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Abstract—We study a delay tolerant network where nodes even when infinite delay is allowed, some nodes may never
move according to heterogeneous mobility. Nodes generateest pe able to deliver messages directly to their destinatidesa
sages that need to be delivered to a gateway or a sink in the \ag it nodes cannot count on a single (relay) node to delive
network. In order to capture mobility patterns of the nodes, we . L .
introduce the notion of temperature for each node, which reflects messages to intended destination(s), and -multlple reldymo
the amount of messages the node can deliver towards the sink.may be needed. For the same reason, in order to increase
The temperature of the nodes is governed by a set of simple re$  the probability of delivery, calleghacket delivery ratipsome
that are analogous to the principles that govern the transfe packet forwarding/routing schemes allow multiple copiés o

of heat between objects. We show several desirable propezs ; ; ; ;
possessed by the temperature of the nodes, and based on thé:i packet in the network (€.g., epidemic routing [10]), at the

observations, propose a novel distributed packet forwardig expense of increased storage requirements at the nodes.
scheme for DTNSs. Itis clear from above that nodes in a DTN may be required,
in a distributed fashion, to choose a sequence of interredia

Index Terms: Disruption Tolerant Networks, Thermody-nodes to be traversed by messages usinglonl information
namics, Temperature, Wireless Networks. v_vhen two_ nodes meétThis §uggests that, for efficient and

timely delivery of messages in a DTN, when two nodes meet,
. INTRODUCTION they must determine the quality of the other node as a palenti

Disruption Tolerant Networks (DTNs) have received inrelay node for each message they carry. This quality as @ rela
creasing attention in recent years, especially in militapy node for a given destination will depend on (i) the set of bthe
plications [2,3,6—8]. Unlike in a more traditional MobiledA nodes the node meets and interacts with, (ii) distributibn o
hoc NETwork (MANET) where the network is assumed to biter-meeting times with these nodes (which determines the
connected most of the time, in a DTN one-hop connectivifyequency of meetings) and distribution of meeting timess. (i
between nodes is assumed to be sparse or, at best, the nettlmkamount of time the node spends in contact when they
is disconnected oftentimes. Consequently, it is unlikélgtt meet), and (iii) possibly, the quality of the channel betwee
there is an end-to-end route between a source and its irdentlee nodes when they meet, which determines how quickly the
destination, e.g., a gateway or a sink. For instance, censid nodes can exchange messages if the meeting times are short.
military scenario in which several squadrons participdten These are mostly determined by the mobility of the nodes.
operating in a hostile environment, long-range commuigoat Hence, the ability of the nodes to relay messages depend
may be either difficult to maintain due to, for examplegritically on the mobility (patterns) of the nodes.
jamming by the enemies or even undesirable when trying toThis observation suggests that a packet forwarding scheme
avoid the detection by the enemies. Another example mgyat allows the nodes ttearn and exploit their knowledge
be indoor environments where communication is hindered byt mobility of other nodes is likely to perform better. Inghi
walls and other obstacles. paper we propose a new framework for designingiregle-

In DTNs, due to lack of end-to-end routes, traditionatopy packet forwarding scheme. The framework borrows an
MANET routing protocols, such as AODV [9] or DSR [4],idea from thermodynamics, especially, from the way heat is
that assume the availability of an end-to-end route are Bfchanged between objects. We first introduce a measure,
longer applicable. Instead, nodes must exchange packetgdfled temperature, to quantify the ability of a node to yela
an opportunistic manner whenever they come into contagiessages to the sink, either directly or indirectly. Thismge
with each other to deliver messages (also calleshdle$ allows our proposed scheme to learn the mobility patterns of
to intended destinations; when two nodes meet, before @@ nodes and to create natural flows of messages from the
exchange of packets takes place, they first exchange a tafdees towards the sink.
containing the information of the packets carried by them in The rest of the paper is organized as follows: The basic
addition to any other control information they need. Théeyt model and setup we consider are introduced in Section II.
decide on the set of packets to be exchanged.

In addition to sparse Conn_eCtiVity' in general it is NOt GUBI  1G5p4| information would be difficult to maintain due to laok connec-
teed that every two nodes will ever meet each other. Thexgefaivity and/or mobility of nodes.
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Section Il describes the key idea we borrow from thermdsy the nodes when they meet. In a nutshell, when two nodes
dynamics and outlines desirable properties possessedeby rtieet, messages are forwarded from the node with a smaller
temperature of the nodes. We provide simulation results value to the node with a larger value. The intuition behind
Section IV to demonstrate the potential of our new framewotkis is that a node with a large value is believed to have more
and the performance of our proposed scheme. Concludimccess to the sink. Again, this access may take the form of
remarks are given in Section V. direct access when the node meets the sink or indirect access
through other relay nodes.

We first list some of properties one would expect such a

Consider a setd := {1,2,--- ,n} of mobile nodes moving measure to possess:
on some domairD, which is a subset oR?. The mobility
of the nodes is allowed to be heterogeneous; the speed
support or range of the mobility may differ from one nod
to another. The location of nodee N at timet > 0 is
denoted byL;(t), and thetrajectory of node: is given by P2. When a node moves out of the communication range of
L; := {L;(¢);t € Ry}, whereR; = [0,00). Each node is the sink, its value decreases monotonically while the nsde i
assumed to generateessageshat arrive according to somenot in contact with any other node.

stoc_hastic process. The messages n_eed _to be t_ransportedﬁgi%h”e two nodes are within the communication range of
designated node known as thdormation sinkor simply the each other, their values are continually updated; the vafue

sink Without loss of generality we assume that the sink the node with a larger (resp. smaller) value decreases. (resp

noden. . . . inﬁreases).
We assume that a pair of nodes can communicate with eac

other through awireless communication link if and only if ~ The first two properties are intuitive. The last property
their distance is smaller than or equal to a fixed commuripatican be motivated as follows: When a nodeith a smaller
range of the nodes, which we denote by> 0. Due to the Vvalue comes in contact with another noglewith a larger
mobility of the nodes, the link between two nodes, sand Vvalue, loosely speaking, the encounter provides riogigh an
4, is dynamically set up and is torn down based on the timepportunity torelay some messages through ngdécreasing
varying distance between them. We can model the one-hagdei’s indirect access to the sink. This type of indirect access
connectivity between two nodesandj, i # j, using an on- t0 the sink needs to be captured when multi-hop forwarding

Il. BASIC MODEL AND ASSUMPTIONS

P1d The value of the measure lies in a compact interval.
oreover, it increases monotonically while the node is in
proximity of the sink, i.e., the sink is in contact with thed®

off processC;; := {Cy;(t);t € Ry}, where of messages is necessary. At the same time, as hoeles
) on nodej to carry some of nodés messages as a relay node,
Cii(t) = Loif HLZ’(?) — L0l <~ (1) nodej’s ability to serve as a relay node to other nodes should
N 0 otherwise be discounted.

and||L;(t) — L;(t)]|, is the Euclidean distance betweg(t)
and L;(t). WhenC;;(t) = 1, we say that nodes and j are
in contact As mentioned in the previous section, in a DTN,
it is unlikely that there will be a (long-lived) end-to-enaute  |n this section we introduce a simple model for capturing
available from a node to the sink. Therefore, the nodes musé mobility of the nodes in the network, which is inspired by
forward their messages to the sink in an opportunistic manngermodynamicsin particular, by the way heat is exchanged
by relying only onintermittentlinks between nodes. between objects. In this model, each node maintains a Variab
In practice, it is likely that the contact times (i.e., thealled temperature This temperature serves as the measure
amounts of time two nodes spend in contact once they megt)exposure to the sink, which is described in the previous
are much larger than the amount of time needed to complgigction. We denote the temperature of node A at time
a transfer of messages. Hence, we assume that a transfer 8f0 by ¢,(¢), and define®; := {6;(t);t € Ry }. In order
messages occurs (almost) instantly and the nodes can dempie emulate the law that governs exchange of heat in a DTN,
all necessary transfers of messages while they remaintiie change in temperature of the nodes follows the following

contact. simple rule:
Our goal is to find a model that can capture treteroge-

IIl. TEMPERATURE AS A MEASURE OF EXPOSURE TO THE
SINK

é—lleat Exchange Rule:While two nodeg andj are in contact

neousmobility of nodes and allows us to design a simple, yet. .
efficient packet forwarding scheme that exploits the kndgée with ea'ch other, the rgte of hegt chapge between the nodes is
proportional to the difference in their temperature. In eth

of nodes’ mobility. This is achieved by introducing a time? ; .
varying measure that quantifies (direct or indirect) expesuwords’ the Tate of change in temperature at nagdelenoted
of each node to the sink (over some period), which obvious Ad;, is given by
depends on nodes’ mobility apd frequency they visit the.sink’ Ab; = \i;(0,—0:) , i,jEN )
This measure can also be viewed as an estimate of node’s

ability to forward messages to the sink (either directly owhere);; > 0 is the heat exchange coefficient from ngde

indirectly). It is used to guide packet forwarding decisonnodei. We assume that these coefficients between two nodes
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i,j € N\ {n} =: N* are symmetric, i.e.d;; = \ji. 0,,i € N*, of the nodes. Finally, we assume that the initial

The aforementioned principle that guides the evolutio(r“Pno_IItIons are given p?i_(o) =0 fqr all v _EN*' .
of temperature at the nodes (through an analogy of heatMith thg assumed initial conditions, it is easy to verifyttha
exchange) is rather simple. However, in order to design following holds:
practical packet forwarding scheme based on lessons fr@oposition: The temperature processes, i € A/, produced
thermodynamics, we need to introduce following addition@ly the differential equations in (3) are stable in the sense
rules and assumptions that, starting from any non-negative initial valuég0) < oo,
« The temperature of the sink &, = 6,,(t) =T > 0 for i € N'*, the temperatures satisfy
all t > 0. It is constant and is not affected by proximity
of other nodes. This can be modeled by settiag = 0 0:(t) < max{T, max{0;(0);i € N'}}
for all i € N'*. forall t >0 and for alli € N .

« In orderto model decay of temperature at the nodes (other
than the sink), we introduce sirtual ground which Furthermore, if we assume the initial conditiofig0) = 0 for
we also refer to as node O hereafter, with temperatud i € N, we haved < ¢;(t) < T for all ¢ > 0 and for all
0o = 6o(t) = 0 for all t > 0. The temperature of the? € N™.

ground is not affected by the nodes. Again, this constantThe temperatures governed by the differential equations in
temperature of the ground can be modeled by assumig have several other intuitive properties, which make our
Aoi = 0 for all i € N*. We assume that all nodes ingcheme suitable in practical settings. For example, Spos
N* are in contact with the ground at all times excephat there are two nodes that often stay in contact with each
for when they are in contact with the sink. Since thgther for a long period. In this case, one should expect that,
temperature of the ground is fixed at zero, all node§M  from the perspective of other nodes that meet with these two
lose heat to the ground in much the same way an objgddes, they should be (approximately) equally preferable a
with a temperature higher than the ambient temperati§ay nodes. This is because these two nodes can exchange
loses energy (in the form of infrared radiation) to thgzessages with each other regardless of which of the two nodes
surroundings. We assume thaly < Aij, i,j € N SO take on the messages in the first place. As a result, one expect
that the exchange of heat between two nodgse A the two nodes to have similar temperature profiles.

takes place at a higher rate than the loss of heat to theangther desirable property is that if a node stays in contact
ground. . N with the sink for a long time, its temperature will asymp-

« The rate of heat exchange is additive. In other wordgyically approach that of the sink. Clearly, this is a natur
when a node is in contact with more than one othgfioperty to expect; a node that spends much time in contact
node (in addition to the ground), the rate at which itg;ith the sink should be able to deliver messages to the sink on
temperature changes is the sum of the rates at which )4t of other nodes and, hence, be viewed as a good relay
temperature would change when it were in contact withyge py them. This is indicated by a high temperature of the
each of these nodes separately as given by (2). node in our model.

The heat exchange rules stated above can be summarized byhese observations suggest a formaafak transitive rela-
the following differential equation that governs the ev@n tjon exhibited by the temperature among the nodes. This is a

of temperature: For all € N, key property exploited in a DTN setting where messages may
d need to be delivered through multi-hop routes. Furthermore
Eei(t) it provides similar temperature profiles to the nodes in the

n same group when group mobility is exercised, which permits
=> A (0;(t) = 0:(t)) T{||Li(t) — L;(#)ll, <7} (3) automatic load balancing in our scheme.
g=1 Here we list a few conjectures regarding the asymptotic

—L{J[Li(t) = Ln(@)[ly > 7} Ao 6:(t) , behavior of temperature processes and message delivezy tim
wherel {A} is the indicator function of everd, i.e., Assumption 1:The trajectoriedl. := {IL;;i € N} of the
1 if event A is true nodes are ergodic and jointly stationary.
1{A} = . .
{4 { 0 otherwise Assumption 1 implies thaiC = {C;j;¢,5 € N} is

As mentioned earlier, we assume that the communicatigfationary and ergodic, wher®;; defined in (1) is the on-
rangey is the same for all nodes for simplicity of exposition©ff process that indicates the one-hop connectivity betwee
However, our model can be easily modified to cover the cagedesi and ;. [1]

where the nodes have different communication ranges. N@tgnjecture 1: Under Assumption 1 and additional appro-

that, since the trajectories of the nodes are (continuowsit priate assumptions, the following distributional convemge
stochastic processes, so are the temperatures of the fiddes hg|ds:

input to this set of differential equations is the trajewer
of the nodes, and the output is the temperature processes ©O(t) := {6;(t);i € N'} B F oast— o
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for some distribution functiorf, where 2 denotes the con-
vergence in distribution.

4 *
It is clear that, if the above distributional convergenc X Node 1
takes place, the distribution functio& is the steady state O Node2
distribution of the joint temperature processes. , ; Egg:i
I |

We say thatC;; is off at timet if C;;(¢t) = 0. Let us
denote the distribution of an off period ii;; by M,; for all
i,j € N,i# j andM;; be a random variable with distribution
function M;;. Note that the ergodicity assumption implies ot
that, for every two nodes j € N such thatlP [C;;(0)] > 0,
the random variablé/;; is finite with probability one. For the
following conjecture we assume th&t[M;;] < oo, i.e., the
off period has a finite mean. Consider our proposed schel 1p= x
under which, when two nodes meet, the node with a low
temperature transfers its messages to the other node.

Conjecture 2: Suppose thatlL,©), where® = {0;;i € : 1 1 *

N}, is ergodic and jointly stationary. Furthermore, assum 0 02 04 06 08 !
E[6;(0)] > 0 for all i € N. Then, a message generated &.

any node will reach the sink in a finite amount of time with

probability one under our proposed scheme. Fig. 1. Plot of locations of nodes 1 through 4 at sampled times

Note that the assumptid [6;(0)] > 0 for all i € A/ implies
that there is a multi-hop route to the sink for every node. Our

second conjecture, if holds, will guarantee that the mﬁaﬁccordmg to the uniform distribution over its support aig (

generated at any node will reach the sink in a finite amou ieooses a spee_d according to the uniform distribution over
of time with probability one under our proposed scheme. leé)met ctohmpagt_ mterva[lsgﬂn,sm_ax], where gmi“ andt§maix Th
intuition behind the second conjecture is as follows: Sisgpo enote the minimum and maximum speed, respectively. 1he

that there is a node that cannot reach the sink in a finf?gde then moves towards the selected waypoint at the chosen

amount of time, say nodé Then, the temperature of nodeSpeed‘ This process repeats when the node arrives at the next
i should decay exponentially to zero. In conjunction with th¥2YPoint. In our simulationismin, smax] = [0.001, 0.1]. The

- o . . . minimum speeds,,;, in the RWP mobility model must be
tehrgto%%t.)(/oa;]siurg;ptlon in place, this contradicts the agsion strictly positive [5,11]. Otherwise, the average speedhaf t

nodes decreases with time to zero.
IV. SIMULATION RESULTS We set the communication range of the nodes toybe

In this section we provide simulation results of our progbsd)-05. With this communication range, nodes 1 and 2 are
scheme, which illustrate different properties of the terapge 0ccasionally in contact with the sink. However, nodes 3 and 4
processes discussed in the previous section. We considei'@ never in contact with the sink. Hence, they cannot delive
simple five-node scenario in an one-dimensional networlessages directly to the sink. Node 3 must rely on either node
node 5 is the sink, and the other four nodes (nodes 1 - k)or 2 to relay its messages to the sink, whereas node 4 has
are located on the unit interval. The location of the sink # depend on node 3 to relay its messages.
fixed at the center, i.eLs(t) = 0.5 for all t > 0. Node 4  For the virtual heat exchange, we assume (i) the heat
is also fixed at location 0.9, i.eL4(t) = 0.9 for all t > 0. exchange coefficient with the sink J§5 = 0.05, i < i < 4,

The remaining three nodes move according to the Randdii the heat exchange coefficient among nodes 1 through 4
Waypoint (RWP) mobility model. The support or range of this A\;; = 0.01, 1 < 4,5 < 4, and (iii) the heat exchange
mobility of nodes 1 through 3 is shown in Table I. coefficient with ground is\;o = 0.002, 1 <i < 4. We set the
temperature of the sink &t = 100.

The simulation is run for 5,000 seconds. In the simulation
we approximate the continuous time system given by the
node | support differential equations in (3) using a discrete time system i

1 [0.0, 0.6] which the state of the system is updated every seconds.
g [%46' 01-705]] The resulting temperature profiles of the nodes are shown in
— Fig. 2. As shown in the figure, the nodes 1 and 2 have a
higher average temperature than nodes 3 and 4. This is due

Fig. 1 plots the location of nodes 1 through 4 at a finite the fact that nodes 1 and 2 can come in contact with the
set of sampling times. Under the RWP mobility model, whesink, whereas the other two nodes cannot, resulting in arlowe
a node arrives at a waypoint, it (i) selects the next waypoitemperature. Moreover, it is clear from the figure that the

TABLE |
SUPPORT OR RANGE OF MOBILITY OF NODE4 THROUGH 3.
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At the same time, since node 3 does not have direct access to
100

the sink, it must store all the messages till it next encagnte
50} < either node 1 or 2. Therefore, this leads to larger queue size
) at node 3.
0 1000 2000 3000 4000 5000 6000
100 ‘ ‘ : ; :
50 B 401 ]
0 7 h | ) 20F Node 4 |
0 1000 2000 3000 4000 5000 6000 /\/\/\A
- ‘ ‘ ‘ ‘ ‘ ok hbdia At A A/ WAttt A
0 1000 2000 3000 4000 5000 6000
5 | 20F : : : : ; :
0 ‘ ‘ ‘ ‘ ‘ 20f Node 3
0 1000 2000 3000 4000 5000 6000
100 T T T T T 0 L L L : L
0 1000 2000 3000 4000 5000 6000
sl | a0F : : ; : : :
0 1 1 s s s 20} Node 2
0 1000 2000 3000 4000 5000 6000 h Ah A/\\
0 A PRy,
0 1000 2000 3000 4000 5000 6000
40 L T T T T T ]
Fig. 2. Temperature profile of nodes 1 through 4. 20t /w\/\/\/\/\ Nodel
ohal W, /\m///\m/buu\ Y L
0 1000 2000 3000 4000 5000 6000

temperature of node 4 is the lowest. This is a consequer

of the fact that the temperature of node 4 can only increase

when node 3 visits 4, transferring heat from itself to node Fig. 3. Plot of queue sizes at nodes 1 through 4.
4. Therefore, this example demonstrates that the temperatu

used in our proposed scheme can successfully capture th@)ne important feature of our scheme based on the tem-

nodes’ heterogeneous mobility patterns, guiding the packR o re is that it is completely distributed. The only dieed
forwarding decisions at the nodes. incurred by the scheme comes from exchange the current tem-
Recall that, under our scheme, when two nodes meet, fi§ature of the nodes during each meeting. The exchange of
messages carried by the node with a lower temperature g{gir temperature allows them to update their own tempezatu
forwarded to the other node with a higher temperature. Agcording to the rule in (3). The simulation results demaet
mentioned in Section I, we assume that the contact times (ithat the temperature can be used to guide packet forwarding

amounts of time two nodes stay in contact once they meg@cisions by exploiting the underlying mobility patterrfstee
are much larger than the amount of time required to exchanggges.

messages. Therefore, when two nodes meet, we assume that
the exchange of messages occurs almost instantaneously. Ho
ever, the effects of short contact times can be easily mddele
as well. We presented a new framework for designing a packet
We assume that messages arrive at each node accordingf@warding scheme for DTNs. It draws an analogy from
Poisson process with a rate 0.1/second and that each nodethegnodynamics, in particular, the laws of physics thategns
enough memory space to store messages without experiendiagt exchange between objects, in order to capture heteroge
any message losses. We plot the evolution of queue sizes@dus mobility patterns of nodes. We considered a scenario
nodes 1 through 4 in Fig. 3. The figure clearly shows that thhere the messages generated at the nodes must be forwarded
queues at the nodes are stable (i.e., do not increase wigh. tinto an information sink in the network.
Also, note that the queue size at node 3 tends to be larger thakiVe defined a variable calletemperatureas a measure
that of other nodes. This can be explained as follows: Firghat indicates the ability of a node to relay messages to
nodes 1 and 2 visit the sink regularly, giving them a chandlee sink (either directly or indirectly). We showed that the
to empty their queues by transferring their message djreciehavior of the temperature at a node, which follows a simple
to the sink. Secondly, node 4 has the lowest temperature antk, possesses several properties that are natural antivimt
hence does not accept any messages from any other nashel is also consistent with those one would expect from a
Thus, it only needs to store its own messages until the nereasure that reflects the quality of a node as a relay node.
visit by node 3 with a higher temperature. On the other hantihen, we proposed a new packet forwarding scheme that
node 3, in addition to carrying its own messages, is requoeduses the temperature at two nodes that meet to determine
accept all messages from node 4 during each visit to nodewhich node gets to transfer messages to the other node. The

V. CONCLUSION
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proposed scheme is completely distributed and can exploit
heterogeneous mobility patterns of the nodes.

We showed that, starting from any finite initial values,
the temperature at the nodes remains bounded. Then, we
stated a few conjectures; first, under a set of assumptibas, t
temperature at the nodes converges in distribution. Second
under our proposed scheme where messages are transferred
from a node with a lower temperature to a node with a
higher temperature, under a suitable ergodicity and statity
assumption, if every node has a strictly positive average
temperature, messages generated by the nodes reach the sink
in a finite amount of time with probability one.
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