔ 

communication steps, where the logarithm is in the base of the golden ratio [2]. In this thesis, our 

proposed algorithm outperforms the weakest communication model depending on multiple 

testing scenarios.  

 

 The virtual tree algorithm first creates a virtual graph structure that overlays the real 

world network topology with the objective of identifying communication pairs. The intuition 

behind this algorithm is that since nodes receive updates asynchronously, those who receive it 

early can dynamically decide on subsequent targets. This selection strategy reduces 

communication wastage in terms of redundant message exchanges as in case of weakest model 

and improves overall performance of the system. 

 

 Simulation experiments were designed and conducted to evaluate the performance of all 

three algorithms in terms of the total time taken by the algorithm to update all the nodes in the 

system and total work done by nodes in the network. Simulation modeling was chosen for 
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evaluating the algorithms as it is usually preferable to build a model as a representation of the 

system and study it to substitute for the actual system. It was difficult to evaluate our system by 

developing a mathematical model instead because our system is complex and so developing 

valid mathematical models for such kind of system is difficult , precluding any possibility of an 

analytical solution. An implementation of these algorithms on a real system is not practical due 

to the fact that such algorithms are often deployed on large-scale systems with potentially 

thousands of nodes. A discrete next-event simulation approach has been used in this thesis to 

study the behavior of the algorithms. 
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3. LITERATURE REVIEW 

 

 This chapter further describes the distributed system and the importance of the gossiping 

in distributed systems. This chapter also describes the desired requirements for gossiping 

protocols. Also, the earlier work done on the gossiping has been discussed in detail in this 

chapter. 

 

3.1  Distributed systems and gossiping 

 

 The main attributes of distributed systems are that processors are interconnected in such a 

way that processing and databases are distributed. A distributed system can be characterized 

using the logical or functional distribution of the processing capabilities. This logical distribution 

is usually based on certain set of criteria e.g., multiple processes, inter process communication 

etc. Each process communicates with one another using messages and theses processes interact 

with each other to meet some common goal. Also, there are some system rules that provide the 

operating discipline for the processes to work together. For example, if two processes A and B 

communicate with one another to compute some value, then the system of processes A and B can 

be called as an example of the distributed system. Likewise, a network of workstations connected 

in a LAN and an automatic banking (teller machine) system can also be characterized as types of 
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distributed systems. The primary requirements for a distributed system like automatic teller 

machine are security, reliability and concurrency control.  

 

 The main advantages of the distributed systems over traditional single computer systems 

are - performance, reliability, expansion and sharing of data/resources. Higher performance can 

be achieved if we have a collection of processors instead of a centralized computer. By 

reliability, we mean that the system has a higher probability to survive even if some of the 

machines crash. Similarly, new machines and applications can be added over time as 

requirements on processing power grow for expansion purposes. Resources can be shared if we 

have distributed systems thus decreasing the cost. Also, shared data is essential to many 

applications such as banking, reservation systems etc. 

 

 In distributed systems, it is often necessary to maintain current information regarding 

accounting, resource, utilization, and processor loads etc. So, it is necessary to exchange 

messages in order to keep the system up-to-date thus the gossiping problem arises. In a computer 

network of n units represented by a connected, symmetric directed graph G (V, E) with vertex set 

V and edge E, where by symmetric directed graph we mean that if (u, v) ɭ E, then (v, u) ɭ E. In 

particular, the elements of V represent the units (i.e., processors) in the network, and each 

directed edge (v, u) represents a direct one-way communication link through which 

communication from u to v can take place. Each unit has a piece of information, which must be 

sent to all other units. This can be done through a mechanism called gossiping which allows us to 

transfer information from one node to other. In mobile radio networks, where individual units 
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change their positions, gossiping allows units to also maintain routing tables by periodically 

exchanging information on the list of neighbors of each unit. 

 

3.2   Desired requirements for gossiping protocols 

 

 Gossiping has received significant attention from researchers and practitioners alike. A 

number of different gossiping standards and protocols have been developed. Desired 

requirements for gossiping protocols can be divided into three classes: general, functional and 

non-functional requirements [3]. 

 

a)  General Requirements: Gossiping protocols satisfy the following general requirements: 

 

-   Simplicity: The protocol should be simple and easy to deploy. For example, in 

an adhoc wireless network, a node should be able to join the system easily. 

-   Scalability: Each node should perform its operations at almost the same rate 

even if the network size changes. For example, the local knowledge 

(neighbors list) of a node does not increase with the network size. 

-   Symmetry: All nodes play identical parts and hence there is no single point of 

failure. For example, in case of randomized algorithm each node typically 

runs the same algorithm. 
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b)   Functional Requirements: Functional requirements describe properties of the outputs 

of a system, and how a certain input is transformed into an output. Here, we 

distinguish between global and local properties. 

 

1)  Global properties of the system: 

-  Connectivity: Minimum number of links between nodes whose removal 

can result in difficulties for information dissemination. Connectivity is an 

important measure of its robustness for an algorithm. 

-  Convergence: One can distinguish between convergence of the system 

parameters to some values and convergence of the system structure to 

some particular type of graph. 

 

2)   Local properties of nodes: 

-   Degree distribution: The degree of a node is the number of its neighbors in 

the network graph. In case of node failures, this plays an important part for 

spreading information. 

-   Clustering coefficient: The clustering coefficient of a node is a ratio of the 

number of links between the nodeôs neighbors to the number of all 

possible links between them. It shows how many neighbors of a node are 

neighbors among themselves. High clustering coefficient leads to increase 

in redundant messages and also decrease in the probability of partitioning 

by strengthening the connectivity within a cluster. 
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-   Shortest path length: The shortest path length between two nodes is the 

minimum number of edges that must be traversed to go from one node to 

the other. This is used in getting the information on the time and 

communication costs to reach a node. 

 

c)  Non-Functional Requirements: 

    Non-functional requirements regard the quality (e.g., performance, maintainability, fault  

    tolerance) and economics (e.g., timing, cost) of system behavior.  

 

- Time Complexity: The number of time units it takes for a gossiping protocol to 

update whole network, e.g., for data delivery to all nodes, or for computation of 

an aggregation function output. 

- Message Complexity: The total number of gossiping messages exchanged over 

the network during an execution of an algorithm. 

- Robustness: The ability of a gossiping protocol to maintain correct system 

operation in the case there are node crashes. 

- Graceful degradation: The performance, functionality and reliability of gossiping 

protocols should not drop rapidly, as the number of failures increases. 

- Self-organization: The nodes should be able to organize themselves in 

unpredictable circumstances without external interventions. For example, in 

gossiping protocols a network graph forms overlays that are adaptable to network 

and environmental changes. 
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3.3  Related research on gossiping 

 

 Gossip-based models of periodic information exchange among network nodes have been 

applied for solving a wide range of problems in distributed computing. The applications of such 

models include: information dissemination, gathering global knowledge about distributed 

systems and organizing the network components into structures. Earlier work on gossiping can 

be broadly categorized in three different categories:  

 

a) Gossiping algorithms in systems with static network topologies,  

b) Gossiping in dynamic topologies, and  

c) Applications of gossiping.   

 

 Continuing the above discussion, the authors in study [1] have proposed an update 

propagation called as update propagation through replica chain (UPTReC) model to maintain 

file consistency in decentralized and unstructured peer-to-peer (P2P) systems. Each replica peer 

(peers that have replicas of the file) acquires partial knowledge of the bi-directional chain by 

keeping a list of information about k nearest replica peers in each direction.  When a replica 

peer initiates an update, it pushes the update to all possible online (active) replica peers through 

the replica chain. An analytical model is derived to evaluate the performance of this algorithm. 

Also, simulation experiments are conducted to compare the performance with an existing 

update propagation algorithm based on the rumor-spreading scheme. The results show that this 

algorithm can reduce overhead messages up to 70 %. The difference between the numerical and 
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simulation results is within 2 % in probability of successfully propagating an update through the 

chain and scalability on the number of replicas. In the simulation model, each Replica Peer 

alternatively leaves and joins the system as a Poisson process. The file update is also assumed to 

be a Poisson process. The chain is randomly built i.e., each Replica Peer has equal probability to 

appear at any location on the chain. Each replica has a partial knowledge of the chain. 

 

 In another study [2], the minimum time required to communicate a unique piece of 

information from each node in a graph to every other node under the weakest model of parallel 

communication, which allows each node to participate in just one communication at a time as 

either sender or receiver has been demonstrated. The authors have studied various topologies 

including the complete graph, grids, hyper cubes and rings. New optimal time algorithms have 

been derived for complete graphs, rings, regular grids and toroidal grids that significantly 

extend existing results. 

 

 Study [3] gives an overview of the different approaches that can be taken to formally 

analyze gossiping protocols, and also discusses what properties of such protocols can be 

verified with what formal verification technique. It also gives an overview of the different types 

of requirements for gossiping protocols. According to the authors, requirements for gossiping 

protocols can be divided into three classes: general, functional and non-functional requirements 

which were explained earlier in this chapter. 
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   Analysis techniques can range from experimental work with a real system 

implementation up to rigorous mathematical analysis. Real system statistics and simulation 

techniques are based on experiments performed on the system and on collecting data statistics 

either from the running system through monitoring it at real time or from a discrete-event 

simulation of the system. These approaches are used to study the behavior of a particular 

implementation (instance) of the system. The other approaches require a formal modeling of the 

system. Typically, they are used to verify specific properties in a more general context. 

Although these methods often require particular assumptions to be made, their advantage is that 

they can be used before a system is being implemented, and that in principle they are not costly 

in comparison to full -scale experiments on a real system. 

 

 The authors in study [4] discuss the information dissemination in prominent parallel 

architectures. The authors have considered the vertex-disjoint paths mode and the edge-disjoint 

paths mode of the information dissemination for networks like Hyper cubes, Butterflies, Shuffle 

Exchange, etc. for which Hamilton path exists. A Hamiltonian path is a path in an undirected 

graph which visits each vertex exactly once. Broadcasting, accumulation and gossiping 

problems have been studied for such type of networks. A graph is partitioned in to vertex-

disjoint or edge-disjoint paths in each round and information is disseminated trough these paths 

in constant time. Telegraph communication mode (one-way mode) and telephone 

communication mode (two-way mode) have been investigated in such networks. The authors 

prove that in most networks, optimal gossiping algorithm is simply the concatenation of optimal 

accumulation and broadcast algorithms.  
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 Another study [5] gives the classification of the epidemic algorithms for maintaining 

replicated databases. The authors have classified the algorithms in three categories: Susceptible-

Infective (SI), Susceptible-Infective-Susceptible (SIS) and Susceptible-Infective-Removed (SIR), 

based on how units can handle incoming information in general. Susceptible-Infective class 

defines epidemic algorithms where nearly each unit is initially susceptible. By receiving updated 

information a unit becomes infective and remains it, until the whole population is infective. In 

difference to the model of SI algorithms, SIS algorithms are able to decide to stop spreading 

information before the whole population is infective. For example, if a unit realizes that all of his 

last five communication partners are already infective, it might decide that the specific 

information that has to be spread is old, and stops spreading it. But removed units can still 

become infective again. If a unit gets specific information, that it has stopped spreading before, it 

will spread it again until it loses interest again. SIR algorithms are nearly the same, as SIS 

algorithms with the only difference that removed units remain removed for specific information. 

This means that a unit would never get infective again, after it once stopped spreading specific 

information. For instance, a unit, which did not spread specific information in the last x rounds, 

stops spreading that specific information for all the time, assumes that the whole population is 

already infective. 

 

 The authors also discuss some of the algorithms which fall under the above three classes, 

like the anti-entropy algorithm or the rumor-mongering algorithm. Anti-entropy is a kind of SI 

class epidemic algorithm while rumor-mongering is a SIR class epidemic algorithm. The process 

of finding a path from Source host S to the Destination host D is defined as routing. The authors 
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have described Epidemic Routing Algorithm, which was originally invented by Vahdat and 

Becker to provide message delivery with high probability and minimizing resource consumption. 

When a host S wants to send a message to another host D, S passes the message to its neighbor 

hosts and they do the same until the message reaches D. If there is a partition of the network on 

the way to D, it is likely that one (or more) host(s) of the current section come into contact with 

another fraction at a later time due to node movement. So, the message is passed throughout the 

network and will eventually be received by D with high probability as shown in Figure 3.1. 
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Figure 3.1 - Message delivery from node S to node D 

 

 Simulation experiments are conducted to evaluate the performance of epidemic routing 

protocol. The results show that given pair wise connectivity and enough buffer size (2000 equals 

infinite size, because the whole experiment used only 1980 messages) and time, an epidemic 

algorithm could guarantee eventual delivery of 100% of messages. 

 

 The authors in study [6] demonstrate the database replication using epidemic 

communication. An epidemic protocol is proposed that guarantees the consistency and 

serializability. Simulation experiments are conducted to evaluate this algorithm. A distributed 
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system consisting of a number of database server sites each maintaining a copy of all the items in 

the database is considered for study purpose. A point-to-point network that was required to be 

reliable connected the sites. A transaction can start at any site, and that site becomes the initiating 

or home site. Vector clocks are used to preserve potential causal relations among operations. 

Each site maintains an event log of transaction operations. Sites exchange their respective event 

logs to keep each other informed about the operations that occurred in the system. Each site 

keeps a two-dimensional timetable, which corresponds to most recent knowledge of the vector 

clocks of all sites. When a site performs an update operation it places an event record in the log 

recording that operation. When a site is ready to initiate an epidemic session with another site, it 

chooses a receiver site at random. The authors analyze the response time for both read-only and 

update transactions and further explore the advantages of epidemic based updates versus a more 

traditional synchronous approach. The authors prove that their epidemic protocol relieves some 

of the limitations of the traditional approach by eliminating global deadlocks and reducing delays 

caused by blocking.  

 

 Study [7] discusses the distributed implementation of global optimization through 

decentralized processing in a peer-to-peer fashion, where relevant information is exchanged 

among nodes by means of epidemic protocols. The authors have adopted the P2P paradigm, and 

in particular the epidemic and gossip-based approach, to perform global function optimization in 

a completely decentralized manner. The main goal is to enable the exploitation of unused 

computational resources (such as personal desktop machines) to parallelize the optimization 

process, without requiring a fixed and centralized infrastructure as the one associated with Grids. 
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Two sequential search schemes Particle Swarm Optimization (PSO) and Memory-based Reactive 

Affine Shaker (RASH) are proposed. PSO is a population-based stochastic optimization 

technique, inspired by the social behavior of bird flocking, for finding global optima of functions 

of continuous variables. The RASH optimization heuristic defines a single trajectory (as opposed 

to the multiple trajectories that characterize PSO) that rapidly converges to a local minimum. 

 

 Study [8] has proposed algorithms for database replication.  The authors have 

demonstrated the usefulness of lazy propagation protocols to maintain highly available services 

in a distributed system. Two update propagation strategies have been proposed to improve 

freshness in the system. These propagation strategies focus on 1 master - n slave configurations. 

An update propagation strategy, called immediate-propagation, has been proposed which works 

as follows: updates to a replica at some master node are immediately propagated towards the 

other replica copies held by slave nodes without waiting for the commitment of the original 

update transaction. Further two variants: immediate-immediate and immediate-wait, have been 

proposed. With immediate-immediate, a refresh transaction is started at a slave node as soon as 

the first update operation is received from the master node. With immediate-wait, a refresh 

transaction is started at a slave node after the complete reception of all updates (of the same 

transaction) from the master node. The performance of the algorithms is evaluated through 

simulation. The study shows that these strategies improve the data freshness up to five times 

compared with traditional approach. 

 In study [9], an epidemic propagation algorithm for consistently updating replicated 

databases has been developed, which is based on local locking. According to the authors, all 
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updating algorithms can be separated into two classes, either global locking and/or time 

stamping. Algorithms based on global locking scheme require many control messages while 

those based on time stamping method have addition of time stamp to every data element in the 

database that significantly increases the storage cost. The authors propose an algorithm in which 

all message exchanges are time stamped and locking is applied locally in order to reduce 

overheads. Message exchanges take place in the network whenever a transaction commitment 

occurs, that is, at the end of every consistent step of local processing. The performance of the 

system in terms of the number of messages and volume of control messages of the proposed 

algorithm is compared with the other centralized locking algorithms and voting algorithms. The 

results reveal that the proposed algorithm performs better and has lower overhead than the 

centralized locking and voting algorithms.  

 

 The authors in study [10] have proposed algorithms for the ad-hoc networking. The 

authors have introduced a family of adaptive protocols, called SPIN (Sensor Protocols for 

Information via Negotiation) that efficiently disseminates information among sensors in an 

energy-constrained wireless sensor network treating all sensors as potential sink nodes. The 

SPIN family of protocols rests upon two basic ideas: 

 

- To operate efficiently and to conserve energy, sensor applications need to communicate 

with each other about the data that they already have and the data they still need to 

obtain. Exchanging sensor data may be an expensive network operation, but exchanging 

data about sensor data need not be 
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- Nodes in a network must monitor and adapt to changes in their own energy resources to 

extend the operating lifetime of the system 

 

 Two specific SPIN protocols, SPIN-1 (a 3-stage handshake protocol) and SPIN-2 (SPIN-

1 with a low-energy threshold) have been discussed. The authors have used simulation to analyze 

the performance of these two types of SPIN protocols and then compared the results to the 

theoretically optimal protocols like classic flooding, gossiping and ideal dissemination 

algorithms. The results proved that the SPIN protocols perform close to the theoretical optimum.  

 

 Another study [11] demonstrates lazy replication protocols, which propagate updates to 

replicas through independent transactions after the original transaction commits. Two lazy 

update protocols, Directed Acyclic graph (WT) and Directed Acyclic graph (T), are proposed 

that guarantee serializability. Also another protocol, the BackEdge protocol, has been introduced 

that combines the eager and lazy approaches. The authors have implemented these protocols on 

the DataBlitz database system product which was developed at Bell Labs. A lock timeout 

mechanism is used to handle local as well as global deadlocks in implementation. Experiments 

are performed in a real-world setting involving 3.296 MHz Sun UltraSparc-2 machines running 

Solaris 2.6 and equipped with 256 MB of RAM. Number of machines in the study is limited to 3. 

Number of independent instances of DataBlitz on each machine is run in order to simulate 

multiple sites (one instance for each site). Thus for experiments involving 9 sites, 3 DataBlitz 

instances are running on a single machine. The authors studied the performance of these two 

protocols for parameters like number of sites, number of items, replication probability, backedge 
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probability, read operation probability, network latency etc..The performance study shows that 

these protocols mostly perform better than the existing protocols.  

 

 Study [12] discusses the problem of disseminating information in interconnected 

networks like hyper cubes and Cube Connected Cycles. Three problems of information 

dissemination in a graph: broadcasting, accumulation and gossiping have been studied in this 

paper. The broadcast problem deals with the spreading of information of one processor to other 

processors in the network, the accumulation problem is to accumulate the information of all 

processors in one given processor, and the gossip problem is to accumulate the information of all 

processors in each processor of the network. The authors presented some statistical results and 

proof techniques for the broadcast and the gossiping problem in the one-way and two-way 

communication modes. The authors have shown that the number of communication rounds 

between the nodes can measure the efficiency of the communication algorithms. The authors also 

explained different types of Interconnection networks like complete tree, complete graph, 

Hypercube, butterfly etc.  

 

 The authors in [13] study the performance and scaling of gossip algorithms on two 

popular networks: Wireless Sensor Networks, which are modeled as Geometric Random Graphs, 

and the Internet graph under the so-called Predential Connectivity (PC) model.  The topology of 

such networks changes continuously as new nodes join and old nodes leave the network. The 

authors prove that the averaging time of a gossip algorithm depends on the second largest 

eigenvalue of a doubly stochastic matrix characterizing the algorithm and also designing the 
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fastest gossip algorithm corresponds to minimizing the eigenvalue. The main goal is to design 

algorithms so that desired computation and communication is done as quickly and efficiently as 

possible. The authors designed and characterized the performance of the averaging algorithms 

for arbitrary graphs for both the asynchronous and synchronous time models. In asynchronous 

time model, each node has a clock, which ticks at the times of a rate 1 Poisson process whole in 

the synchronous time model, time is assumed to be slotted commonly across nodes. 

 

 In study [14], the performance of epidemic algorithm in a large-scale wireless network 

has been studied. The study primarily involves small, low-power, wireless devices distributed 

over physical space. The authors focus on flooding protocol which is a simple epidemic protocol. 

In case of flooding, nodes always re-transmit the message upon first reception. Large-scale 

implementation of this protocol on real hardware shows that global behavior of this simple 

protocol could be complex. Each node has a 4 MHz Atmel processor with 8Kb of programming 

memory, and 512 B of data memory. The node is equipped with 916 MHz, single channel, low 

power radio from RPM, capable of delivering 10Kbps of raw bandwidth using on off keying 

(OOK) modulation. The transmission power of the radio is dynamically tunable with different 

potentiometer (pot) settings. Two separate sets of experiments are conducted. The first set 

focused on understanding the characteristics of links among all nodes in large test bed. The 

second set focused on studying the dynamics of flooding over a similar test bed.  

 

 In contrast to traditional methods of epidemic algorithms, an autonomous gossiping 

(A/G) for selective dissemination of information has been developed, which involves the whole 
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network [15]. This type of infrastructure is well suited for mobile ad-hoc networking. A/Gôs 

dissemination mechanism is essentially stateless, where routing information or global 

information like knowledge of the destination nodes is not required. A/G does not flood the 

whole network. A/G spreads in the network by following a greedy mechanism such that it 

spreads to immediate neighbors that are interested in the particular content, and yet avoiding the 

ones that are not interested in the content. Node mobility is exploited to enable interaction with 

newer nodes. Some possible applications for A/G include sharing files, e.g., music/photograph, 

directed advertisement for mobile commerce and tourism supported with reduced infrastructure, 

or dissemination of meta-data about services being provided. In autonomous gossiping, instead 

of mobile nodes making a decision to push data to each other, it is data items themselves that try 

to identify other hosts which are suitable, based on the data itemôs own profile and hostôs 

advertised profile. A java based discrete time simulator has been developed in order to simulate 

and study the effectiveness of this algorithm. Mathematicaôs J/Link extension is used to integrate 

display of statistical information.  

 

  In another study [16], the epidemic protocols in a distributed environment using 

randomized communication have been studied which are commonly used for the lazy 

transmission of updates to distributed copies of a database. Random phone call model is 

introduced in order to investigate the possibilities and limits of this class of broadcasting 

algorithms. In this model, n players communicate in parallel communication rounds. In each 

round, each player calls a randomly selected communication partner. Whenever communication 

is established between two players, each one must decide which rumors to transmit. Players do 
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not know which rumors their communication partners have already received. The results show 

that there is an algorithm using only ὕ (ὰὲ ὲ) rounds and ὕ ὲ ὰὲ ὰὲ ὲ transmissions. The 

authors prove that this algorithm is optimal among those algorithms in which the actions of the 

players do not depend on the addresses of their communication partners. In this algorithm, 

rumors can be started in any round by any player and can be transmitted along the edges in the 

graph in round. The authors prove that the number of transmissions can be reduced significantly 

when rumor is sent in either direction, that is, when using push and pull rather than only push 

operations. The authors introduce a simple push and pull algorithm spreading the rumor to all 

players in ὕ (ὰὲ ὲ) rounds using only ὕ (ὲ ὰὲ ὰὲ ὲ) transmissions rather than ὕ (ὲ ὰὲ ὲ) as the 

push algorithm. 

 

 The authors in study [17] have demonstrated the epidemic information dissemination in 

distributed systems in large peer-to-peer systems deployed on Internet or ad hoc networks. The 

authors describe the four key problems filtering associated with epidemic algorithms ï 

membership maintenance, network awareness, buffer management, and message. Membership 

deals with how processors communicate with each other and how many other processors they 

need to know. Network awareness tells us how to make the connections among processes to 

ensure acceptable performance. Buffer management comes in picture when the storage buffer is 

full so we need to make decisions which information to drop and message filtering allows 

decreasing the possibility of sending the unwanted information to the nodes. 
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 In one study [18], the probabilistic epidemic algorithm has been proposed in which each 

node passes on the information to other nodes with some probability to reduce the overhead of 

routing protocols.  The fraction of executions in which the nodes get the message depends on the 

gossiping probability and the network topology. The authors find that gossiping probability 

between 0.6 and 0.8 suffices to ensure that almost every node in the network gets the message in 

almost every execution of the algorithm. This algorithm uses up to 35% fewer messages than 

flooding algorithm for large networks thus improving the performance.  Simulation results show 

that there is a significant improvement in the performance even in small network of 150 nodes. 

Simulation is done in the ns-2 simulator. The performance of the following four metrics is 

studied: 

 

- The packet delivery fraction that is the ratio of the number of data packets successfully 

delivered to the number of data packets generated 

- The average end-to-end delay of the data packets which includes all possible delays 

caused by buffering during routing discovery, queuing at the interface queue, propagation 

and transfer time 

- The normalized routing load represents the number of routing packets transmitted per 

data packet delivered at the destination 

- The route length ratio compares the shortest route length found to the actual shortest 

route length 
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 In study [19], the authors have developed a family of epidemic algorithms for 

maintaining replicated databases. These algorithms are based on the casual delivery of log 

records where each record corresponds to one transaction instead of one operation. Simulation 

results are conducted to study the performance of the distributed replicated database. 

Experiments are conducted to analyze the response time with different degrees of replication. 

This model is also well suited for supporting users in mobile and disconnected environments as 

the members connect for a short time to exchange epidemic messages, and then disconnect. The 

first algorithm in this family is a pessimistic protocol that ensures serializability and guarantees 

strict executions. The next protocol is optimistic in that transactions commit as soon as they 

terminate locally and inconsistencies are detected later and the resolution of inconsistencies is 

left to the application. The final member of the protocol family is pessimistic and uses voting and 

quorums to resolve conflicts. Simulation experiments were conducted for 95 % confidence 

interval for each data point. The simulation model assumes that the network is fully connected so 

that any site can exchange messages directly with any other site. Experiments are performed to 

analyze the response time with different degrees of replication and varying proportions of read-

only transactions. Also, measurements are performed to determine how likely it is that a 

precommitted transaction will successfully commit.  

 

 Study [20] provides a simple framework for gossiping in the modern distributed systems 

and describes solutions for various application domains. The authors have provided the results 

for the probabilistic gossip-based algorithms, which could be applied, to build both fully 
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unstructured (random-based) as well as fully structured overlay network. The authors have also 

suggested that such approaches could also be used for ad-hoc networks.  

 

 In study [21], an online distributed gossiping algorithm has been proposed. The algorithm 

assumes that each node knows only its immediate neighbor and it can tolerate multiple node and 

link faults, and mobility of nodes in the network as long as the network remains connected. The 

main goal of designing this algorithm is to minimize the total time needed for the process to 

complete. The authors show that the protocol completes in ὕ(ὲ2) time in any types of networks, 

even when the networks contain multiple failures. The authors have compared this algorithm to 

the recently developed algorithm called as EGM protocol, which takes ὕ (άὲ) time and prove 

that their algorithm is better performance wise in terms of fault tolerance, mobility and 

distribution. 
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4. BACKGROUND 

 

 This chapter includes the introduction to simulation and the simulation models. The 

discrete-event simulation approach, which has been used for simulating our models, is discussed 

in detail. This chapter also describes the probability distributions which are used for generating 

samples for the simulation purpose. Also, a description of random numbers and confidence 

intervals is provided. 

 

 As stated in literature, simulation is the imitation of the operation of a real-world process 

or system over time. Usually simulation is used for purpose of either understanding the behavior 

of the system or of evaluating various strategies for the operation of the system. Simulation 

process involves designing a simulation model of a real system which is then used for 

conducting experiments. Computer simulation uses the same concept but requires that the model 

be created through programming on a computer. Simulation allows to experiment with different 

scenarios and, so helps to build models and make the correct choices without worrying about the 

cost of experiments. The simulation solution usually consists of one or more numerical 

parameters, which are called measures of performance of the system. 

 

 In simulation, in order to study a system scientifically we often have to make a set of 

assumptions about how it works. These assumptions usually take the form of mathematical or 
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logical relationships and constitute a model that is used to try to gain some understanding of how 

the corresponding system behaves. In addition, we need to gather data in order to estimate the 

desired true characteristics of the model. Some of the problems for which simulation has been 

found to be a useful tool are designing and analyzing manufacturing systems, analyzing supply 

chains, designing and operating transportation systems such as airports and subways, designing 

hardware requirements or protocols for communication networks, analyzing mining operations 

and reengineering of business processes. 

 

4.1 Advantages and disadvantages of simulation 

 

 Using computer simulation for analysis has many advantages over other design 

techniques. Some of these advantages are: 

 

a)   Allows experimentation without disruptions to existing systems: In systems that 

already exist, the testing of new ideas may be difficult and costly affair. In such 

situations, a simulation model can be developed and compared to the existing system. 

Any desired modifications can be tested on the model first and then the decision to 

implement the changes in the existing real world system can be made accordingly.  

b)  Detection of unforeseen problems or bugs: In some cases, detailed simulation system 

model may reveal problems or bugs that can exist in the systemôs design after 

installation.  Discovering these problems prior to installation leads to less debugging 

time and rework costs later on.  
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c)   Gain in system knowledge: Simulation is the process of bringing all the pieces 

together for developing a simulation model which helps in increasing the overall 

system knowledge too.  

d)   Speed in analysis: It is possible to run the simulated system at speeds much greater 

that would be attainable in the real world. Also, multiple experiments can be set up 

and completed in one run which adds to timesavings.   

 

 Some of the disadvantages of using simulation approach are as follows: 

 

a)   Expensive: In some cases, creation of a computer model can be expensive. As some 

simulation models make uses of different types of software and hardware. Also, big 

simulation projects can take years of effort which is labor intensive.  

b)   Time consuming: Simulation requires data collection, model development, analysis 

and report generation which could take considerable amounts of time in some cases.  

c)   Uncertainty in results: Since discrete event simulation relies on the use of random 

number generators to provide model input, some uncertainty is always associated 

with the output.  

d)   Difficult to validate: Validation is the process of making sure the computer model 

accurately represents the system being studied which is not possible if the system 

does not yet exist thus adding the risk.  

 

4.2 System analysis techniques 
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 A system is defined as a collection of entities, e.g., people or machines that act and 

interact together to accomplish some goal. The state of a system is the collection of variables 

necessary to describe a system at a particular time. Systems can be categorized in two types: 

discrete and continuous. A discrete system is one for which the state variables change 

instantaneously at separated points in time. For example, a bank is a discrete system. When a 

customer arrives in bank or departs from bank after finishing being served, the state variable e.g., 

the number of customers change. A continuous system is one for which the state variables 

change continuously with respect to time. For example, when airplane moves through the air, it 

can be called as an example of a continuous system, since state variables such as position and 

velocity change continuously with respect to time. Figure 4.1 illustrates the different ways in 

which a system can be studied. 

 

 

 

 
  

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 - Ways to study a system 

System 

Physical 

Analytical model Simulation 

Experiment with a 

model of the system 

 Experiment with 

the actual system 

Mathematical model 



32 

 

4.3 Simulation modeling 

 

 It is not feasible to alter the system physically and then let it operate under new 

conditions, and so it is usually a costly matter to study an actual system. For example, a bank 

might consider reducing the staff in order to reduce costs but actually trying could lead to long 

customer delays and alienation. For these reasons, it is usually preferable to build a model as a 

representation of the system and study it to substitute for the actual system. Other way of 

studying the system is to make the physical model of the system as shown in the Figure 4.1 

which is usually used to study engineering or management systems. Examples of such models 

include tabletop scale models of material-handling systems. Also, in some cases, behavior of the 

system can be studied by making a mathematical model of the system which means to represent 

a system in terms of logical and quantitative relationships which are then altered and 

manipulated to see how the model reacts, and thus to understand how the system as whole would 

react. For example, the relation              is an example of the mathematical model, where r is 

the rate of travel, t is the time spent traveling, and d is the distance traveled.  

 

 If the system model is simple, it may be possible to work with its relationships and 

quantities to get an exact analytical solution but many systems are highly complex and so valid 

mathematical models of them are themselves complex, precluding any possibility of an 

analytical solution. In such cases, the model must be studied by means of simulation, i.e., 

numerically evaluating the model for the inputs in question to see how they affect the output 

measures of performance.  
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4.4 Simulation models classification 

 

 Simulation models can be classified in the following three different dimensions: 

 

a)   Static Vs Dynamic Simulation Models: A static simulation model is a representation 

of a system at a particular time such as Monte Carlo models. Dynamic simulation 

model represents a system as it evolves over time, such as a conveyor system in a 

factory. 

 

b)   Deterministic Vs Stochastic Simulation Models: If the simulation model does not 

contain any probabilistic (i.e., random) components, it is called deterministic. For 

example, a complicated system of differential equations describing a chemical 

reaction is such a model. In such models, the output is ñdeterminedò once the set of 

input quantities and relationships in the model have been specified. On the other 

hand, systems which require or have at least some random input components are 

called stochastic simulation models. For example, most queuing and inventory 

systems are modeled stochastically. Stochastic simulation models produce output that 

is itself random, and must therefore be treated as only an estimate of the true 

characteristics of the model. 

 

c)   Continuous Vs Discrete Simulation Models: Continuous simulation concerns the 

modeling over time of a system by the representation in which the state variables 
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change continuously with respect to time. Typically, continuous simulation models 

involve algebraic, differential or difference equations that give relationships for the 

rates of change of the state variables with time. For analysis techniques, e.g., Runge-

Kutta integration, are used to integrate the differential equations numerically, given 

specific values for the state variables at time 0. The specific objectives of the study 

decide whether to use a discrete or a continuous model for a particular system. For 

example, a model of traffic flow on a freeway would be discrete if the characteristics 

and movement of individual cars are important. Alternatively, if the cars can be 

treated ñin the aggregate,ò the flow of traffic can be described by differential equation 

in a continuous model. 

 

4.5 Discrete-event simulation 

 

 Discrete-event simulators are efficient and scalable and hence are often used in the design 

and development of distributed systems. Discrete-event simulation involves the modeling of a 

system as it evolves time. In such cases, state variables change instantaneously at separate points 

in time at which an event occurs. An event is an instantaneous occurrence that may change the 

state of the system. Since discrete-event simulation models are dynamic, we need to keep track 

of the current value of simulated time as the simulation proceeds, and we also need a mechanism 

to advance simulated time from one value to another. The variable in a simulation model that 

gives the current value of simulated time is called as the ñsimulation clockò. The units of time for 
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the simulation clock is assumed to be in the same units as the input parameters and there is no 

relationship between simulate time and the time needed to run a simulation on the computer.  

  

 For advancing the simulation clock, the approach called as ñnext-event time advanceò is 

used. With this approach, the simulation clock is then advanced to the time of occurrence of the 

most imminent (first) of these future events, at which point the state of the system is updated to 

account for the fact that an event has occurred, and our knowledge of the times of occurrence of 

future events is also updated. Then the simulation clock is advanced to the time of the (new) 

most imminent event, the state of the system is updated, and future event times are determined, 

etc. This process of advancing the simulation clock from one event time to another is continued 

until eventually some pre-specified stopping condition is satisfied. Since all state changes occur 

only at event times for a discrete-event simulation model, periods of inactivity are skipped over 

by jumping the clock from event time to event time.  

 

4. 5.1 Components and organization of a discrete-event simulation model 

 

 All discrete-event simulation models share a number of common components. In 

particular, the following components will be found in most discrete-event simulation models 

using the next-event time-advance approach programmed in a general-purpose language: 

 

a)   System state: The collection of state variables necessary to describe the system at a 

particular time 
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b)   Simulation clock: A variable giving the current value of simulated time 

c)   Event list: A list containing the next time when each type of event will occur 

d)   Statistical counters: Variables used for storing statistical information about system 

performance 

e)   Initialization routine: A subprogram to initialize the simulation model at time 0 

f)   Timing routine: A subprogram that determines the next event from the event list and 

then advances the simulation clock to the time when that event is to occur 

g)   Event routine: A subprogram that determines that updates the system state when a 

particular type of event occurs (there is one event routine for each event type) 

h)   Library routines: A set of subprograms used to generate random observations from 

probability distributions that were determined as a part of the simulation model 

i)    Report generator: A subprogram that computes estimates (from the statistical 

counters) of the desired measures of the performance and produces a report when the 

simulation ends 

j)    Main program: A subprogram that invokes the timing routine to determine the next 

event and then transfers control to the corresponding event routine to update the 

system state appropriately. The main program may also check for termination and 

invoke the report generator when the simulation is over. 

 

 The logical relationships (flow of control) among these components are shown in the 

Figure 4.2. 
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Figure 4.2 - Flow of control for the next-event time-advance approach 

 

The main program invokes the initialization routine and the simulation begins at time 0. 

At this time, the simulation clock is set to 0 and the system state, the statistical counters and the 
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event list are initialized. Once control returns to the main program, it invokes the timing routine 

to determine which type of event is most imminent. If an event of type i is the next to occur, the 

simulation clock is advanced to the time that event type i will occur and control is returned to the 

main program. Then the main program invokes event routine i, where typically three types of 

activities occur: 

 

a)   The system state is updated to account for the fact that an event of type i has 

occurred; 

b)   Information about systemôs performance is gathered by updating the statistical 

counters; and 

c)   The times of occurrence of future events are generated, and this information is added 

to the event list. 

 

 In order to determine the future event times, often it is necessary to generate random 

observations, called as a random variate, from the probability distributions. After all processing 

has been completed, either in event routine i or in the main program, a check is typically made to 

determine (relative to some stopping condition) if the simulation should now be terminated. If it 

is time to terminate the simulation, the report generator is invoked from the main program to 

compute estimates (from the statistical counters) of the desired measures of the performance and 

to produce a report. If it is not time for termination, control is passed back to the main program 

and the main program ï timing routine ï main program ï event routine ï termination check cycle 

is repeated until the stopping condition is eventually satisfied.  
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4.6 Probability distributions 

 

 Since input to a simulation usually contains one or more components whose behavior is 

most adequately described as stochastic, sampling represents an integral part of simulation 

methodology. For example, inter-arrival times and service times in queuing problems, delay 

times in filling demands in inventory models, and times to failure in reliability models are 

usually generated  by distributions like exponential, non-exponential gamma, weibull, and 

lognormal.  

 

 This section summarizes the procedures for generating samples from most continuous 

distributions, which are used for generating transmission times in for our simulation model. 

Given a continuous random variable X, we denote: 

 

a) The probability density function, pdf, as  Ὢ(ὼ). 

b) The cumulative density function, cdf, as  Ὂ(ὼ).  

 

 The Probability Density pdf and Cumulative Density Functions cdf give a complete 

description of the probability distribution of a random variable. If the random variable is 

continuous, then the pdf is the probability that the continuous random variable assumes a value 

over an interval or range. The cdf gives the probability the random variable will be less than or 

equal to some value.  
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a) The Exponential Distribution: The exponential distribution is a class of continuous probability 

distributions in which events occur continuously and independently at a constant average rate. 

The exponential distribution is most widely known and used distribution in reliability evaluation 

of systems and is often used to describe the interarrival times, breakdown times, etc. The 

exponential distribution with parameter ɚ has pdf  

                                            Ὢὼ = ‗Ὡ‗ὼ         Ὢέὶ   0 ὼ           (4.1) 

and cdf 

                                            Ὂὼ = 1 Ὡ‗ὼ      Ὢέὶ   0 ὼ           (4.2) 

The mean, variance, and mode are respectively, 
1

‗
, 

1

‗2, and 0.  

 

For generating variates, we set 

                                            ὢ=  
log (1 Ὗ)

‗
           (4.3) 

Because 1 Ὗ has the same distribution as U we can even use the simple transformation for 

calculations 

                                            ὢ=  
log (Ὗ)

‗
           (4.4) 

 

b) The Hyper exponential Distribution: The hyper exponential is a high-variance generalization 

of the exponential distribution. Generating a hyper exponential variate corresponds to randomly 

choosing a variate from one of n different exponential distributions. The pdf of the hyper 

exponential with n branches is 

                                            Ὢὼ = В ὴὭ‗ὭὩ
‗Ὥὼ     Ὢέὶ   0 ὼὲ

Ὥ= 1            (4.5) 

http://en.wikipedia.org/wiki/Probability_distribution
http://en.wikipedia.org/wiki/Probability_distribution
http://en.wikipedia.org/wiki/Memorylessness
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and cdf 

                                              Ὂὼ = В ὴὭ(1 Ὡ‗Ὥὼ )   ὲ
Ὥ= 1            (4.6) 

 

The mean, variance and mode are    

                                               В
ὴὭ

‗Ὥ

ὲ
Ὥ= 1  ,      В

ὴὭ

‗Ὥ
2

ὲ
Ὥ= 1    ὥὲὨ 0,           (4.7) 

 

respectively. The variance always equals or exceeds the square of the mean. A comparison of 

the exponential pdf and a hyper exponential pdf appears in the Figure 4.3. The parameter ὴὭ,‗Ὥ 

satisfy  

                                               ὴὭ  ,‗Ὥ  0    ὥὲὨ В ὴὭ= 1ὲ
Ὥ= 1              (4.8) 

 

For generating hyper exponential variates, we 

 

1) Generate U1 and find k such that 

 

                                               В ὴὭ
Ὧ 1
Ὥ= 1  < Ὗ1  В ὴὭ

Ὧ
Ὥ= 1            (4.9) 

 

2) Output  ὢ=  
 log (Ὗ2)

‗Ὧ
           (4.10) 
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Figure 4.3 - Hyper exponential, exponential, and Erlangian-2 pdfôs with mean 1 

 

c)  The Erlangian Distribution: The Erlangian distribution has two parameters, ɚ and k. An 

Erlangian random variate is the sum of k iid (independent and identically distributed ) 

exponential variates, each with expectation 
1

‗
.  A sequence or other collection of random 

variables is iid if each random variable has the same probability distribution as the others and all 

are mutually independent. Figure 4.3 shows an Erlangian distribution with Ὧ= 2. 

 

 The generating procedure is  

                                               ὢ=  В
log (ὟὭ)

‗

Ὧ
Ὥ= 1          (4.11) 

which simplifies to 

                                               ὢ=   
log ( Б    ὟὭ

Ὧ
Ὥ= 1 )

‗
         (4.12) 

The pdf is  

     1 

Hyper exponential 

Erlangian 

Exponential 

http://en.wikipedia.org/wiki/Sequence
http://en.wikipedia.org/wiki/Random_variable
http://en.wikipedia.org/wiki/Random_variable
http://en.wikipedia.org/wiki/Probability_distribution
http://en.wikipedia.org/wiki/Statistical_independence
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                                               Ὢὼ =  
 ‗ Ὡ‗ὼ  (‗ὼ)Ὧ 1

 Ὧ 1 !
   Ὢέὶ 0 ὼ         (4.13) 

The cdf is  

                                               Ὂὼ =  1   В
Ὡ‗ὼ  (‗ὼ)Ὦ

Ὦ!

Ὧ 1
Ὦ= 0                (4.14) 

 

4.7 Random numbers and random number generation 

 

 Random numbers are a necessary basic ingredient in the simulation of almost all the 

systems. In fact, discrete event simulation models are driven by random models. Computer 

systems can generate random numbers. The main requirement for the produced random number 

streams is, that they ñdo not repeat themselves in a cycle (or at least only in very long ones)ò. 

 

 Random numbers are generated by random number generators. Most random number 

generators begin with a starting value, called the seed. This seed enables the user to reproduce 

the stream of numbers later, which is a very interesting feature for simulation, because it allows 

to repeat simulation runs or to compare them with different parameter settings.  

 

 Most computer languages have a subroutine that will generate a random number. For this 

thesis, the random number generator used is the one provided as part of Random class in the Java 

API.  

 

4.7.1 Properties of random numbers 
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 A sequence of random numbers, R1, R2é must have two important statistical properties, 

uniformity and independence. Each random number R1 is an independent sample drawn from a 

continuous uniform distribution between zero and 1. That is, the pdf is given by  

 

                               Ὢὼ =  
1,                                      Ὢέὶ    0 ὼ 1
0,                                                έὸὬὩὶύὭίὩ

         (4.15) 

 

This density function is shown in Figure 4.4. 

   

 

 

 

 

 

 

Figure 4.4 - PDF for random numbers 

 

The expected value of each R1 is given by  

                                                 E(R) =      ᷿ ὼ Ὠὼ=  
1

2

1

0
          (4.16) 

And, the variance is given by 

 V(R) =   ᷿ ὼ2  Ὠὼ  [ὉὙ]2 =  
1

12

1

0
                              (4.17) 

 

Some consequences of the uniformity and independence property are the following: 

f(x) 

 0    1 x 

1 
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a)   If the interval (0, 1) is divided into n classes, or subintervals of equal length, the expected 

number of observations in each interval is N/n, where N is the total number of 

observations. 

b)   The probability of observing a value in a particular interval is independent of the 

previous values drawn. 

 

4.7.2 Generating random number in Java 

 

 Java has a built-in class named "Randomò for generating Random numbers. Random can 

generate many kinds of random number. Random is defined in the "java.util" library package, so 

we need to include the following line in the beginning of the program if we are generating 

random numbers in Java 

import java.util.Random; 

or 

Import java.util.*; 

 

4.7.3 Creating random number generators in Java 

 

 The easiest way to initialize a random number generator is to use the parameter less 

constructor, for example 

Random generator1 = new Random (); 
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 Random number generator initializes its sequence from a value called its "seed". The 

default constructor uses time as a seed with 1 millisecond resolution. Constructor with parameter 

for Random allows us to provide our own seed. We can use any long integer as a seed with this 

constructor. For example, the following creates a random number generator with seed 19586547: 

 

Random generator2 = new Random (19586547); 

 

 To generate a random integer from a Random object, we send the object a "nextInt" 

message. "nextInt" is parameter less message and returns the next integer (positive or negative) 

in the generator's random sequence. For example, if  "generator1" is an instance of Random, then 

a random integer can be generated as follows: 

 

int r = generator1.nextInt (); 

 

 To generate a random real number uniformly distributed between 0 and 1,we can use the 

parameter less "nextDouble" message. For example, 

 

double r = generator.nextDouble(); 

 

4.8 Generating random samples from a given distribution 

 

 In this section, we explain how we can generate the samples from the exponential, hyper-

exponential and Erlangian distributions which are used in this thesis for generating samples. 
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a) Exponential distribution: We can generate samples from exponential distribution as follows: 

ίὥάὴὰὩ=  ά × (ln 1 Ὗ), where U is the random number between 0 and 1 and m is the 

mean of the exponential distribution. 

 

In java, we can generate samples from the exponential distribution by using the following 

expression: 

ὨέόὦὰὩ ίὥάὴὰὩ=  ά × ὓὥὸὬ.ὰέὫ1.0 ὶὥὲὨὫὩὲ.ὲὩὼὸὈέόὦὰὩ ; 

 

where randgen is the random number generator  and m is the mean of the exponential 

distribution. 

 

b)  Hyper-exponential distribution: We have used hyper-exponential distributions with C
2 

(squared coefficient of variation) values of 5 and 10 for testing purposes. Squared coefficient of 

variations gives the  measure of dispersion of a probability distribution. Higher the value of C
2
,  

higher is the variability in the samples generated from a distribution. We will explain how to 

generate samples from the hyper-exponential distribution with the correct mean and C
2
 in the 

following paragraphs.  

 

 A random variable X is hyper exponentially distributed if X is with probability pi, 

Ὥ= 1,2,3ȣȣ..Ὧ an exponential random variable Xi with mean 1/ µὭ. For our system, we 

generate samples from hyper-exponential distribution with the mean 1 and C
2
=5 and 10. We first 

http://en.wikipedia.org/wiki/Statistical_dispersion
http://en.wikipedia.org/wiki/Probability_distribution
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find values for probabilities p1 and p2 for C
2
=5 and then generate an exponential variate with 

corresponding means. 

 

p1     =  1/2 [ 1 - sqrt( (C
2
-1) / (C

2
+1) ) ]  = 1/2 [ 1 - sqrt( (5-1) / (5+1) ) ] 

       = 1/2 [ 1 - sqrt( (4) / (6) ) ]  = 1/2 [ 1 - sqrt( 0.6666) ] = 1/2 [ 1 ï 0.8164 ]  = 0.0918 

 

p2
    

= 1- p1
 
 = 1- 

 
0.0918 =  0.9082 

mean m1 = m/(2 p1)  = 1/(2  ×   0.0918)  = 1/0.1836  = 5.4466 

mean m2 = m/(2 p2) = 1/(2  ×   0.9082) = 1/1.8164  = 0.5505 

 

With probability p1, we generate an exponential variate with mean 5.4466. Otherwise, we 

generate an exponential variate with mean 0.5505. 

 

In java, we can generate samples by using the following expression: 

 

       ὨέόὦὰὩ ὴ =  ὶὥὲὨὫὩὲ.ὲὩὼὸὈέόὦὰὩ(); 

       ὨέόὦὰὩ ίὥάὴὰὩ,ά1 =  0.5505,ά2 =  5.4466; / /        ὅ2 = 5 

        ὭὪ (ὴ < =  0.9082)        

          ίὥάὴὰὩ=  ά1 × ὓὥὸὬ.ὰέὫ1.0 ὶὥὲὨὫὩὲ.ὲὩὼὸὈέόὦὰὩ ; 

         else 

                      ίὥάὴὰὩ=  ά2 × ὓὥὸὬ.ὰέὫ1.0 ὶὥὲὨὫὩὲ.ὲὩὼὸὈέόὦὰὩ ; 
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where randgen is the random number generator , p  is the probability and  m1  and m2 are the 

means of the hyper-exponential distribution. 

 

  Now, we find values for probabilities p1 and p2 for C
2
=10 and then generate an 

exponential variate with corresponding means. 

 

p1     =  1/2 [ 1 - sqrt( (C
2
-1) / (C

2
+1) ) ]  = 1/2 [1 - sqrt ((10-1) / (10+1))] 

       = 1/2 [1 - sqrt ((9) / (11))]  = 1/2 [1 - sqrt (0.8181)] = 1/2 [1 ï .9045]   = 0.0477 

 

p2
     

= 1- p1
 
 = 1-0.0477 = 0.9523 

 

mean m1 = m/(2 p1)  = 1/(2  ×   0.0477) = 1/0.0954  = 10.4822 

 

mean m2 = m/(2 p2)  = 1/(2  ×  0.9523)  = 1/1.9046   = 0.5250 

 

 With probability p1, we generate an exponential variate with mean 10.4822. Otherwise, 

we generate an exponential variate with mean 0.5250. In java, we can generate samples by using 

the following expression: 

 

              ὨέόὦὰὩ ὴ =  ὶὥὲὨὫὩὲ.ὲὩὼὸὈέόὦὰὩ();  

     ὨέόὦὰὩ ίὥάὴὰὩ,ά1 =  0.5250,ά2 =  10.4822;   / /   ὅ2 = 10 
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            ὭὪ (ὴ < =  0.9523)        

              ίὥάὴὰὩ=  ά1 × ὓὥὸὬ.ὰέὫ1.0 ὶὥὲὨὫὩὲ.ὲὩὼὸὈέόὦὰὩ ; 

        else 

                        ίὥάὴὰὩ=  ά2 × ὓὥὸὬ.ὰέὫ1.0 ὶὥὲὨὫὩὲ.ὲὩὼὸὈέόὦὰὩ ; 

 

c)  Erlangian distribution: We can generate the samples from the Erlangian distribution as 

follows: 

 

 A random variable X has an Erlangian- k (Ὧ =  1,2ȣ) distribution with mean Ὧ/ µ if X 

is the sum of k independent random variables X1,é.,Xk having a common exponential 

distribution with mean 1/ µ. 

 

In java, we can generate samples from Erlangian-2 distribution by using the following 

expression: 

 

           ὨέόὦὰὩ ίὥάὴὰὩ =  0.5 (z(  άὩὥὲ  zὓὥὸὬ.ὰέὫ (1.0   ὶὥὲὨὫὩὲ.ὲὩὼὸὈέόὦὰὩ()))   +

  (  άὩὥὲ  zὓὥὸὬ.ὰέὫ (1.0  ὶὥὲὨὫὩὲ.ὲὩὼὸὈέόὦὰὩ()))); 

 

where randgen is the random number generator  and mean is the mean of the Erlangian 

distribution. 
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4.9 Confidence interval and confidence level 

 

 Since our simulation uses only a limited sample size, calculated statistics like the mean 

are only estimates to the true but unknown parameter values. Hence, it is necessary to provide 

the additional information to support these estimates. That is why we use the concept of 

confidence intervals where results are intervals rather than single values. Confidence intervals 

are expressed with a defined confidence level, which gives information about the probability that 

the real value is within the confidence interval. There are two main factors influencing the width 

of the confidence interval: sample size and standard deviation of the measure. The larger the 

sample size or the smaller the standard deviation is, the narrower the confidence interval.  

 

 The Central Limit Theorem is used for computing confidence intervals which states that 

the mean of different simulation runs is normally distributed if the sample size is large enough. 

This theorem allows calculating the confidence interval from known sample values. A rule of 

thumb for the sample size is typically more than 30. For the calculation  of confidence intervals,  

the ñInverse Cumulative Standard Normal Distribution Function (NORMSINV)ò is needed. For 

more information about the  calculation of confidence and NORMSINV, please refer to [30]. 

 

 The population mean is expected to fall within the following interval centered around the 

exact sample mean as shown in the Equation 4.18.  

 

population mean = sample mean ±  
ὤ × ίὥάὴὰὩ ίὸὥὲὨὥὶὨ ὨὩὺὭὥὸὭέὲ

ίὥάὴὰὩ ίὭᾀὩ
                                   (4.18) 
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where 

ὤ= ὔὕὙὓὛὍὔὠ  (1     
1 ὧέὲὪὭὨὩὲὧὩ ὰὩὺὩὰ

2
   )                                                              (4.19) 

 

 The random variable Z  is calculated with the NORMSINV function and relates to the 

required confidence level. The formulas provided above are valid only if the sample size is 

bigger than 30, otherwise the central limit theorem does not apply. Since our sample size is much 

larger than 30 (order of magnitude of 1000 and higher), the formula can be safely applied. 

 

 The confidence intervals  can be also used to calculate required sample size. The 

necessary confidence level can be specified and an exemplary mean and standard deviation can 

be provided from a former simulation run or historical data and the needed sample size can be 

calculated. We cannot calculate the sample size without running the simulation model once to 

have statistical data available. The formula is shown in equation 4.20. 

 

required sample size  =
(ὤ ×ίὥάὴὰὩ ίὸὥὲὨὥὶὨ ὨὩὺὭὥὸὭέὲ)2

ὬὥὰὪ ὧέὲὪὭὨὩὲὧὩ ὭὲὸὩὶὺὥὰ ύὭὨὸὬ
                                                  (4.20) 

 

The previously described topics should provide background information necessary for the 

developing and understanding the details of our simulation model and final results. 



53 

 

5. SYSTEM MODEL 

 

 This chapter explains the simulation models for the randomized algorithm, perfect 

knowledge algorithm and the virtual tree algorithm applied to a distributed system. Assumptions 

on the system behavior used in the simulations are also discussed. 

 

 We develop simulation models for randomized, perfect knowledge and virtual tree 

algorithms. Also, the randomized algorithm is modified to incorporate failure nodes. In our 

simulation models, we assume that a single node called ñinitiatorò or Node #1 has up-to-date 

version of the information. The initiator is responsible for starting the updates so that all other 

nodes get updated. We assume that all nodes have a unique identification number. All nodes 

have complete network knowledge. It is also assumed that all nodes are able to receive and send 

updates at any time. 

 

 A particular node can only initiate a single transmission at a given time. It is assumed that 

propagation time of information exchange between two nodes is probabilistic. The probability 

distributions used for our system are modeled to closely resemble real-world situations wherein 

we see variation in the transmission times when messages are transferred over the network. The 

distributions which are used for generating transmission times for propagating information 

across the network are exponential, hyper-exponential and Erlangian distributions. The mean 
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transmission rate is assumed to be 1 time unit. Hyper-exponential distributions with squared 

coefficient of variation (C
2
) of 5 and 10 are used in order to have high variability in the 

transmission times. 

 

 With all the stated assumptions, we develop simulation models for randomized, perfect 

knowledge and virtual tree algorithms for propagating new information to all nodes in the 

system. 

 

5.1 Randomized algorithm: 

 

 In the case of randomized algorithm, a node selects another node randomly for updates. 

Nodes know who their neighbors are, but do not know which neighbors have already been 

updated. In such environment it is expected that there will be redundant message exchanges. An 

example of redundancy of updates is depicted in Figure 5.1. 

 

 

Figure 5.1 - Randomized algorithm redundancy example 
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 In Figure 5.1 a network of nodes that needs to be updated with some new information is 

given. Shaded  nodes are already updated with the new information. Suppose node 1 selects node 

2 randomly for updates. It sends an update to node 2 and node 2 gets updated. Once node 2 is 

updated, node 1 is idle and hence ready for updating another node. This time, it selects node 3 

randomly for updating it with the new information. At the same time, node 4 is ready too for 

sending another update. Since nodes donôt have dynamic information about the update status of 

the neighborhood, node 4 doesnôt know that node 1 is sending an update to node 3 and so node 4 

sends an update to node 3 too. Hence, node 3 gets updated twice. Once node 4 is ready to select 

another node, it randomly selects node 5 which has already been updated. Hence, node 5 gets 

updated twice too. This process of randomly selecting nodes continues until all nodes are 

updated. The stopping criteria for the algorithm is when the last node that is not updated gets 

updated for the first time. In this process, a node can get updated with the new information more 

than once. 

 

 In this randomized model we expect significant amount of redundant message exchanges. 

Our presentation proceeds with an algorithm that eliminates the redundant message exchanges. 

 

5.2 Perfect knowledge algorithm: 

 

 Perfect knowledge algorithm assumes that nodes have dynamic knowledge about the 

update status of the complete network. The nodes get the information about other nodes status as 
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soon as they are updated. An example of  node updates for perfect knowledge algorithm is given 

in Figure 5.2 . 

 

 

Figure 5.2 - Propagating information in a network using perfect knowledge algorithm 

 

 The set of nodes in the network can be broken into two groups: Group 1 containing all 

updated nodes, and Group 2 containing nodes which have not been updated. When a node 

belonging to Group 1 is ready to send another update, it selects a node randomly from Group 2 

and as soon as the node from the Group 2 is updated, it becomes a part of Group 1. For example, 

from the network in Figure 5.2, if  node A selects node C randomly for updates, then node C gets 

updated with new information and becomes a member of Group1. As soon as node C gets 

updated, all other nodes from both groups are informed about its update status. At this point, 

node C is ready for sending updates to another randomly selected node from Group 2. This is 

shown in  Figure 5.3.  

 

Group 2  Group 1  
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Figure 5.3 - Node update process in case of perfect knowledge algorithm 

 

 This process of selecting nodes randomly for updates from Group 1 to Group 2 continues 

till all the nodes are updated. At that time Group 2 will be empty. That is the stopping criteria for 

the algorithm. Since each node gets selected for updates only once during this whole process, 

there are no redundant message exchanges and hence no waste in the number of  transmissions 

associated with this type of algorithm. Perfect knowledge algorithm has a theoretical significance 

but it is not practical to implement. The main reason is that the complete system needs to be 

informed after each information transfer which is very expensive and it is difficult to 

implementation due to synchronization and replication issues.  

 

5.3 Virtual tree algorithm: 

 

 We develop a new algorithm called  virtual tree algorithm that propagates information to 

all nodes using virtual tree. As discussed earlier in this chapter, in case of randomized algorithm, 

Group 2  Group 1 
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if a node selects its information exchange targets in a random fashion, it is expected that such an 

approach is not optimal since there are lot of redundant message transfers involved in this case.  

So, instead of letting the nodes choose another node randomly for updating the information, we 

have pre-determined the path of communication that nodes will take to disseminate information.  

By doing so, the total number of information exchanges have been reduced. 

 

 We proceed with an example of such a strategy. Suppose there are 32 nodes in the 

network. We pre-determine the path that each node should take to update information. We first 

create a virtual tree structure to form a tree network topology. For the purpose of the analysis, we 

have assumed that our tree topology has two sub networks with the same number of nodes on the 

left and right side of the tree i.e., total number of nodes in the network is equal to some power of 

2. The tree structure is shown in Figure 5.4. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 - Communication path for the network of 32 nodes 
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 Figure 5.4 shows the pre-determined communication path for the network of 32 nodes. 

The circles in the Figure 5.4 represent the nodes with each node having its own identification 

number (ID). The numbers on the directed arcs represent the number of steps it takes to update 

the particular node. For example it takes four steps to update node 16. It can be seen from Figure 

5.4 that there are 16 branches in a network of 32 nodes. Due to the variable transmission times, 

there is a possibility that one of the branches is complete before other branch. This will happen if 

there is no successor after a particular node, which needs to be updated (leaf node). Once a leaf 

node is updated, it becomes idle. This is especially true for the leaf node that is updated the first. 

The amount of idle nodes certainly increases the total propagation time. We would like to have 

as many nodes transmitting information as long as possible. Once the first leaf node is updated, it 

is instructed to select another leaf node for updates. The selection strategy is pre-determined too. 

This in turn reduces the idling of nodes and also improves the total propagation time. 

 

 The steps of the update propagation can be visualized in Figure 5.5. Each row represents 

a single propagation update step. It can be seen that in the first step only one node is updated. In 

the second step, two nodes are updated and so on. Since this tree has equal nodes on both sides, 

nodes are always updated in the powers of 2.  

 

Figure 5.5 - Steps of the update propagation for a network of 32 nodes 
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 In order to complete the information dissemination in a network of 32 nodes, we 

proposed the following algorithm: 

  

a) Node 1 is the initiator and is already updated. It updates node 2 (1
st
 step) 

b)  Updated nodes 1 and 2 update 3 and 4 respectively (2
nd

 step) 

c)  Nodes 1, 3, 2 and 4 update 5, 6, 7 and 8 respectively (3
rd

 step) 

d)  This trend continues till all the 32 nodes are updated 

 

 It takes total of 5 steps for a network of 32 nodes to get updated, which is shown in the 

Figure 5.5. Given the total number of nodes n in a network, a particular node m can communicate 

with the set of nodes defined by the following formula:  

 

              
mFm 2)1( =

                                                                                            (5.1) 

              
1)1(2)( --³= nFnF mm   Subject to )(nFm   <   άὥὼὔέὨὩ                (5.2) 

where maxNode is the total number of nodes in network.  

 

 We compared the performance of this algorithm against randomized algorithm and 

perfect knowledge algorithm in terms of the total propagation time and the total work done by 

the nodes which is discussed further in the next chapter. 
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6. PERFORMANCE EVALUATION 

 

 This chapter presents the simulation results. Section 6.1 compares the simulation results 

for the randomized and perfect knowledge algorithm to the analytical results provided by my 

advisor from his ongoing research work.  In addition, simulation results for the total propagation 

time and total work for all three types of algorithms have been provided in section 6.2. Section 

6.3 shows the results which are obtained by modifying the virtual tree algorithm  and section 6.4 

shows the results of randomized algorithm with failure node feature. 

 

 One of the objectives of this thesis is to minimize the number of information exchanges, 

while other main objective is to reduce the information propagation time. Also, we want to 

minimize the work done by each node in order to reduce the overheads. Therefore, the 

performance of the following metrics was studied: 

 

a)  Total propagation time ï total time taken by all nodes in the system to get updated 

b)  Total work done ï total work done by all nodes in the system during the update 

process 

c)  Time taken by each node to get updated for the first time  

d)  Work done by each node which adds up to the total work done  
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 Simulation model was developed in Java for the following three types of algorithms and 

simulation results were plotted in Microsoft excel: 

 

a)  Randomized algorithm; 

b)  Perfect knowledge algorithm; and 

c)  Virtual tree algorithm 

 

 We examine the performance of the above stated algorithms under various network sizes. 

We varied the system size from 2 to 1024 nodes. The distributions used for generating 

transmission times are exponential distribution, hyper-exponential distribution and  Erlangian 

distribution. First step was to validate the simulation models for the existing algorithms. This 

was done by comparing the simulation results with the analytical results which were provided by 

my advisor. 

 

6.1 Validation of our simulation system model 

 

 Validation is the process of making sure the computer model accurately represents the 

system being studied. Simulation results for randomized algorithm and perfect knowledge 

algorithm were compared with the analytical results  and it was observed that simulation results 

almost match the analytical results thus proving the validity of the simulation. In the next 

section, plots for the analytical results as well as the simulation results for the randomized 

algorithm and the perfect knowledge algorithm have been discussed. 
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6.1.1 Cumulative propagation time 

 

 Left hand side of Figure 6.1  shows the plot based on the analytical results for 

Cumulative propagation time for Perfect knowledge algorithm for exponential, hyper-

exponential (C
2
=5 and C

2
=10), deterministic and Erlangian distributions for system size 17. 

Right hand side of Figure 6.1 shows the plot based on simulation results for the same 

distributions for system size 16. Since the simulations were tested for network sizes of powers of 

2, thatôs why simulation plot in Figure 6.1 has system size 16. 

 

 

Analytical plot 

 

 

Simulation plot 

Figure 6.1 - Cumulative propagation time for perfect knowledge algorithm for exponential, 

hyper-exponential, deterministic and Erlangian distributions ï analytical result plot for system 

size 17 and simulation result plot for system size 16 


