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Abstract—We propose a new message routing mechanismnodes and higher resource needs necessary to forward l@ultip
based on the concept ofimmunity for Disruption Tolerant copies.
Networks (DTNs). The new mechanism allows more efficient
utilization of limited buffer space at the nodes, by removing
redundant copies of messages that have already been delivered A, A short survey of related work
We first develop a new mathematical model for estimating o ) )
the message delivery ratio (MDR) and average delivery delay There are several existing routing algorithms for DTNs and
(ADD) under a variant of epidemic routing with the immunity  studies on their analysis (e.qg., [8], [14], [20], [21], [2223]).
mechanism. We implement the proposed mechanism in ns2|n this section, we limit our discussion to the studies most

simulator and demonstrate that our model provides accurate : P
estimates of the MDR and ADD for varying traffic load and relevant to our study and provide a motivation for the study.

buffer size at the nodes. Secondly, we compare the performance | ne achievable performance of a routing algorithm in DTNs
of the epidemic routing with immunity against that of the original  depends on the time-varying network topology and the infor-
epidemic routing and spray-and-wait algorithms. We illustrate a mation available to the algorithm. On one hand, if the mopili
trade-off between the number of copies forwarded to relay nod®  of the nodes is deterministic and the contact times betwreen t

and the stay times of messages at the nodes, both of which affec : :
performance. Furthermore. while the spray-and-wait algorithm odes are known in advance, a set of links can be scheduled for

can achieve a higher MDR than our mechanism in some cases, fansmission atlifferenttimes to offer end-to-end delivery of
we show that this comes at the price of a larger ADD. messages. This is one possible operational mode of original
delay tolerant networks. On the other hand, if the mobility
is stochastic, which is the scenario of interest to us, only
I. INTRODUCTION time-varying one-hop local connectivity information mag b
available to the nodes for forwarding decisions.

Recently there have been growing interests in DisruptionWe assume that nodes’ mobility is stochastic. However, we
Tolerant Networks (DTNSs), especially in military appliiats . . S '
( ) esp y y app focus on the scenario where, due to either inability to gathe

[9], [13], [14]. One of salient features of DTNs is that one- ficient rel t statistical inf i taining nod
hop connectivity of the network between nodes is assumgg erent relevant statistical information pertaining N

to be sparse or intermittent. A consequence of this intermfPOb'“ty and network tqpology ora lack of computational
tent/sparse connectivity is that an end-to-end route keives power to process such information, the nodes are not capable

information source and its intended destination is unjikel of exploiting statistical properties of nodes’ mobilitnstead,

be available when needed. For this reason traditional MANIéAf'e are interested in investigating how the performanceiosetr

routing protocols (e.g., AODV [17] or DSR [10]) that assumgUCh as the MDR and average delivery delay (ADD), are
the availability of an end-to-end route are no longer sigtab shaped by how many copies of the messages are forwarded

o L . to other relay nodes (i.e., how many nodes receive a copy)
In addition to sparse connectivity, in general a pair of rode . .
: and how long the nodes carry the copies before losing them
in a network may never encounter each other. Therefore, e

L . 6 buffer overflow, which we caltay timeof the messages at
when infinite delay is allowed, some nodes may never ?ﬁ

able to deliver messages directly to their destinationsi\cde ?Atn?)?zsénd of the spectrum. a simole approach to maxi-
in some cases nodes may not be able to count on a sinl%le. P ' pi€ app

(relay) node to deliver messages to intended destinajicantd Izing the number of nodes carrying a copy IS to forward a
; . copy to every node that comes in contact with another node
multiple relay nodes may be required. For these reasonsg som

routing schemes (e.g., epidemic routing [22] and spray-a ith a copy. This is the basic idea behind epidemic routing

wait routing [20]) allow multiple copies of messages in tle¢-n 2], which mimics the way an infectious disease propagates

work in order to increase the fraction of messages sucdt}ssfl][hroughoUt a population. Such an algorithm increases géora

delivered to their destinations, called message delivatip r requirements at Fhe nodes. Hence, when the buffer sizets,fini
(MDR), and/or to reduce delivery delays. This is generall't will lead to a higher message drop rate at the nodes, tlgereb

. . yﬁgucing the stay times of the messages.
done at the expense of increased storage requirements at the =~ = . ; : .
A variant of epidemic routing, called spray-and-wait [20],
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drop rate at the nodes, the spray-and-wait allows message3tie immunity message of a delivered message propagates
remain in the buffer for a longer period, thereby increasinfproughout the network, with the destination as the source
their chances of being delivered to their destinations figeefoof the immunity information, in much the same way a data
being dropped by buffer overflow. These observations suggesessage spreads across the network.
that there is a trade-off between the number of copies ofWe implement the proposed mechanism with the epidemic
messages produced and their stay times at the nodes. routing, which we refer to as ‘immunity algorithm’ througito
There is another dimension to the problem of designing #ime paper, and compare its performance against the original
efficient routing algorithm for DTNs. The copies of message=pidemic routing and spray-and-wait routing. In addition,
forwarded after the messages have already been deliveratle develop a new mathematical model for estimating the
while they consume resources (e.g., buffer space), do MdDR and ADD under the immunity algorithm with buffer
improve the MDR or ADD. Thus, minimizing the prolifer- constraints. As we will show, finite buffer sizes introduce
ation of messages after their delivery will reduce resourseveral challenges in developing an appropriate matheahati
consumption and, in doing so, increase the stay times mbdel for performance evaluation and computing MDR and
messages without affecting the number of messages fordiarddD.
before delivery. This is the basic observation exploited by We demonstrate that our mathematical model provides a
our proposedmmunitymechanism; the immunity mechanisnmgood estimate of the MDR for different traffic load and buffer
provides a means for the nodes to propagate the informat&ines. The estimated ADDs are accurate when the buffer sizes
on the set of messages that have been delivered with the aira large enough to yield reasonably large MDRs (higher than
of curtailing wasteful proliferation of delivered message 80 percent). In addition, while the average numbers of cpie
We note that a similar immunity concept has been intrderwarded to other relay nodes (per message) predicted by ou
duced earlier: Haas and Small [6] discuss the impact of deletodel tend to be higher than the simulation numbers (differ
ing obsolete information in the context of an infostationd®alo by a constant of 3 to 4 for most scenarios), it accuratelykgac
for sensor network applications. The identifier for a detdee the change in the average number with varying buffer size.
or offloaded packet is calledntipacket and they propose A comparison of epidemic and immunity routing algorithms
several different methods (called IMMUNE, IMMUNEX reveals that indeed the immunity algorithm is effective at
and VACCINE), based on how antipackets are used. Anoth@moving the superfluous copies after the delivery of messag
closely related study is the work by Zhang et al. [23] oand reducing the message drops due to buffer overflow. As a
epidemic routing and its variants, including one similar teesult, the immunity algorithm improves the MDR, albeit a
epidemic routing with immunity studied in this paper. slight increase in the ADD in some cases. In addition, while
Both of these studies examine delivery delay and bufféhe spray-and-wait achieves a higher MDR over the immunity
requirements based on either a Markov chain model [6] algorithm in some cases by limiting the number of copies
ordinary differential equations (ODES) for the fluid limitgs forwarded to relay nodes, this higher MDR comes at the price
the number of nodes increases [23]. When they analyze tfea significantly larger ADD.
buffer requirements, however, they assume that the buffer s The rest of the paper is organized as follows: We first

is infinite and is not a performance bottleneck. Thus, they %scribe the proposed immunity mechanism in Section II. The

not explicitly model the message drops at individual nodes,ihematical setup and an analytical model for the immunity

caused by buffer overflow. As a result, their findings Ca””%ﬁgorithm are described in Sections Ill and 1V, respecivel

be used to predict the performance when the buffer sizes &g ions v and VI explain how the analytical model can be
finite and are not large enough to avoid buffer overflow. Il)se {5 estimate the MDR and ADD analytically. Simulation
this paper we propose a new analytical model that takes iniQ, i are provided in Section VII to validate the accuraky

account finite buffers and provides a method to compute g, odel and to compare the performance of three routing
MDR and ADD. This model is validated through extensivg.pames — epidemic, immunity and spray-and-wait.

simulation using a realistic implementation of the propgbse
immunity routing protocol in ns2 simulator.
I[I. DESCRIPTION OF THE IMMUNITY ALGORITHM

In the basic epidemic routing algorithm, exchange of mes-
sages between nodes takes place as follows [22]: When two

In this paper we propose and implement anmunity nodes meet, each node prepares a summary vector with a
mechanism, which can be employed with existing routinigst of messages it is currently carrying. They exchange the
schemes. The information on delivered messages is madgtaisummary vectors, and by comparing the two vectors, each
at individual nodes in an immunity list with their identifeer node determines the messages it does not have. They then
and is exchanged on node encounters. The entries in #end a request for those messages to the other node so as to
immunity lists, which we call immunity messages, are similaeceive a copy of them.
to the antipacketsntroduced by Haas and Small [6]. In our proposed scheme, we modify this simple communi-

The objective of maintaining immunity lists is to minimizecation protocol in epidemic routing to accommodate excbang
unnecessary exchange of the messages that have already béanmunity messages. The details of communication between
delivered and, at the same time, to remove their copieso nodes on encounter are provided in Table I. In our pro-
from the network to free up buffer space for new messaggmsed scheme, upon encounter each node sends (i) a message

B. A summary of contributions



list (m-list), which is similar to the summary vector in thethe nodes. To this end, we first develop a simple analytical
epidemic routing, and (ii) an immunity list (i-list). Botlists model based on a Markov chain [3]. Rather than attempting
consist of message identifiers (IDs); the immunity list eams  to model and keep track of all the messages in the network,
the IDs of those messages that have already been deliverediéofocus on asingle message and model the evolution of
their destination. This immunity protocol is introduced %] the number of copies of the message present in the network
with a preliminary simulation study. (i.e., the number of nodes carrying a copy of the message).
The purpose of the i-list is to keep track of the list of alngadWe compare the numbers predicted by our model against ns2
delivered messages in an attempt to reduce their proiiéeratsimulation results in Section VII.
after delivery and to free up buffer space at the nodes forLet AV := {1,2,..., N} be the set of mobile nodes in
future message exchanges. For instance, when a nodeé, sdlge network. TheseV nodes move on a domaif. The
encounters another nogewith a message that is on its i-location of nodei at time¢ € R4 := [0,00) is denoted
list, nodei does not request the message even if a copy oy X;(¢). The mobility process of nodé € A is given by
the message does not reside in its buffer. Furthermore, upsn := {X;(t); ¢t € R.}. Throughout the paper we assume
receiving the i-list from node, node; removes its copy of the that the mobility processes of the nodes;,i € N, are
message. Hence, this immunity information exchange ptsvemutually independent and stationary.
an unnecessary transmission of the message from riode For every pair of distinct nodeisandj in A/, we introduce
to node: and also removes the unwanted copy at ngde a {0, 1}-valued reachability process{(;;(t), t € R} with
freeing up scarce buffer space. Note that the epidemicrgutithe interpretation that;;(¢t) = 1 if node ¢ can communicate
would allow the unnecessary transmission of the message aticectly to node j at timet > 0 and (;;(t) = 0 otherwise.
barring buffer overflow, the stay of the unneeded copy of th&hen ¢;;(¢t) = 1, we say that the communication link from
message at nodgs buffer. nodei to nodej is ‘up’. Otherwise, the communication link
Using the two lists, the nodes compile and exchange the list'down’. We assume that the communication links are bidi-
of messages they want from the other node. In addition, thesctional, i.e.,(;;(t) = (ji(t). The procesg(;(t), t € Ry}
identify the messages to be removed from their buffers bagédsimply an alternating on-off process, with successive up
on the i-list from the other node. After receiving the regaeds and down time durations given by the random variables (rvs)
messages, they modify their m-list and i-list. {Ui;(k), k € N} and{D;;(k), k € N}, respectively, where
Fig. 1 provides an example that illustrates how a messabe:= {1,2,...}. Note that the rvs{D;;(k); k € N} denote
moves from its source to the destination through pairwidBe intermeeting times between nodeand ;.
encounters of nodes over time. After node, which is  In order to make progress we introduce the following
the intended destination, receives a copy of the messageasgumption on the intermeeting times between nodes:
generates an immunity entry for the message in its i-list, an Assumption 1:The intermeeting times{D;;(k); k =
the immunity information is forwarded to other node at fetur2, 3, ...} between two nodes j € A are given by a sequence
encounters. of independent and identically distributed (i.i.d.) expatial
This immunity message spreads throughout the network s with mean(v,)~".
much the same way a message propagates in the epidemi¢ has been suggested (e.g., [4], [12]) that the distriloutio
routing. In the last event in Fig. 1, unnecessary forwardir@f intermeeting times between a pair of nodes can be approx-
of the message to nodg is avoided by its immunity for imated by an exponential distribution (i) when nodes move
the message. Moreover, nodalso removes its copy of the according to common mobility model (e.g., the Random Way-
message after it receives the immunity for the message fr@@int (RWP) mobility model and Random Direction mobility
node E. model) on a bounded domain or (ii) when the intermeeting
Implementing acknowledgments (ACKs) for exchange dfmes can be represented as a (delayed) geometric suntdof i.i.
messages is likely to speed up the process of distributif¢gp: The same assumption was introduced by Zhang et al. in
immunity. This is because the sender that delivers a mess&gdl as well.
to its destination would be able to modify its i-list at the For every distinct pair,j € N, defineM,; := {M};;k €
same time as the receiving destination node, allowing bwgh tZ+ }, where M, = 0, M}; (k > 1) denotes the time at which
sender and the destination node to carry the initial imnyunithe k-th meeting between nodésand j takes place after time
in their i-list and to spread the immunity in future encouste 0", andZ, := {0,1,2,...}. From the meeting time&/};, k €
with other nodes. In this paper, however, we do not impleme#t., we can define another sequence oflrys= {I};; k € N},
ACKs and, as a result, only the receiving destination nodﬂwere[fj = M[}—Mi’“j‘l.When contact time§; ;(k), k € N,
modifies its i-list (see Table ). Consequently, the immynit(i.e., the amount time during which the communication link
initially lies only with the destination until its next engoter. between them is up) are much shorter than intermeeting times
D;;(k), k € N, from Assumption 1(i), we can approximate
IF k> 2, as i.i.d. exponential rvs with the parameter v, .

YR
ll. M ATHEMATICAL SETUP Assumption 2:The rvsI/, k > 2, are i.i.d. exponential rvs

We are interested in estimating the MDR and ADD experi- , __
The proposed model can be modified to study the performance of the

enced by l:he me_ssages 'fhat are eve_ntua”_y _delivered L_Imdero“binal epidemic routing. However, due to space constra@tio not discuss
proposed immunity algorithm (IA) with a finite buffer size athe model for the epidemic routing in this paper.



[ nodei [ nodej
Messages: m-listM); = {WXY Z} m-list: M; = {XLMN}
Immunity: i-list: I, = {M} i-list: I; ={Y}
Send and receive m-list and i-list; Send and receive m-list, i-list;
merge i-lists:[; = {MY'} merge i-lists:/; = {MY}
Find messages to request from ngde Find messages to request from nade
Stepl:Rf = M; — I; = {XLN} StepliRy = M; — I; ={WXZ}
(remove immunity messages fron;); (remove immunity messages froi;);
Step2: r-listR; = Rf — M; = {LN} Step2:R; = kY — M; = {WZ}
(remove common messages) (remove common messages)
Request and receive new messaddsN }; | Request and receive new messadé$:Z};
Send ACKs (optional) Send ACKs (optional)
Note the dest. of messadeis nodes; Note the dest. of messagde is nodej;
Add final destination messages to i-list: Add final destination messages to i-list:
i-list: I; = {MYL} i-list: I; = {MY Z}
Add newly received messag¥€ to m-list Add newly received messad® to m-list
Remove immunity message from m-list Remove immunity message/ from m-list
New m-list: M; = {WXZN} New m-list: M; = {WXLN}
New i-list: I; = {MY L} New i-list: I; = {MY Z}

TABLE |

COMMUNICATION PROTOCOL ON NODE ENCOUNTERS

0 )
o |Y0c

Message X Message X copy Message X copy Message X copy Immunity for Message X
generated at forwarded to forwarded to forwarded to Message X not passed to
Source node S node B node C Destination node P Forwarded to node E from B
node E from D because of
immunity
Time Line

Fig. 1. Sequence of events for a single message through pErv@de encounters.

with parameterv. Furthermorel;;,i,j € N, are mutually assume that the message is created at time 0.
independent. Let Yo (), t € Ry, denote the number of copies of the mes-

Assumpno_n 2 implies that a node meets other_nodes at raf®ye (i.e., the number of nodes carrying a copy of the message
(N —1) v, with the average amount of elapsed time betweg the network at time. In order to develop a tractable model
two consecutive meetings equal Ig((N — 1) v). ~ we introduce following simplifying assumptions:

New messages a”";e at node M ac_cordlng to a Poisson Assumption 3:(i) Exchange of messages between two
processB; with raFe/\Ii. For our z;nalysus, we ass_ug\n;e thaltl thﬁodes that meet takes place instantaneously, and all tighsm
hewj\;nfessage arrva rat?j@ r?ret € same, I.e); N | orall  sions are successful. Further, either node is equallyylikel
TBE , %someA = O,Ilan (; € nec\j/v message arnval processgsgyest messages from the other node first. (i) Suppose that

i»t € N, are mutually independent. two nodes andj meet attime € R, and a copy of message

IV. M ARKOV CHAIN -BASED MODEL m requested by nodg¢ from nodei causes a buffer overflow
at nodej. Then, every message present in ngde buffer
. just prior to the meeting is equally likely to be droppedi) (ii
erated by some node and examine hovy the “””.‘ber of co ssage losses caused by buffer overflow at the nodes are
of the message evolves with time until either (i) a copy q

the message is delivered to its destination or (ii) the nggss Ihdependent. (iv) The buffer is full at every noae steady

. . . tate
is purged from the network.Without loss of generality, we ) . ) )
Assumption 3(ii) is introduced for technical convenienoe s

~ The new messages here refer to the messages generated by, mde that we do not have to keep track of the position of each mes-
including those received from other nodes. _ __sage in the buffer of every node. This causes some discrgpanc

The number of copies after delivery can be modeled using a SSImII%etween the analytical model and the ns2 simulation results
Markov chain with a larger state space. However, the comipatdtecomes y

significantly more involved. (Section VII) when the buffer size is very small in relation

As mentioned earlier, we focus onsingle message gen-



to the traffic load. Assumption 3(iii) does not hold in genera
especially when the buffer sizes are small. Assumption) &iv
a reasonable assumption when the buffer size is a perfoenanc
bottleneck, which is the scenario of interest to us. .
Recall from Assumptions 1 through 3 that the intermeet- have a copy of the message, say they will meet the
ing times between nodes are given by i.i.d. exponential rvs destination of message: at ratek - v. When a node
and new messages are generated by the nodes according toi carrying a copy of message meets the destination,
mutually independent Poisson processes. Thus, we can model it will successfully deliver message: if (i) it delivers
Yo = {Yeo(t);t € Ry} using a continuous-time Markov the messages requested by the destination, including
chain (MC) [3]. The state space of the MC is given 8y= messagen, first or (i) it first receives new messages
{0,1,...,N—1,D}, where ()Yo(t) = k,k =1,2,...,N—1, it requested from the destination without dropping its
means that the message has not been delivered and there arecopy of messages:. Since we assume that either node
k nodes carrying a copy of the message at timand (ii) will request messages first from the other node with
Ye(t) = D indicates that a copy of the message has been equal probability of 1/2, the probability that nodewill
delivered to its destination. Once the message is elininate  successfully deliver message to the destination upon
from the network, i.e., the MQ-(t) reaches state 0, the MC encounter is given byl + ¢)/2.
stays there forever. Similarly, once a copy of the message is gi -2 — When there aré: nodes with a copy, these
delivered to the destination, the MC remains at st@tdor nodes meet with each other at rate (k — 1) v)/2,
good. where (k (k — 1))/2 is the number of different pairs
of the nodes that can meet amongst theodes. When
. . . two of these nodes meet, the copy at each node will
A. Generator of continuous-time Markov chain be lost with probabilityq., independently of each other
Let us defineq, 0 < ¢ < 1, to be the probability that (Assumption 3(iii)). Thus, the rate at which two copies
a message present in the buffer of a node remains in the are lost to buffer overflow equals: (k —1) v (¢.)%)/2.
buffer after the node encounters another node and exchanges grx—1 — There are two separate cases to consider:
messages. Note from Assumption 3 thas also the average () £ = 1 : If only a single node has a copy of the
fraction of messages in the buffer at the time of meeting whic ~ message, the message could be lost in two different
are not lost to buffer overflow during ensuing exchange of ways. First, the copy may be lost due to buffer overflow
messages. Defing. := 1 —g. caused by generation of new messages at the carrier of
Denote the buffer size at the nodes By Assuming that the copy between meetings with other nodes. Since we
each message is destined for a single destination, the off- do not know the exact position of the message in the
diagonal elements of the generator of the continuous-tifie M puffer, we assume that it is in the middle of ti- ¢
Y [3], denoted byG' = [gx¢; k,¢ € S], are given by messages that survived the last meeting with another node
E(N—k—1)vgq (hence,B - ¢/2) and approximate the rate of the event as

T _ _ M((B-4)/2).
T k=12... ,N-2and £=k+1 Second, when the node with the only copy meets another

will successfully deliver a copy to the other node and not
lose its own copy with probability;, the transition rate
9k k+1 IS given byk(N —k — 1)v q.

gx,p — Analogous to the previous case, whemodes

kv e - - .
2
if k=12... N—1and (=D node, it may take on some of messages being carried
k (k—1) 9 by the other node which are absent in its buffer and,
7 v (a) in the process, drop the only copy in order to free up

if k=2,3,...,N—1 and ézk—2(1)

Ik = \ WD enough buffer space for requested messages before it
B2 T 2 had an opportunity to deliver the message to the other
if k=1 and /=0 node. This will happen with probability./2 because the
(qu§/2 + & (N_Q’“) 2o k(k—1) v qqe probability th_at th_e carrier will r.equest messages from the
if k=2,3,....N—1 and {=k—1 other node first is 1/2 and, given that it does, the only
0  otherwise. copy of the message will be dropped from the buffer with
probability ¢.. This yields the raté(N — 1) v g.)/2 for
The diagonal elements are given py;, = — Z#k gr.e for the second case.
all ke S.

(i) £ > 1 : When there aré > 1 copies in the network,
the number of copies can decrease by one in three
different ways. The first two are the same as in the case
of k = 1. The third case arises when two nodes carrying
a copy of the message meet (at réke(k — 1) v)/2 as

Let us explain the transition rates in (1): Recall from
Assumption 2 that meetings between a pair of nodes occur
at ratev.

e grk+1 — When there arés (1 < k < N — 2) nodes

carrying a copy of the message, from the assumed mutual
independence of;; (Assumption 2) meetings between
the nodes with a copy of the message and other nodes
without a copy, excluding the destination, take place at
the rate ofk(IV — k — 1)v. Since a node with a copy of
the message, when it encounters a node without a copy,

explained earlier) and one of the two copies is dropped,
which happens with probabilit® ¢ - ¢. (i.e., one copy is
lost due to buffer overflow while the other copy survives
the exchange of message(s)).



B. Embedded discrete-time MC Eq. (3) yields the following set of linear equations.

Let {tn;n = 1,2,..:} denote the sequence of times at fi=PiofotPiofotPipfo=PofotPip
which the continuous-time M ¢, starting at state 1 at time _p ' P P ’
t = 0, makes a transition to another state. Then, we can definefk = Pijp+1 forr + Prg—1 foo1 + Prg—2 fr2

a discrete-time MCYp := {Yp(n);n € Z,} with initial +Px.p fp (4)
stateYp(0) = 1 and Yp(n) = Yo(t)), embedded in the = Pyjt1 fo+1 + Pegr—1 fx—1 + Per—2 fr—2+ Pep,
continuous-time MC with the same state spéce k=923 . . N—9

The one-step transition probabilities of the discretestiiC B
Y p can be found from the transition rates of the continuouécl\’*1 = Pn-i,N—2 fN-2+ Pn-1n-3 fN-3+ Pn-1D fp

time MC in (1): The entries of the one-step transition matrix =~ = Pv-1nv-2 fN—2+ Pnv-1N-3 fN—3+ Pn-1D
P =[Py k€ € S] of Yp are equal to Note that there ar&’ —1 unknowns{f1,..., fy_1} andN —1
ﬁ if gke>0 linearly independent equations. Hence, we can solve for the
Py = ”ﬁ’“‘ i k=t(—=0of ket=D @ unknowns as follows.
0 otherwise. Given a matrixA, we denote the submatrix @& containing

rows rl through r2 and columns c1 through c2Ay;.,2 c1:c2.
The discrete-time MCY p is shown in Fig. 2. When the submatrix contains a single row or a column,
we simply write A, c1:.co OF Ayir2.01. We can rewrite the
relationship in (4) in the following simpler matrix form:

f=Pin_11nv-1 f+Pin_1D,

wheref = (f1, fo,..., fn—1)T, andP is the one-step transi-
tion matrix of the discrete-time MC in (2). Hence, we obtain
f=Oy_1n1—Pinv_11nv_1) "Pin_1D, 5)

whereIy_; ny—1 is an(N — 1) x (N — 1) identity matrix.

B. Estimation of average delivery delay

Fig. 2. Discrete-time Markov chailY p. We define the end-to-end delivery delay of a message
that is successfully delivered (i.e., a copy of the message
reaches its destination) to be the amount of time it takes aft
AVERAGE DELIVERY DELAY the generation of the message for the destmatlon_to receive
) ) ] ] a copy of the message. Then, the ADD,,, experienced

In this section we describe, givéiB, N, A, v, q) whereA =, 5 ccessfully delivered messages is equal to the expected
N-\isthe aggre_gate new message generation rate at all no%‘?ﬁount of time it takes for the continuous-time M€,
how we can estimate both the MDR and the ADD under thg,ing at state 1, to reach stafte conditional on the event

immunity algorithm, using the continuous-time and diseretyp; it reaches). This expected delay can be computed using
time MCs described in the previous section. We denote the, vmcs in a similar way we computed the MDR.

MDR by parpr and the ADD byD 4.

V. ESTIMATION OF MESSAGE DELIVERY RATIO AND

First, since we are dealing only with the messages that are
o ] ] successfully delivered, the MC must reach the absorbirtg sta
A. Estimation of message delivery ratio D (instead of state 0). Hence, we need to modify the transition

First, note that states O an® of the discrete-time MC probabilities of the discrete-time MC as follows:

Yp are the only two absorbing states, and the other staighen the MCYp(n) is at state 1, it jumps either to state 2
are transient. This tells us that, starting at state 1, the M@th probability (N — 2) ¢/((N — 2) ¢ + 1) or to stateD

will reach one of these two absorbing states at some finitéth probability 1/((N — 2) ¢ + 1). Note that these are the
n € Zy with probability one. Hence, it is easy see that theonditional probabilities”; »/(1— Py o) and Py p/(1— P o),
probability that a copy of the message is successfully dediy respectively. Similarly, when the MC is at state 2, it is not
to its destination is the probability that the MEp, starting allowed to jump to state 0 and we need to modify the transition
atYp(0) = 1, eventually reaches stafe (as opposed to being probabilities out of state 2 accordingly.

absorbed to state 0). Let us define anV x N matrix P* = [Pk*’z;k,f € 81,

Let fr, k € S, denote the probability that the ME p will  whereS* := S\ {0}, and
reach stateD, starting at staté: € S. It is obvious from the

definition thatf, = 0 and fp = 1, andpypr = f1. For each P, = { ka’v’/(;_ P0) Ifthk =1,2 and £ €5 (6)
statek € S, by conditioning on the first transition out of state ¢ otherwise.
k, we obtain Define d(k) = — (gxx)” ", k = 1,2,...,N — 1, to be the

fio = Zpk ¢ fo. (3) expected amount of time the continuous-time MC spends at

res statek after it enters the state till the next jump out of the



state. Suppose th&D(k),k = 1,2,...,N — 1, denotes the overflow (i.e., one minus the probability that the messade wi
expected delivery delay till a copy of the message reaches removed successfully through immunization before buffe
the destination, starting witk copies of the message in theoverflow).
network, minusi(k). Itis clear thatZ D(D) = 0 by definition. The average number of messages dropped by a node due
Then, by conditioning on the first transition out of the stat® buffer overflowper meetingwith other nodes, denoted by
under consideration, we obtain the following relation: For, can be computed as follows: As mentioned in subsection
everyk € §*, IV-A, there are two types of events that cause buffer flow.
. First, when the buffer of a node is full, any message gengrate
ED(k) = Z Pie ED(C) + d(k). by the node causes buffer overflow. Secondly, when a node

Les+ encounters another node and receives new messages gurrent!
Define ED = (ED(1),...,ED(N — 1))T and d = absent in its buffer, it causes buffer overflow if there is not

(d(1),...,d(N —1))T. Then, we can rewrite the relation inenough buffer space for the new messages.

(7) in the following matrix form: Recall that by Assumption 3(iv) we assume that a buffer is

always full at steady state. Since the overall buffer overflo

_ *
ED =Piy_11n-1 ED+d rate of a node ig:,, and the rate at which messages are lost

or, equivalently, to the first type of buffer overflow is\ = A/N, the buffer
N i overflow rate due to the second type equals- A. Obviously,
ED = (In-iv-1—Ply_11nv-1) d . (8) the rateu, — A is equal to the average number of messages
The ADD experienced by successfully delivered messagesJ[9PPed by a node per meeting, namely times the rate at
then given byD,, = ED(1) + d(1) which the node meets other nodéa] — 1) v. Therefore, we
“a ' have
VI. PERFORMANCE ESTIMATION UNDER EPIDEMIC S(IN-1)v=p,— X or = M (10)
ROUTING WITH IMMUNITY (N-1wv

Given the parameter§B, N, A), if the meeting rater From (10), the fraction of messages in a buffer lost during
between a pair of distinct nodes and the probabilitare an exchange of messages following a meetingjs given by
known, the MDRpyspr and the ADDD,,,, can be computed )y i — A
using (5) and (8), respectively. However, much of difficulty e =pH = (N-1)v B 11)
in estimating these performance measures under the pl(d)p0§

e .. . . .
immunity algorithm lies in calculation of. In this section we ubstituting (9) in (11) fop., and solving forpypr yields

explain how we can estimate and ¢ in order to analytically 1A e (N-1)v B (12)
computepapr and D, for the IA. PMDR =" Xn O Xn @ '

As explained in the previous section, for a given value of
A. Estimation of probabilityy we can compute,,pr from (5). Thus, we are interested in

In this subsection we first assume that the meetingrrage fiNding x» anda that satisfy (12). To this end, we first rewrite

known and describe how we estimateApproximation of the @ @S & function oy pr andy, and then solve fox,.
meeting rate- is detailed in the following subsection. First, we SUPPOSe that a messageis delivered to its destination at
show that, given a fixed value qf there are two constraints iMe fo. The immunization delay of a nodeor messagen is
(dependent on other fixed system parameters) which mustdsgined to be the delay experienced until nadeceives the
satisfied by the average message arrival rate at a node. faunity for messagen afterto. The expected immunization
Xn» be the message arrival rate at a node, including messaﬂ@g"y' denoted by¢~', can be computed using a simple
generated by the node and those received from other node¥ltinuous-time MC, based on the meeting rates between

We denotey,, that satisfies the first (resp. second) constraiff?des. This is explained in Appendix A. ,
by x\(q) (resp.x2(q)). We then findg* that satisfies both Assume that nodehas a copy of message at timet,. The
constraints, i.e.x’(¢*) = x2(¢*), and useq* to estimate residual life of messagen at node: refers to the additional

, d stay time afterty the message would spend at nodéill
PMDR an D(wg- o . . .

_ ) N it is removed by buffer overflowf there were no immunity

(i) CONSTRAINT 1: Suppose that is the probability that \ye assume that we can model both the immunization delay
a node that receives a copy of a message, conditional @ node i and the residual life of message at nodei

the event that the message is successfully delivered to fi¢independent exponential rvs with parametemd B/,
destination, will be immunized before it loses its copy téf&u  (egpectively: Then, o is equal to the probability that node

overflow andy.,, is the buffer overflow rate at a node (i.e., im&yj|| he immunized before messageis lost to buffer overflow.
average of the number of messages lost to buffer overflow pgyis is given by

unit time). Then, we have the following relation: ¢ ¢

pn = Xn (1 —pyuDR - Q) , 9 a:5+un/3:€+xn (1—-pmpr-a)/B’

where the _r_ight-hand side is the_ message arrival rate times, general these rvs are not exponential. However, we makeasump-
the probability that a message will be dropped due to buffesn to simplify the computation of.

(13)



where the second equality follows from (9). We can solve (1&%om the network without being delivered, which we denote
for « and obtain by C**. It is clear that

a:EB+xn—\/(§B+xn)2—4xanDR£B(14) )
2 Xn PMDR ) C** =pupr Cp + (1 —pupr) Cop - (18)

Note thata depends only ory,, andppr (for fixed B and
€). Therefore, givery (hencepy pr(q)), we can find a unique Let C,:g, k=1,2,...,N — 1, denote the expected number of
value of y,, that satisfies (12) and (14). We denote this valueopies generated of a message till either a copy reaches the
by x1(q). destination or all copies disappear from the r;etwork, ISt
) L - :

(il CONSTRAINT 2: Let C* be the average number ofWIth k coples In the Fe‘WOrk- .C_Iearlyﬁ = Cy. Again, by

. . . - conditioning on the first transition out of state we have a
copies generated of messages, including the original Ctbpyrglation similar to (17): For everg — 1,2 N1
the messages. Similarly)’;, and C};,, denote the average ' STy '
number of copies generated of successfully delivered rgessa
and that of undelivered messages, respectively. Then, we ha

C* =pvpr CH + (1 —pupr) Cip - (15)

We can writeC}, as the sumC% + C%, where C% (resp. . . ; ; ,
C9) is the average number of copies of successfully deliver&d- (19) is equivalent toC* = Pry-11.nv-1 C' + p',

messages generated before (resp. after) they are delitere/here Ct = (C},...,CL )", andp! = (Pia, Pog, ...,

k—1 N-—1
Ch=> P Ci+ > Puj (Ci+1) (19)
j=1 j=k+1

the destinations. Py_5n-1,0)". Hence,
The aggregate message arrival ratalahodes must satisfy
N - x, = A-C*. This, with (15), gives us Ct=(In_1n-1—Pin_11n-1)""' P
A
Xn =~ (bmuprR CH + (1 —pupr) Cip) , ,
JX b vr In order to comput€’}; ,, we use the relationship (18). Note
= = (pmpr (CH +C%) + (1 — prpr) Ctp) - (16) that C%, can be computgd as explained above, ppgh r can
N be obtained from (5) given. Thus, we get

Hence, givery, in order to calculate, we need to compute
Cch,C%, andCy .

1. Computation of C% —We can comput€'?, by following
the same steps used to computk,, in subsection V-B:
Let Cj.k = 1,2,...,N — 1, denote the expected number 3 computation of % — Suppose that a copy of message

of copies produced of a successfully delivered messaié g gelivered to its destination at tintg and that nodg does
it is delivered to the destination, starting withcopies in the o+ have a copy of message at time f,. Without loss of

”et""F’Tk’ gn(ﬂjf) N 0..Then, for _everyf =L2...,N-1L, ?’V generality, denote the set of nodes with a copy of the message
conditioning on the first transition out of the state, we obta 3 time to by {1,2,...,K} = K. To simplify our analysis

C** —pupr CY

Cp =
up 1—pubpr

the relation we assume that the immunization delays experienced by the
k-t Nl nodes for message can be modeled as i.i.d. exponential rvs
Cr = Zpk*,j Ci + Z Py (G5 +1). (17)  with parametet, which are independent @f;, 4,7 € N5 Let
J=1 J=k+1 Ak = {nodej does not receive a copy of messagefrom
This relation states that the number of copies generaté@ K nodes inC}, assuming that the copies at the nodes in
increases by one with each transition from statgk = K can be dropped only by immunity (but no buffer overflow).

1,2,...,N —2) to k+ 1.5 In a matrix form, (17) becomes Let ©;,7 € N, be the time at which nodé receives the
immunity for messager and M}, € IC, the first time nodes
i and j meet afterty. Define A® := {min(0;,0;) < M}
where C* = (Cj,...,C%_ )T, andp' = (Pfa, Pys,..., Note thatA’ is the event that nodgdoes not request message
P} 5 n_1,0)T. Therefore,C% = C; can be computed from m from nodei when they meet because either nadbas
. . 1 dropped its copy after receiving immunityo( < M) or
C'=(nan-1—Piy-11n-1) P node; has been immunized; < M;;) before ;. Thus,

2. Computation of Cf;, — In order to computeCy; ,, we

C' =Py 11n1C+ p',

first calculate the expected number of copies produced of a Ko K
message (not necessarily successfully delivered) urtieei Pr[Ax]| = Pr ﬂ A'| =Pr ﬂ {min(©;,0,) < M}
a copy of the message is delivered or the message is purged i=1 i=1

5When a node with a copy meets another node without a copy, itsisiipie
for a new copy to be generated in our model even when the MC statye 6This assumed independence between the immunization delays and
same state. We discount these copies in calculatiof’gfC7},, andC}; , as  I;5,4,j € N, does not hold in practice as the immunization delays arelglose
they are small compared to the total number of copies generated. tied to the meeting times between nodes.



By conditioning on the immunization dela&y; of nodej, In this approximation we ignore two factors whose contribu-
tions to C'¢, tend to cancel each other out. First, other nodes

Prid X that receive a copy aftey can also forward a copy to node
_ / Pr ﬂ {min(©,,0;) < M} ‘ 0=t j- At the same time, although on the avere(gg copies are
Ry i generated before delivery, some of these copies may hawve bee
N lost to buffer overflow before the delivery takes place. Tht fi
x & exp(—=& t) dt

X tends to increase to the probability that ngdwill receive a
= / HPr [min(@i 0,) <M | 0;= t} (20) CopY; while the latter decreases the probability.
Ry \ i1 ' " Once we obtairC}, = C% +C% andCy; 5, we can compute
x & exp(—€ t) dt X Using (16) as a function of (throughppr(q)), which
K we denote by2(q). Since the correct value gf must satisfy
:/ (H Pr [min(@i,t) < M;;]) ¢ exp(—€ t) dt both (12) and (16), we can numerically figd € [0, 1] that
Ry \i] satisfiesx? (¢*) = x2(¢*).
where the second equality follows from the conditional inde
pendence ofd’,i € K, given®,. Since®,,i € K, are i.i.d. by B. Estimation of average intermeeting times and meeting rat
assumptionPr [min(©;,t) < M;;] ,i € K, are the same and v between two nodes
we only need to computPr [min(©;,t) < Ml*j] in order to In the previous subsection we assumed that the meeting rate

determinePr [Ax] using (20). between two nodes, namely, was known. In practice, this
For everyt € (0,00), let £(t) = {M7; >t} and&°(t) = quantity may be estimated by individual nodes, for example,
{M7; <t}. Then, by the law of total probablllty, by maintaining a record of meetings with other nodes. In
Pr [mm(@h 1 < Mlj] this subsegtion, we explain how it can b_e_ approximated for
our analysis when the one-hop connectivity between nodes
=Pr [min(@l,t) < My E(t)} -Pr[E(t)) is determined by the distances between them [16]: Recall
from Section Il that, for every pair of distinct nodésand

+ Pr [min(@ht) < M7

gc(t)} -Prec()]. 7, {¢G;(t), t € Ry} denotes the reachability process between
) the nodes andU,;(k); k € N} and {V;;(k); k € N} are the

Clearly, Pr {mm(@ht) < Mj; E(t)} =1landPr[&(t)] = sequence of contact times and intermeeting times, respagti

exp(—vt). Note that between them. When nodes’ mobility is stationary, from

Pr [min(@l,t) < M7 ‘(t)} -Pr[E°(t))] elementary renewal theory [19],E .
©j

By conditioning onA/7;, Suppose that the spatial distributigh of the nodes is
_ ) . known. For example, the spatial distribution of the nodesgeun
Pr {{mm(@ht) < My} ﬂé“(t)} the RWP mobility model has been studied extensively in the

literature (e.g., [2], [7]). If two nodes can communicateedily
= T} v exp(—vT) dT  if and only if their distance is not larger than their transsion

t
:/ Pr [min(@l,t) < M7
0 range~, the probabilityPr [¢;;(t) = 1] is equal to

t
:/ Pr[©; < 7] v exp(—v7) dT
o peicy@ 1= [ ([ dow)) o . @3)
B t ) g D \JDND,(x)
_/0 ( _eXp(_gT)) v exp(-v) dr where D is the mobility domain, andD.(x) is the disk
—1_ £ — 1— ). centered ak with radius~y.
exp(~vt) f +v (1 = exp(=(E +1)t)) It is clear from (22) and (23) that the meeting ratewhich
Therefore, is given by = (E [U;;(2)] + E[V;;(2)])~!, can be computed

) N if we can find eitherE [U;;(2)] or E[V;;(2)]. For instance,

Pr [min(6,¢) < Mjj] Han et al. [5] investigated the distribution and expectelde/a

= exp(—vt) + 1 —exp(—vt) — r (1 —exp(—(¢ +v)t)) E[Uy(2)] of contact times under the RWP mobility model
+v and illustrated how they can be calculated. The expectadtval

=1- E% (1 —exp(—(£+v)t)). (21) E[V;;(2)] is then obtained from (22) as
The probabilityPr [Ax] can now be obtained by substituting E[V;;(2)] = E[U;;(2)] x 1+ PrG;(0) = ],
(21) in (20) and carrying out the integration. Pr[¢;(0) =1]

We approximate the probability that a node without a copy
of messagen at the time of its delivery will not receive a VIl. SIMULATION
copy byPr [Ax] with K = C% and We implemented the original epidemic algorithm (EA)
along with our proposed variant — immunity algorithm (1A)
Ch=~(N—-1-Cp)- (1 —Pr [Aclg]) . — using ns2 simulator [1]. For subsection VII-B we also
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implemented a simple version of spray-and-wait (S&W) wher®. Comparison of analytical model and simulation results fo
the source and a known maximum number of distinct relagimunity routing

nodes carry a copy of the message to its destination. The goal, this subsection we compare the ns2 simulation results

of the first part (subsection VII-A) is to examine the accyracagainst the numbers predicted by our analytical modelredli
part, we compare the performance of the three algorithms apd_ ( 1375,

examine several trade-offs.

There are 50 nodes in the network (= 50). The nodes 1. Message delivery ratio: Fig. 3 plots the MDRs from both

move in a rectanqular reqion of size 1500 & 300 m the ns2 simulation and our analytical model as the buffer siz
g g ' at the nodesR) varies from 2 to 10. It is clear from the plots

following the RWP mOb'“.ty model implemented using th%hat the MDRs predicted by the model are very close to the
newer version of ns2 mobility model. Speeds of the nodes are

given by i.i.d. rvs uniformly distributed over the intervi ;srlgrf]f?gtcl’grésnumbers for all values of the buffer size for both
20] m/s. The same mobility file is used for different protccol '
for fair comparison. The average intermeeting times betvere

Message delivery ratio (lambda = 0.125) Message delivery ratio (lambda = 0.1875)

pair of nodes(r,)~!, under these parameters is approxime ~ * .
700 seconds. Messages arrive according to a Poisson p Z: Z:
with rate A (messages per second). For each arrival, we ¢ o, or
its source and destination randomly from all possible pai o 08
the nodes with equal probability. 08 0®
The simulation is run for 5000 seconds. The first 2000 .. -
onds are a warm-up period, and we collect the measure o 02
using the messages generated only between 2000 anc °* ot
seconds. These messages are followed through till the % 4 cae | © 10 % 4 e 8 10
of simulation. However, the messages that are not delivered ) (b)

till 5000 seconds are considered undelivered. We checled th

average speed of the nodes over different sliding windows. 3. Message delivery ratio. (&) = 0.125, (b) A = 0.1875.
during the period of [2000 4000] seconds in order to ensure

that the network is close to the steady-state. Other siipualat

Average delivery delay (lambda = 0.125) Average delivery delay (lambda = 0.1875)

parameters are given in Table Il. We selected these valt 180
. . 120
produce meaningful performance in terms of the MDR 160

140

the ADD, which can be compared for different schemes.

80

120

100

[ Parameters | Range | 60 a0
Number of nodesk) | 50 w0 60
Coverage area 1500 mx 300 m "
Radio range 50 m 20 "
Node speed Uniformly distr. over [2 20] m/s
Message length 1 Kbytes % 4 Buit size 8 10 % 4 Bt size 8 10
Simulation time 5000 seconds
Traffic load (\) (0.0625, 0.125, 0.1875) (a) (b)
Buffer capacity B) 2-10 messages

Fig. 4. Average delivery delay. =0.125, (b) A = 0.1875.
TABLE Il g g y delay. (a) (b)

SIMULATION PARAMETERS.
2. Average delivery delay: The ADDs of successfully

delivered messages are plotted in Fig. 4. These plots sugges

We consider the MDR and the ADD to measure the accura L, when the buffer size is Iarge enough (in _relation to
e traffic load) so that the MDR is reasonably high (above

of the analytical model and to analyze the performance of t . . .
proposed IA. The MDR from the simulation is given by th@'75)3 the A,DD predicted by our analytical model IS clo_se to
fraction of the messages that are generated during [2000] 40 € ﬁwpulart:on 'results. ﬁlﬂo?/ve\(/jerbvthen theﬂbuffer shlze IS dtoo
seconds and are successfully delivered to the destinati all for the given traffic load, buffer overflow at the nodes

before 5000 seconds. The ADD is computed as the total deg _requent and messages are either delivered quickly @efor

of all messages that are generated over the same interval ﬁ‘g purgefd from thefnﬁtwork Or:" cohp|e§ are lO_St to:uffer
are delivered to their respective destinations divided gy tOVe'ow before any of them reaches the destination. As our

number of delivered messages. Redundant deliveries for lytical model does not explicitly keep track of the piosit

same message are discarded in computing the MDR and éndividgal messages in the buffers for analytical tr?tltty
ADD. In addition to these two metrics, for comparison of th Dsgumptlﬁn 3)2 thr'f c?uses ou_rd_model to ovgrestlm_ate the
three algorithms we also analyze the number of transmissidoh as shown In the plots, providing conservative estimates
and drops as well as the numbers of existing copies pgrAverage number of transmissions per messageWe also
message after delivery. plot the average numbers of transmissions per message (for
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Avg number of transmissions (lambda = 0.125) Avg number of transmissions (lambda = 0.1875)
40 40

——model
——simulation

buffer size vs. message delivery ratio

1.0 T T T 4

35 35

30 30

——model
——simulation

09

25 25

20 20,
15| 15| 08

10| 10|

epid
—6— immu
—6—s&w4

0 0
2 4 6 8 10 2 4 6 8 10 s&ws
Buffer size Buffer size —&— sing. copy

(@) (b)

Fig. 5.  Average number of transmissions per messagel (&)0.125, (b) 05
A = 0.1875.

buffer size

both delivered and undelivered messages) in Fig. 5. Recall
that, from Assumption 3(i), that the number of transmissiisn
equal to the number of copies forwarded to other (relay) sodé&ig. 6. Message delivery ratio\(= 0.125).
Although our model tends to slightly overestimate the agera
number of transmissions compared to the ns2 simulation, it
does a good job of tracking the trend in the average numbet
of transmissions per message as the buffer size changes fc 450
both traffic loads.

buffer size vs. average delivery delay
500 T T T

epid
L —6—immu
350 —6— s&w4

B. Performance comparison — epidemic, immunity and spray cawd
and wait so0L —=—sing. copy

In this subsection we present a comparative analysis of the 250f
performance of three algorithms — EA, IA and S&W. Under
the S&W algorithm [20], the maximum number of copies of a '
message that can be generated, which we denofe by, is 150//*—,—9—7
a control parameter. For the simulation we 3ét,.. = 4 and ok |
8. These numbers are chosen to illustrate the relative delay E—— ¢ -
performance of the S&W while the MDRs are comparable to %, s . 5 o 7 s s 1
that of the IA. e

1. Effects of storage capacity: We fix the traffic load at |
A = 0.125. We measure the MDR, ADD, average number of >
drops per message and average number of transmissions per

message while varying the buffer size from 2 to 10 messaggs.achieve the MDR close to one realized by the 1A and the

In addition, we compute the average number of copies PEEW. In addition, whenB > 8, the IA outperforms the EA
message captured at different points of time after delidry in delay performance as well.

the messages. ) _(iii) The single-copy algorithm does not benefit from ingea
Figs. 6 and 7 show the effects of varying buffer capacn%g buffer size as much as the other algorithms do, and even

at the nodes on_the MDR and the ADD, re_spectively. We C3fhen the buffer size i3 — 10, it fails to reach an MDR
make the following observations from the figures: near one. Moreover, while it achieves the highest MDR when
(i) The MDR of the IA is close to those of S&W(4) andB = 2, its ADD is much larger than that of other algorithms.
S&W(8) when the buffer size is large enough to maintain the Fig. 8 plots the average number of transmissions (for
MDR above 0.8 (i.e.B > 4). The ADD of the IA is, however, forwarding a copy) per message and the average number of
considerably smaller than those of the S&W. In particulacopies that are dropped by buffer overflow per message as
when B = 4 the ADD of the S&W(4) is nearly twice that of the buffer size varies. This figure suggests that the network
the IA, and the ADD of S&W(8) is approximately 60 percenbehavior under the EA and the IA is quite different; while
higher than that of the IA foB > 8. both numbers climb steadily under the EA as the buffer size
(i) When the buffer size is small, the EA attains the smallegtcreases, the number of transmissions saturates undéh the
ADD. However, the achieved MDR is considerably lower thaand the number of drops in fact decreases after 4. The

that of the 1A or the S&W. In order to achieve the same levelifference between the number of transmissions and drops
of MDR, the EA requires almost twice the buffer capacityreveals that, when the buffer size is sufficiently large, nuds

the MDR of the S&W and IA atB = 4 is close to that of the messages are removed by immunity messages under the
the EA with B = 8. In fact, even whem3 = 10, the EA fails |A (as opposed to buffer overflow). This difference between

200+

7. Average delivery delay\(= 0.125).
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Buffer size vs. number of transmissions buffer size vs. number of message drops

60 : 60 immunity message starts to propagate throughout the nketwor
Eﬁ Figs. 8 and 9 confirm that indeed the immunity mechanism
saws can quickly remove the redundant copies of delivered mes-
sages in the network, freeing up buffer space at the nodes. As
a result, nodes retain the copies of undelivered messages fo
longer periods and, because of larger stay times, more nodes
carry a copy of undelivered messages until they are delivere
increasing the chance of delivery. This is corroborateddiyld

Gi i 5 10 2 C 5 Il that lists the average stay times of messages. Given that
many messages are removed by immunity messages before
(@) (b) experiencing overflow, it is clear from the table that the
Fig. 8. Average number of drops and transmissions per messape. Qverage stay time of the messages lost to buffer overflowrunde
transmissions, (b) drops. the 1A would be much larger than that under the EA.
number of copies after delivery (8 = 10) L fumber of copies afterdeiver B=1) [ Buffer Size | Total Drops | Before Delivery [ After Delivery |
o o 2 3.9 16 2.3
N s 10 e 4 3.9 05 34
S&w8
\ 6 3.9 0.2 37
, 8 38 0.05 375
! 10 3.56 0.02 3.54
10 y TABLE IV
AVERAGE DROPS PER MESSAGEMmax = 4).
ST \ 2 3

100 200
time after delivery

? e arery 1% We can make the following observations about the S&W
(@) (b) algorithm. First, note that the number of transmissions can
exceedM,,.x due to redundant deliveries to the destinations.
Secondly, the average stay time under S&W(4) is about twice
the average stay time under S&W(8). This is consistent with

the two algorithms is caused by indiscriminate exchangg%e expectation that the message arrival rates at the nodes,

of messages between a pair of nodes by the EA on evé'?|§|Ud'?g thr)tse;\/[recel\_/rehq (fjrlom I(t)tt[]her Ec;ges, Wotl;ld bef :joughly
encounter. This in turn leads to inefficient use of limitedi@y ProPOIONAITOMmax. Thirdly, although In€ NUMDErs ot drops

space at the nodes and lower MDRs per message are close Ad,,., it is clear from Table IV that,
' when B > 4, most of the drops occur after the messages have

Fig. 9. Average number of copies after delivery. &)= 10, (b) B = 4.

[Buffersize] 2 | 4 | 6 | 8 | 10 | already been delivered. This can be inferred from Table IlI
EA 370 | 504 | 606 | 702 | /8.7 and Fig. 7 as well; wherB > 4, the average stay time of
S&lvAv 38.8 | 520 | 63.0 [ 741 | 812 the messages is much larger than the ADD. Thus, the fraction
s&wggg ﬁig ggig ggg:? Zgg:g 23;2 of copies dropped before the delivery should be small. Fgs.

and 7 and Table Il also illustrate the aforementioned traifie
TABLE Il between the number of copies generated and the average stay

AVERAGE STAY TIME OF MESSAGES AT ANODE times at the nodes and its effects on the MDR and ADD.

2. Effects of traffic load: Fig. 10 shows the effect of varying
More efficient utilization of buffer space by the IA can alsqraffic load on the MDR and ADD witiB = 4. As one would

be seen from Fig. 9. The figure plots the average numhgfpect, there is a significant decline in the MDR as the traffic

of copies in the network of delivered messages captured|gid increases under all three algorithms. Moreover, theRMD

different points in time after the delivefyAt the time of falls off slightly faster under the EA and 1A compared to the

delivery, the number of copies of delivered messages isehigls&w. However, as shown in Fig. 10(b), this comes at the price

under the IA than the EA as shown in the figure. However, thg a larger ADD under the S&W. In addition, one should keep

number decreases much more rapidly under the IA once themind that this simulation is run with a very small buffer
. o ) ] ) size of B = 4. When the buffer size increases, the MDR
Each pointin Fig. 9 at timé\ € {0, 25, 50, 100,200} seconds is obtained of the IA becomes comparable to that of the S&W (Fig. 6)

as a sample average computed as follows: A¢te the set of messages that~" | ; .
are generated between 2000 and 4000 seconds and are deueessfully While the difference in the ADD performance becomes more

before 4800 seconds. For eachc M, we denote the time at which messagepronounced (Fig. 7).
m is delivered byT,, and the number of nodes carrying a copy of message
m at time T, + A by n.,(A). For eachA € {0,25,50,100,200}, the

sample average plotted in Fig. 9 is given by VIIl. CONCLUSION
nAvI(A) = 2 mem ””L(A)’ We proposed and implemented a new routing scheme for
M| DTNs based on the idea of immunity, which we call immunity

where| M| is the cardinality ofM. algorithm. We first developed a new mathematical model
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Fig. 10. (a) Message delivery ratio for varying load, (b) rage delivery
delay for varying load B = 4).

0.2 0.1 012  0.14 0.16 0.18 0.2

[1]
that can be used to estimate the MDR and ADD under th&’
immunity algorithm. We showed that our model can accurately
predict the MDR for varying traffic load and buffer size. Whenl3]
the buffer size is reasonably large relative to the traffadlo [4]
it can also predict the ADD accurately.

Secondly, we compared the performance of three different
routing schemes — epidemic, immunity and spray-and-wa[?
algorithms. We demonstrated that the immunity algorithga si
nificantly outperforms the epidemic routing in most scevsri
by utilizing limited buffer space more efficiently. Furtheore,
we illustrated that the spray-and-wait algorithm can sames
provide higher MDRs, especially when the buffer size is $mal7]
relative to the traffic load, by limiting the maximum number

E

13

We denote byl';, i € N, the time at which nodeé receives
immunity withT'; = 0. It is plain that{7T},k =2,..., N} are
the order statistics of';,i = 2,..., N} [19]. Therefore,

N

23

k=2

=E

N
>
=2

N
S
k=2

k—1 1
(l_zll (N -0 1/) ’

and the average immunization delay is given by

E [Zi\iz Fi}

-1
&= N-1

REFERENCES

http://www.isi.edu/nsnam/ns/

C. Bettstetter, G. Resta, and P. Santi, “The node distiob of the

random waypoint mobility model for wireless ad hoc networkEEE

Trans. on Mobile Computingrol. 2(3), pp. 257-269, 2003.

G. Grimmett, and D. StirzakeRrobability and Random Processekird

ed., Oxford University Press, 2001.

R. Groenevelt, P. Nain, and G. Koole, “The message delagnabile

ad hoc networks,Performance Evaluatignvol. 62(1-4), pp. 210-228,
Oct. 2005.

] Y. Han, R. J. La, A. M. Makowski, and S. Lee, “Distributiasf path

durations in mobile ad-hoc networks — Palm’s Theorem to theue%
Elsevier Computer Networks Journal (COMNEVW9I. 50(12), pp. 1887-
1900, Aug. 2006.

] Z. Haas and T. Small, “A new networking model for biological

application of ad hoc sensor network$EEE/ACM Transactions on
Networking vol. 14(1), pp. 27-40, Feb. 2006.

E. Hyyti4, P. Lassila, and J. Virtamo, “Spatial node distribution c# th
random waypoint mobility model with applicationdEEE Trans. on
Mobile Computingvol. 5(6), pp. 680-694, Jun. 2006.

of nodes that can carry a copy of messages. However, this gasp v.-K. Ip, W.-C. Lau and O.-C. Yue, *Performance modelingegfidemic

in MDR often comes at the expense of larger ADDs. Thus
this represents a trade-off between the MDR and ADD an I
suggests that when evaluating the performance of a routiagj
algorithm, both performance metrics should be considered.[ll

APPENDIX

Suppose that a message is delivered at tynat which time
the destination receives immunity. Without loss of gengral [13)
assume that the destination is node 1 agd= 0. Let
Ny (t),t > 0, be the number of nodes with immunity at timeTM]
t, with N7(0) = 1. Then, by Assumption 2{Ny(t); ¢t > 0}

(12]

is a continuous-time MC with state spaSe= {1,2,..., N}
and the generataf! = [j;;;1,j € S|, where (15]
i (N—i)v
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one of the remainingV — k& nodes without immunity. Let
Ty, k = 2,3,...,N, denote the time at whiclV;(¢) jumps
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