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Abstract—In this paper we consider the problem of routing in intermit- ~ Seals and whales is very sparse and intermittent, so the mobility
tently connected networks. In such networks there is no guarantee that of the animals must be relied upon for successful data deliv-

a fully connected path between source and destination exists at any time, .
rendering traditional routing protocols unable to deliver messages between ery. Yet another example concerns weather monitoring of Iarge

hosts. There do however exist a number of scenarios where connectivity is aréas such as a national park, where a number of electronic dis-
intermittent, but where the possibility of communication still is desirable.  play boards showing weather reports from other parts of the park

Thus, there is a need for a way to route through such networks. We propose ; P ; ;
PROPHET, a probabilistic routing protocol for such networks and compare have been installed. By equipping hikers with small networked

it to the earlier presented Epidemic Routing protocol through simulations. de€vices, their mobility through the park can be used to spread

We show that PROPHET s able to deliver more messages than Epidemic the weather information throughout the entire park [7].
Routing with a lower communication overhead.

I. INTRODUCTION ) f ©
®
®

a) b)

The dawn of new and cheap wireless networking solutions has ®
created opportunities for networking in new situations, and for &
exciting new applications that use the network. With techniques
such as IEEE 802.11, Bluetooth, and other radio solutions (e.V
low power radios designed for use in sensor networks), it ha
become viable to equip almost any device with wireless net-
working capabilities. Due to the ubiquity of such networkin
enabled devices, situations where communication is desirable .\(@
can occur at any time and any place, even where no networking
infrastructure is available. One area that have received much)at-
tention recently and that remedies many of the situations where
no infrastructure is available is that of ad hoc networking [1]. ® ®
In an ad hoc network, all nodes participate in the routing and
forwarding of packets, so if two nodes can not communicate di=
rectly, intermediate nodes aid in forwarding the packet between
them. Fig. 1. Transitive communication. A message (shown in the figure by the node

One of the most basic requirements for “traditional” network- ﬁ@gg‘s”g ;hn% 'giﬁfgggeht;ﬁg‘?nggﬁﬁ;)ofngngd from node A to node D via
ing, which also holds for ad hoc networking, is that there must

exist a fully connected path between communication endpoints . . .
Common to all the scenarios exemplified above is that to en-

for communication to be possible. There are however a num- L
e communication, messages may have to be buffered for a

ber of scenarios where this is not the case (thus rendering I e byi di p dth bilitv of th q
use of ad hoc networking protocols impossible), but where fing time by intermediiate nodes, and the mobility of those nodes

FEHJSt be exploited to bring messages closer to their destination
&

still is desirable to allow communication between nodes. Su hanai bet d th ¢ Fi 1
scenarios include communication between villages and sum exchanging messages between nodes as they meet. Figure
ows how the mobility of nodes in such scenarios can be used

camps of the Saami population of reindeer herders in the no . . A o
0 eventually deliver a message to its destination. In this figure,

of Sweden [2], living in locations where no fixed infrastructur q h i d by th de bei
is available. Similar problems exist between rural villages fi°9€ A has a message (indicated by the node being green) to
delivered to node D, but there does not exist a path between

India and other poor regions [3]. Other fields where this ki des A and D. As sh . bfi 4\ th bility of th
of communication scenarios may occur are satellite commufRGES Aand L. AS Shown in subfigures a)-d), the mobility of the

cation [4], military and disaster recovery operations, sensor nfipdes allow the message to first be transferred to node B, then

working and monitoring. For example, experiments have belfhnode C, and finally node C moves within range of node D and

done with attaching sensors to seals [5] and whales [6] to be abi! dghver the mﬁessahge tg its final qest|nat|okn. di i
to get a large number of sensor readings from the oceans. To athe so(;ne eh_ort as feenhputk_ln(tjo \;vor regliar lng.lapp -
low scientists to analyze the collected data, it must somehow lons and architectures for this kind of networks, while un-

transferred to a data sink, even though connectivity among %rlymg mechanisms such as routlr_lg have been neglected.. For
example, the Rover Toolkit [8] provides a set of programming

TDivision of Computer Science and Networking, Department of Conand communication abstractions that enable applications to be
puter Science and Electrical Engineering, [auleniversity of Technology, aware of and handle mobility. Within the context of Delay Tol-
- ula, sweaen . . . . . .
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details of how to solve routing problem is left open for nowGlance et al. [11] is also similar to Epidemic Routing. Thus,
Thus, we believe it to be important to investigate how routinge will not go into the details of these proposals here.
can be done in an efficient way in intermittently connected net-Chen and Murphy propose a protocol called Discon-
works. Previous work [10—-13] have tried to either solve this byected Transitive Communication (DTC) [12]. It utilizes an
epidemically spreading the information through the network, application-tunabletility function to locate the node in the clus-
by applying some knowledge of the mobility of nodes. We praer of currently connected nodes that it is best to forward the
pose the use of probabilistic routing [14], using an assumptiomessage to based on the needs of the application. In every step,
of non-random mobility of nodes to improve the delivery rate af node searches the cluster of currently connected nodes for a
messages while keeping buffer usage and communication ovesele that is “closer” to the destination, where the closeness is
head at a low level. This paper presents our probabilistic routigiyen by autility function that can be tuned by the application
protocol, and evaluates it through simulations versus the Em-give appropriate results.
demic Routing [10] protocol. Shen et al. propose Interrogation-Based Relay Routing, a
The rest of the paper is organized as follows. Sect. Il deuting protocol for routing in ad hoc space networks with Sci-
scribes some related work and in Sect. lll, our proposed scheemtific Earth Observing (SEO) satellites [13], characterized by
is presented. In Sect. IV the simulation setup is given, and tirequently changing topologies, and sparse and intermittent con-
results of the simulations can be found in Sect. V. Finally, Seciectivity. The satellites interrogate each other to learn more
VI discusses some issues and looks into future work and Seatiout network topology and nodal capacity to make intelligent
VIl concludes. routing decisions.
Work by Li and Rus [17] deal with a similar problem of com-
Il. RELATED WORK munication in disconnected networks. They propose a solution
A. Epidemic Routing where nodes actively change their trajectorie:; tp Create_ con-
nected paths to accommodate the data transmission. While this
Vahdat and Becker present a routing protocol for intermifnight work in military applications and in some robotic sensor
tently connected networks called Epidemic Routing [10]. Thisetworks, in most scenarios it is not likely that nodes will move
protocol relies on the theory of epidemic algorithms [15, 16] byist to accommodate communication of other nodes (if it is even
doing pair-wise information of messages between nodes as thg¥sible to communicate the need for it).
get contact with each other to eventually deliver messages tQrossglauser and Tse looks at the utility of using the mobility
their destination. Hosts buffer messages even if it there is cdfnodes to deliver messages to their destination from a slightly
rently no path to the destination available. An index of theﬁﬁﬁerent point of view. One major pr0b|em with ad hoc net-
messages called summary vectois kept by the nodes, andworks is that due to interference of concurrent transmissions be-
when two nodes meet they exchange summary vectors. Affgeen nodes they scale badly. Grossglauser and Tse show the
this exchange, each node can determine if the other node pa®nly doing local communications between neighbors and in-
some message that was previously unseen to this node. In iahd relying on the movement of nodes to bring a message to

case, the node requests the messages from the other node. jfd¥festination, this problem can be mitigated [18].
means that as long as buffer space is available, messages will

spread like an epidemic of some disease through the network as I1l. PROBABILISTIC ROUTING

nogeshmeet and mfec: ea(ih_otherl. ball . | Although the random way-point mobility model is popular
ach message must contain a giobally uniqué message ,QC}CEJSG in evaluations of mobile ad hoc protocols, real users are

qletermine it it has been. pre;viously seen. Besides the ObV'CHJoﬁ.Iikely to move around randomly, but rather move in a pre-
fields of source and destination addresses, messages also Copi&!lble fashion based on repeating behavioral patterns such that

a hop count field. '_I'his field is _similar to the TTL field in IPif a node has visited a location several times before, it is likely
packets and determines the maximum number of hops a mes%%

b t and b d o limit th dlizati Bit will visit that location again. We would like to make use
can be sent, and can be used to fimit the resource utiizalion @ly,ose gpservations and this information to improve routing
the protocol. Messages with a hop count of one will only

. L L erformance by doingrobabilistic routingand thus, we pro-
delivered to their final destination. y 9 g b

, . pose PROPHET, a Probabilistic ROuting Protocol using History
The resource usage of this scheme is regulated by the hQR-~ounters and Transitivity.

count set in the messages, and the available buffer space at thg, 5ccomplish this, we establish a probabilistic metric called

nodes. If these are sufficiently Iar_ge, the message will eyeﬁ&é'livery predictability P, ) € [0, 1], at every node: for each
ally propagate throughout the entire network if the poss'p'"tlYnown destinatiorb. This indicates how likely it is that this
exists. Vahdat and Becker do however show that by choosing e \yill be able to deliver a message to that destination. The
appropriate maximum hop count, delivery rates can still be k eration of PROPHET is similar to that of Epidemic Routing.
high vyhile the resource utilization is lower in the scenarios use%ghen two nodes meet, they exchange summary vectors which
in their evaluation [10]. in this case also contain the delivery predictability information
stored at the nodes. This information is used to update the inter-
nal delivery predictability vector as described below, and then
A communication model that is similar to Epidemic Routinghe information in the summary vector is used to decide which
is presented by Beaufour et al. [7], focusing on data dissemiessages to request from the other node based on the forward-
nation in sensor networks. The Pollen network proposed mg strategy used (as discussed in Sect. 111-B).

B. Other work



A. Delivery predictability calculation probability of delivering a message to its destination, but in re-
%lrn, more system resources will be wasted. On the other hand,

The calculation of the delivery predictabilities have three. . i v af d b Ust a si
parts. The first thing to do is to update the metric whenevefy'N9 @ message to only a few nodes (maybe even Just a sin-
cpode) will use little system resources, but the probability of

node is encountered, so that nodes that are often encount % ; . bably | dthe i d del
have a high delivery predictability. This calculation is shown i clivering a message IS probably fower, and the Incurred delay

. A igh.
Eq. 1, whereP;,,; 0, 1] is an initialization constant. . L .
q init € [0, 1] In the evaluations in this paper, we have chosen a rather sim-

_ ple forwarding strategy — when two nodes meet, a message is
Plap) = Plapyoa + (1= Plab)oia) X Pinit (1) transferred to the other node if the delivery predictability of the

If a pair of nodes does not encounter each other in a whiféestination of the message is higher at the other node.
they are less likely to be good forwarders of messages to each
other, thus the delivery predictability values magg being re-
duced in the process. The aging equation is shown in Eq. 2,Jo aid in the evaluation of the protocol, we have developed
wherey € [0,1) is theaging constantandk is the number of a simple simulator. The simulator focuses on the operation of
time units that have elapsed since the last time the metric wWAg routing protocols, and does not simulate the details of the
aged. The time unit used can differ, and should be defined baségerlying layers.
on the application and the expected delays in the targeted nefvhen doing an evaluation of a protocol or system, it is very
work. important that the models used in the evaluation are realistic.

Since we base our protocol on making predictions depending on
) the movements of nodes, it is vital that the mobility models we
use are realistic. One mobility model that has been commonly

The delivery predictability also hasteansitiveproperty, that used in evaluations of ad hoc routing protocols is the random
is based on the observation that if node A frequently encounteyay-point mobility model [19]. In this model, nodes randomly
node B, and node B frequently encounters node C, then nafi®ose a destination and a speed and move there. Upon arrival
C probably is a good node to forward messages destined &vthe destination, the node pause for a while and then chooses a
node A to. Eq. 3 shows how this transitivity affects the delivenyew destination. This model is however likely to be unrealistic
predictability, wheres € [0, 1] is a scaling constant that decidesince normal users do not run around completely randomly, but
how large impact the transitivity should have on the delivemather have some set goal with their movements. Thus, it is de-
predictability. sirable to model the mobility in some better way to better reflect

reality.
Therefore, we have used two different scenarios to evaluate
Plaey = Pa,eyys + (1= Plare)oia) X Plaw) X Py X 8 (3)  the protocols. Firstly, as a reference, we have used a scenario
that is very similar to the one used by Vahdat and Becker in their
B. Forwarding strategies evaluation of Epidemic Routing in [10]. This scenario consists

In traditional routing protocols, choosing where to forwar@f @ 1500 x 300 m area where 50 nodes are randomly placed.

a message is usually a simple task; the message is sent tol{ifgS€ nodes move according to the random way-point mobility
neighbor that has the path to the destination with the lowdBPde! [19] with speeds df — 20 m/s. From a subset of 45

cost (usually the shortest path). Normally the message is al§¥les, one message is sent every second for 1980 seconds of
only sent to a single node since the reliability of paths is relf€ simulation (each of the 45 nodes sending one message to the
tively high. However, in the settings we envision here, thing§her 44 nodes), and the simulation is then run for another 2020
are completely different. For starters, when a message arrive§&fonds to allow messages to be delivered.
a node, there might not be a path to the destination available so 3000 m

IV. SIMULATION SETUP

Py = Plapyog X ¥

the node have to buffer the message and upon each encounters
with another node, the decision must be made on whether or not ‘ ‘
to transfer a particular message. Furthermore, itmayaisobe (C1  C2 C3 C4
sensible to forward a message to multiple nodes to increase the ‘ ‘ ‘
probability that a message is really delivered to its destinatong|,
Unfortunately, these decisions are not trivial to make. In sona ; ; ;
cases it might be sensible to select a fixed threshold and o C5 ‘ C6 ‘ C7 | C8
give a message to nodes that have a delivery predictability OVeF--- i
that threshold for the destination of the message. On the other ‘ ‘ ‘
hand, when encountering a node with a low delivery predictabil- C9 ‘ Clo ‘ Cll ‘
ity, it is not certain that a node with a higher metric will be en- ‘ ‘ ‘
countered within reasonable time. Thus, there can also be situ-
ations where we might want to be less strict in deciding who to
give messages to. Furthermore, there is the problem of deciding
how many nodes to give a certain message to. Distributing aHowever, since part of the motivation for this work was the
message to a large number of nodes will of course increase dixservation that totally random mobility is not likely to be a real-

Fig. 2. Community model



TABLE Il

istic model, we wanted to design a more realistic scenario. This
PARAMETER SETTINGS

resulted in the design of a scenario that we call the “community

model”. This scenario consists 08800 x 1500m area as shown Parameter | Value
in Fig. 2. This area is divided into 12 subareas, 11 communities Pinit 0.75
(C1-C11), and one “gathering place” (G). Each node has one B 0.25
home community that it is more likely to visit than other places, v 0.98

and for each community there are five nodes that have that as
home community. Furthermore, in each community, and at the
gathering place, there is a fixed (non-mobile) node as well that ) ) ) ) )
could be acting as a gateway for that community. The mobil- We ran S|_mulat|ons for each scenario several times, varying
ity in this scenario is such that nodes select a destination ant'@ dueue size at the nodes (the number of messages can buffer),
speed between 10 and 38/s, move there, pause there for a.the communication range of nodes, and the hpp cognt value s.et
while, and select a new destination and speed. The destinati{§€ messages. For each setup, we made 5 simulation runs with
are selected such that if a node is at home, there is a high préfiferent random seed. Table Il shows the values for parameters
ability that it will go to the gathering place (but it is also for ifkept fixed in our simulations (prelm_nnary simulations indicated

to go to other places), and if it is away from home, it is Verghose values were reasonable choices for the parameters).

likely that it will return home. Table | shows the probabilities
of different destinations being chosen depending on the current
location of a node. Real-life scenarios where this kind of mo- The results presented here are averages from 5 simulation
bility can occur include human mobility where the communitiegins, and the error bars in the graphs represent the 95% con-
are for example villages, but also sensor network applicatiofi§ence intervals. For each metric and scenario, there are two
where sensors are attached to animals — in such cases the gﬁgbhs with two different values of the hop count setting. Each
ering place may be a feeding ground, and the communities Gnthese graphs contain curves for both Epidemic Routing and
be herd habitats. PROPHET for the two different communication ranges. On the
x-axis in each graph, the queue size can be found.

Figure 3 shows the results from the simulations in the random
mobility scenario, and Fig. 4 from the community model simu-
lations. First, we investigate the delivery rates of the protocols in

V. RESULTS

TABLE |
DESTINATION SELECTION PROBABILITIES

From\ To | Home | Gathering place | Elsewhere the different scenarios, shown in Fig. 3a) and Fig. 4a). It is easy
Home - 0.8 0.2 to see that the queue size impacts performance; as the queue size
Elsewhere| 0.9 - 0.1 increases, so does the number of messages delivered to their des-

tination for both protocols. This is intuitive, since a larger queue
size means that more messages can be buffered, and the risk

The traffic in this scenario is also different from the randomf throwing away a message decreases. In the random mobil-
mobility scenario. Every tenth second, two randomly choséy scenario, the performance is similar for both protocols, even
community gateways generate a message for a gateway attaough PROPHET seem to perform slightly better, especially
other community or at the gathering place. Five seconds &fith short communication range, and a high hop count. It is in-
ter each such message generation, two randomly chosen mofeitesting to see that even though mobility is completely random,
nodes generate a message to a randomly chosen destinationPROPHET still operates in a good way, and even outperforms
ter 3000 seconds the message generation cease and the sirmgiglemic Routing slightly. In the community model scenario,
tion is run for another 8000 seconds to allow messages tothere is a significant difference between the performance for the
delivered. two protocols, and it can be seen that PROPHET is at times able

In both scenarios, warm upperiod of 500 seconds is usedo deliver up to twice as many messages as Epidemic Routing.
in the beginning of the simulations before message generatlateresting to note is that the delivery rate (especially for the
commence, to allow the delivery predictabilities of PROPHEShort communication range) is adversely affected by an increase
to initialize. in the hop count. This is probably due to the fact that with a

In our evaluation of the two protocols, we have focused drigher hop count, messages can spread through a larger part of
comparing their performance with regard to the following methe network, occupying resources that otherwise would be used
rics. First of all, we are interested in theessage delivery abil- by other messages, while with a lower hop count, the mobility
ity, i.e. how many of the messages initiated the protocol is alsiethe nodes have greater importance.
to deliver to the destination. Even though applications using thisLooking at the delivery delay graphs (Fig. 3b) and Fig. 4b)),
kind of communication should be relatively delay-tolerant, it it seems like increasing the queue size, also increases the delay
still of interest to consider themessage delivery delay find out for messages. However, the phenomenon seen is probably not
how long time it takes a message to be delivered. Finally, weainly that the delay increases for messages that would be de-
also study the number ofiessage exchangtst occur between livered even at a smaller queue size (even though large buffers
nodes. This indicates how the system resource utilization is afight lead to problems in being able to exchange all messages
fected by the different settings, which is crucial so that valuakbetween two nodes, leading to a higher delay), but the main
resources such as bandwidth and energy are not wasted.  reason the average delay is higher is coupled to the fact that
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Fig. 3. Simulation results from random mobility scenario
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Fig. 4. Simulation results from community scenario
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more messages are delivered. These extra delivered messalies messages that already have been delivered to be purged

are messages that were dropped at smaller queue sizes, butfnom the network, leaving more resources for the other mes-

are able to reside in the queues long enough to be deliveregages, most likely increasing the probability of those messages

their destinations. This incurs a longer delay for these messad®esng delivered.

increasing the average delay. Both PROPHET and EpidemicThe simple forwarding strategy used by PROPHET in our

Routing have similar delays in both scenarios, but as queue siggaluation worked fairly well, and outperformed Epidemic

grow large, PROPHET seems to have shorter delays. Routing. However, it is still interesting to investigate other for-
Finally, looking at the graphs in Fig. 3c) and Fig. 4c), it cawarding strategies to see if performance can be enhanced fur-

be clearly seen that PROPHET has a lower communication ovérer.

head and sends less messages than Epidemic routing does. This

is due to the fact that when using PROPHET messages are only VII. CONCLUSIONS

sent to “better” nodes, while Epidemic routing send all possible

messages to nodes encountered. In this paper we have looked at intermittently connected net-

Another thing that can be seen from the graphs is that iW_orks, an area where a lot of new applications are viable, vouch-

creasing the communication range generally increases the b'}? for aprhexc;tlng futu;]e if the und%rlzlgggﬂeé:?amsmsb atl)r_(la_
formance in terms of delivery rate and delay, but also increa gsent. Therefore, we have propose ; & probabilis-

the communication overhead. This is not very surprising, sinf& Protocol for routing in intermittently connected networks
a larger communication range allows nodes to communicate at is more sophisticated than previous protocols, using his-
rectly with a larger number of other nodes and increases of node encounters and transitivity to enhance performance
probability of two nodes meeting each other over previously existing protocols. Simulations performed have
' hown that in a community based scenario, PROPHET clearly

Interesting to note is that even in the random mobility sc&! . . . o
nario, the performance of PROPHET with regard to delivery ra ves better performance than Epidemic Routing. Further, it is
f so shown that even in a completely random scenario (for which

and delay is comparable to that of Epidemic Routing, but wi ) .
lower communication overhead, thus being more efficient. T iéR]OPHET WSIS nqthde5|%ned), the performagce Ef PR?PHET IS
is somewhat remarkable, since because of the total randomrﬁ%géc‘_) dmp"’?raR N V\.”t ($E SO_”_‘Etf'”.‘es exce(;:] s)Pth(a)pF))eljg;mance
in the mobility of nodes in this scenario, predicting good fol2! EPIAemic outing. us, Itis fair to say t. at | suc-
eds in its goal of providing communication opportunities to

warding nodes should be difficult. However, since the delive tities in a intermittentl ted network with a |
predictability favors nodes frequently met, and the fact that ev pHtes in aintermitiently connected network with a fower com-
nunication overhead, and better performance than existing pro-

if mobility is random, nodes that previously were close, probg1 |
bly have not moved that far away from each other, it actually Egco S:
reasonable that this occur.
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