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Abstract— This articlel] studies disruption tolerant networks
(DTNs) where each node knows the probabilistic distributio of
contacts with other nodes. It proposes a framework that allas
one to formalize the behaviour of such a network. It generalies

propagation of bundles to a subset of all the nodes ([6], [7],
[8]).

Since node’s buffer memory is not unlimited, a cache
extreme cases that have been studied before whef@) either mechanism has been proposed, where the most interesting
nodes only know their contact frequency with each other or(b) bundles are kepti.e. those that are likely to reach their
th|$y have ah perfect kn°W|edge| of fV‘;]hO ”;]‘j-‘etfs who aEd Whg“- destination soon) and the others are discarded when the cach
This paper then gives an example of how this framework can be i ) (9], [10], [11], [12], [13], [14]). Those schemes rsu
used; it shows how one can find a packet forwarding algorithm . . o .
optimized to meet the "delay/bandwidth consumption’ tradeoff: ~ thus guess when a bundle will reach its destination, which

is most of the time computed thanks to frequency contact

packets are duplicated so as to (statistically) guarantee given
delay or delivery probability, but not too much so as to redue estimation (which reflects the probability that two giverdae
meet in the future).

the bandwidth, energy, and memory consumption.
Few papers explore how the expected delay could be more
|- INTRODUCTION precisely estimated (notable exceptions are [15], [16]hak

Disruption (or Delay) Tolerant NetworkgDTNs, [1]) have been proved ([17]) that a perfect knowledge of the futureenod
been the subject of much research activity in the last femveetings allows the computation of an optimal bundle rautin
years, pushing further the concept of Ad Hoc networks. This short overview emphasizes two shortcomings:
Like Ad Hoc networks, DTNs are infrastructureless, thus the
packets are relayed from one node to the next until theye Certain networks might be highly predictabked.nodes

reach their destination. Moreover, in DTNs node clusters ca
be completely disconnected from the rest of the network. In
this case, nodes must buffer the packets and wait until node
mobility changes the network’s topology, allowing the peaisk

to be finally delivered.

A network of Bluetooth-enabled PDAs, a village intermit-
tently connectediia low Earth orbiting satellites, or even an
interplanetary Internet ([2]) are examples of disruptioletant
networks. .

The atomic data unit is a group of packets to be delivered
together. In DTN parlance, it is calledraessager abundle
we use the latter in the following.

Routing in such networks is particularly challenging since
it requires to take into account the uncertainty of mobiles
movements. The first methods that have been proposed in the
literature are pretty radical and propose to forward bundie
an “epidemic” way ([3], [4], [5]).i.e., to copy them each time
a new node is encountered. This method of course results in
optimum delays and delivery probabilities, at the experissmo
extremely high consumption of bandwidth (and, thus, energy

are satellites and links appear and vanish as they revolve
around their planet), others are much more chaotic. Previ-
ous work suppose either that nodes contacts are perfectly
deterministic and known in advance, or that only the
contact frequency is known for each pair of nodes. We
propose to generalise these approaches and suppose that
each node knows a probability distribution of contacts in
the (near) future.

[5] underlines the tradeoff between bundle delivery guar-
antees and bandwidth/energy consumption: copying the
bundles is costly since, in mobile networks, those re-
sources are both scarce. Current schemes use a cache
mechanism that ensures each node only receives the most
relevant bundles, which somehow mitigates this problem,
but does not provide any rationale, except the need to
cope with mobiles limited memory. We propose to route
the bundles according to the delivery or delay guarantees
required by the user, thus only duplicating packets when

it is beneficial.

This paper is organised as follows. Sectloh Il presents a

routing has been enhanced using heuristics that allow

and memory. To mitigate those shortcomings, the epiden&\;‘a

1This work has been partially supported by the Belgian SeeRolicy
in the framework of the IAP program (Motion P5/11 project)daby the
European E-Next NoE and IST-FET ANA project.

y to model the contacts between the nodes of a predictable
&twork. Section&lIl anf IV show how the end-to-end delay
of bundles can be predicted. Sectidds V VI give a routing
algorithm that allows to deliver bundles in a manner thattsiee

a given guarantee. Sectibn VIl concludes.
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Fig. 1. Contact profile of a node pair over a month: example.The height of a bar gives the probability that two nodes maete@astonce) during the
corresponding 12-hour time period. Here, nodes are sugpmosmeet at the beginning of each week, but the exact day isamwrk
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Fig. 2. First contact probability distribution corresponding to the contact profile figlide 1. (Each bar spoeds to a 12-hour period.)

[l. PREDICTABLE FUTURE CONTACTS hypothetical contact profile. In the following, we suppole t

The network is composed of a finite set of wireless notles profile known fpr each nodg paur. L
that can move and thus, from time to time, come into contact.com_aCt pro_ﬂles can easily represent situations usually de
In the sequel, a&ontactbetween two nodes happen wher?'Cted in the Ilteratur.e. . _
those nodes have setup a bi-directional wireless link betwe ¢ A constant profileCy, () = k describes a node pair
them. A contact is always considered long enough to allow all ~ that only knows its contact frequency. For example, the

the required data exchanges to take fHace profile Cqy(t) =1/30 (probability of contact per day)
corresponds to two nodesandb meeting once a month
A. Contact profiles on average.

We expect the mobiles motion to be, to a certain extent,*® Perf_ect knowledge of nodes meeting times results in a
predictable, yet obviously the degree of predictabilityies profile made of peakstt € N : Cap(t) € {0,1}.
from one network to another. Sometimes nodes motion |8 Practice, unknown contact profiles could be replaced by
known in advance because they must stick to a given sched@ldull function to get a defensive approximation of their
(e.g.a network of buses) or because their trajectory can eagighaviour.
be modelled €.g.nodes embedded in a satellite). Other net- The following sections aim at studying how bundles prop-
works are less predictable, yet not totally random: collesy agdate from one node to another in a network whose nodes’
could be pretty sure to meet every day during working houré@ntact profiles are known.
without any other time guarantee. Mobile nodes behavioyr
could also be learnt automatically so as to extract cyclical
contact patterns. It is easy to deduce the probability distribution of a (first)
We therefore suppose that each node gaib} c A’ can Ccontactattime bere_en _nod_e,sandb_e N given the|r_r_)roflle
estimate its contact probability for each time step in tharneCab; We denote this distributiod,. Since the probability of a
future. We call it acontact profileand denote itC,;, : N — f|r§t contact at time is the probability Qf meeting at time step
[0, 1]. The time step duration should be chosen small comparetimes the probability not to meet at time stéps, ..., ¢ -1,
to the expected network’s end-to-end delay. Figdre 1 gives W€ have:

First contact distribution

t—1

2This is a major difference with [17] which does not neglecttie  dgp(t) = Cap(t) H(l—Cab(i)) VYa,be N, Vt e N (1)
transmission times. i—0
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Fig. 3. The contact probability density D, (9, -) matching the contact profile given in figure 1.

The distributions domain i since contact profiles have D (%/day)

been defined using discrete time steps. We extend the distri-
butions toR to get rid of this artifact. Notice that,; is not a
well-defined probability distribution since its integraley its
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domgin is _not equal ta: two nodes mi_gh; never me_et. Those //// | f‘“%@ﬁ%ﬁ%ﬁ%@%’é’ 25
considerations directly lead to the definition of the firstzwt 10 ""::"15’1///// ';:;.:t,gt,jy,//// :2324////////’”4"’/((({"7; = A
distribution set. 0 ) %W%%}}//}W b =7
Definition 1: The first contact distribution sef, is the set f-,// = .
of function§ f : R — R* such thatf,* f(z)dx < 1. s ) i

Contact profiles have a shortcoming: they do not allow us T
to express contact interdependencies; for example, thayota
model that two nodes are certain to meet during the weekefgl 5. The D,, (T, t) function matching the contact profile given in
without knowing exactly which day. First contact distrilauts  figure[d.
have no such limitations. Therefore, when it is possibles on
could find preferable to generate them directly withoutirely

on contact profiles. As gefore, the domain of these functions can be extended
Figure[2 gives thed,, distribution corresponding to the 0 R+_-__ ) o
contact profileC,,, depicted in figuréll. Definition 2: The  delivery  distribution set D,

) . ) . . i . R+2 +
Notice that if a bundle is delivered directly fromto b, olds +a|| the functions f:R™" —R™ such that
knowing the first contact distribution allows an easy vesific vT € R™: _fo f(T_’ z)dr < 1.
tion of a large spectrum of guarantees, such as the averAice the inequality.

delay or the probability of delivery before a certain date. ' he Das(T1) distribution corresponding to the contact
profile given in figurd 1l is plotted in figufd 5. Figuré 3 plots

IIl. DELIVERY DISTRIBUTIONS the functionD; (9, -) (i.e. a section ofD;, (T, t) intheT =9

plane); theD(T, -) functions of course belong 1 (vI" > 0).
A. Definition Notice thatD,; (T, -) is the expected delivery delay distribu-

First contact distributions can be generalized to take inﬂ?n fo(; a %undle sentdd_lrectly from a sourado a destination
account the knowledge that no contact were made beford f @ decides to send it at timé.
certain date. R B. Order relation on distributions

Let Dqy(T',t) be the probability distribution that andb  \ve define an order relation between first contact distri-
require a delay of time steps to meet for the first time afte, .o Intuitively, this relation allows us to compareotw

time stepT’. Since these distributions will be the buildingyiqyip tions to find which one represents more frequent or

bIO.CkS that_allow us to compute whe_n a b_un_dle can tfﬁedictable contacts. A rigorous definition is given below.
delivered to its destination, we call thetelivery distributions Definition 3: The first contact distributionsl, € C is

D, can directly be derived from the contact profilg,: greater (or equal)than ds € C (denotedd, = dy) if and

T4te1 only if:

Dap(T,t) = Cop(T +1) [ (1 Canld)) a0 [ @
ok S Vo >0: /Odl(t)dtz/o dy(t) dt ©)

Va,be N, VT, t e N (2)
This relation is apartial order (but not a total order as
3R+ denotes the set of positive reals. there existdy, de € C such that neithetl; > ds nord; < ds).



Definition [3 specifies when two
contact distributiond , d> are such
that d; > d,. The plots show
two distribution examples (left-
hand plot) and their cumulative
function (denoted; andd}, right-
hand plot). We havel; > d, iff
Ve > 0 : di(t) > ds(t). Here,
neitherd; = ds nords = d; hold.

p The distributionsup{d,,ds} (left-hand plot) is calledsupremum(or least
upper boundl Its cumulative function is the maximum of th& and d}
functions; its distribution is the derivative of the cuntide function.

By definition of sup{di,d2}, if d>xdy and d>ds, then

d = sup{di,d2} (¥d €C). The infimum (or greatest lower boundis
defined in a similar manner.

Since every element @f? has a corresponding supremum and infimum, the
> relation defines dattice structure orC (and onD).

Fig. 4. The> relation: example.

Figure [4 gives an example of incomparable first contact Equation[(b) simply states that since the total deliveragel
distributions. is equal tot, if the delay to reachh is equal toz, then the

It appears difficult to define a total order @h comparing delay fromb to d is t — z.
the distributionsd; andd, in figure[4 is a matter of choice Equation [#) can be generalized: a bundle could be for-
and depends on the bundle delivery guarantees one wantsvéwded through several intermediate hops before reactsng i
enforce. The- relation is thus a least common denominatodestination. We denot®,_,; (notice the dash) the delivery
and could be replaced in what follows with a more restrictivéelay distribution for a bundle sent from a soureeo a
order definition. destinationd at time7"; from now on,® will thus be applied

The worst (smallest) element 6fis the L (botton) distri- to any kind of delivery distributions.
bution: L(¢t) = 0 (vt > 0). The best (greatest) first contact For example, the graph below depicts a simpiivery
distribution is denotedl” (top): T(¢) = 4(¢) (vt > 0); thed path i.e. a sequence of forwarding nodes; the corresponding
symbol denotes the Dirac distribution. delivery distribution is also given.

The > relation can be extended ®. For all D, D5 € D: S—>a—>b—>d: D yg=Dw®Du® Doy

Dy =Dy <= VI'20: Dy(T,-) = Do(T),") We say that two delivery paths with a common sousce

The D, delivery distribution is such that/T > 0 and destinationl are disjoint if the intersection of the set of

D, (T, ) = L. The definition of D+ follows immediately. nodes they involve igs, d}.
B. Theduplicationoperator
Let Ds;g be the delivery distribution associated with the

IV. DELIVERY DISTRIBUTION OPERATORS

A. Theforwardingoperator ] o )
delivery of a bundle froms to d if it is duplicated so as to

Let Dyq be the delivery distribution associated with theg q, the disjoint delivery paths described by the digfitibns
delivery of a bundle from a source nodeo a destinationd D,_y and D’ We have:
S— s—d-* .

via nodeb. More precisely, ifs decides to send a bundle at
time T, it will reachd after a delay described by the;, (T, -) Dscd =D, g D, (6)
distribution. D, can be computed thanks 0., and Dy : d

The @ (or duplicatior) operator is a functiom : D? — D,

Dspa = Dsp @ Dea (4)  defined as follows:
The ® (or forwarding) operator is a function defined for all t
distribution pair. We havey : D? — D: (D1 @ Do)(T,t) = (1 —/ Dy(T, z) dil?) Do(T,t)+
0
t t
(D1 @ Dy)(T,t) = / Dy(T,z) Do(T + z,t — z)dx  (5) <1 — / Dy (T, x) dx) Dy(T,t) (7)
0 0

It is easy to see that this operator is associative but notThe expected delay computed is thattioé first bundle to
commutative. reach the destinatiod. It is easy to see thab is associative



and commutative. We decide that has a higher precedence A delivery schemewith sources and destinationd is a

thane. general delivery strategy that allows a bundle to be deder
Equation [[¥) is the sum of two terms. Each term is thieom s to d. It can use an arbitrary number of forwarding,

probability that the bundle reaches the destination afterlay duplication and scheduling operations. A delivery pathisst

t using one path and that the bundle following the other pa#hparticular delivery scheme.

is not arrived yet. Two delivery schemes frons to d are disjoint if the
Notice that we have botb, ® D, = D; andD1® D = D, intersection of the set of nodes they involve{is d}.

(appendix, corollary]1). This means that, contrary to what

happens in deterministic networks, duplicating a bundle to V. DELIVERY GUARANTEES

send it along two paths can improve performance: it is notKnowing the delay distributionl,_, € C associated with

the case that the best path always delivers the bundle firstihe delivery of a bundle allows us to verify a large range of

The definition of this operator allows us to apply it taconditions on permissible delays or on delivery probabit
arbitrary independent distributions (for example, invoty For example, the condition

duplication and forwarding). This allows the computatidn o o
the distribution associated with a non trivial way to delive / de_q(t) tdt < dmax
a bundle, such as the one depicted below; the corresponding 0

distribution formula is given on the right. Two arrows leagi imposes a maximum expected deldys,, While
a node depict a duplication.

1h 24h
e—d / ds—q(t)dt > .9 and / ds—q(t)dt > .99
7 - D = (D D D 0 0
sTb—=>f—=>d: 3-4 = (Dsc ® Dea) & (Db © matches distributions delivering a bundle in less than ang h
d (Dbe @ Deq @ Dig ® Dya)) nine times out of ten, and in less than a day with a probability

Figure [6 shows examples of the distributions obtainéf 99%. _ N ) _
using those operators. As expected, the “duplication” afoer We naturally impose that a condition fulfilled for a certain

shortens the delays and increases the delivery probability delivery scheme must be fulfilled for better schemes.
Definition 4: A delivery condition C' is a predicate:

C. Theschedulingoperator C : C — {true false} with Vd;,d> € C such thatd; = ds :

Let Dsd be the delivery distribution that, every time L (d2) = C(dr).

bundle has to be sent, chooses the best delivery strategy BUAé %qngl(t}g;\ C;arlwtﬂ)e>e0x'Fe£((jgc(ion.)§l delivery distribution

of D,_q and D’_ ;. We have:
_ VI. DELIVERING BUNDLES WITH GUARANTEES
DS_Z = Dsfd @ D;fd (8)

A. Probabilistic Bellman-Ford

Algorithm [I adapts the Bellman-Ford algorithm to pre-
dictable disruption tolerant networks. In this sectiwe, do not

D o DT ¢ Dy (T,t) if Dy(T,-) % Dy(T,") 9 allow bundle duplic_ationNot_ice that, ?n general, the cqncept

( 190 2)( ) = Dy(T,t) otherwise ©)  of “§hortest path” is meaningless since therelation is a
partial order.

If s sends a bundle at tinE, it is delivered usingDy (T, -) Similarly to the Bellman-Ford algorithm, algoritioh 1 com-
if and only if Do(T,-) = D:(T,-). This operator is not putes, for every node € N, the best distribution leading
commutative since- is not a total order: whe, (T, ) and to the destinations found so faBf). This distribution is
D (T, -) cannot be compared), (7', -) is chosen. We decide propagated to its neighbourse( all the other nodes since
that @ has a lower precedence than bothand &. the network is infrastructureless).

The following example involves all the operators defined Once nodez receives the best delivery distributioB,
above. Two arrows leaving a node, one of them dotted, depictind byy, it computes the delivery distribution obtained if it
a scheduling operation. The dotted arrow leads to the secamold send the bundle directly tg and if y would forward it
argument of», emphasizing the operator’s non-commutativityaccording toB,. The resulting distribution is denotdd,, 4

c

The definition of © is straightforward. It is a function
© : D? — D such that:

o s (line[B).
d . T
7 D,y—q is compared to the best known distribution to the
5 < b—>f—>d: Dsa=(Dsc®Dca) & (Dt ® destination B,) by means of thep operator. If D,,_4 is
c ~d (Dys ® Dyg @ Dpe ® Deg)) better thanB, on some time intervals3,, is updated (ling19).
] The algorithm terminates once no maBg distribution is
D. Delivery schemes updated.

We have defined delivery pathas a delivery strategy that Figures[ ¥ and[]8 demonstrate how the algorithm works by
only involves forwarding. means of a small example.
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Fig. 6. Forwarding (®) and duplication (¢) operators: example We denoteD; the delivery distribution depicted in figufé 5. The top pdrttos figure

depicts a contact profile (left) and the associated delidistribution D2 (dark squares represent a probability equal to 1). The Bfp®t depictsD; ® Da,
the right oneD; & Do.

Algorithm 1: Probabilistic Bellman-Ford [6). In practice, it might be preferable to rely on a heuristic
Data: d is the destination node choose the preferred elements first.
1VeeN\{d}: B, — Dy; B. Guarantees

N

D
Ba =D Our aim is now to find a way to deliver bundles that
fulfills a given conditionC' as specified in definitiohl 4, while
trying to minimize the network’s bandwidth/energy/memory
consumption.

Ideally, the DTN is predictable enough to enforce condi-
tion C' without duplicating any bundle. We thus propose to
rely on algorithn{L to find a first delivery scheme (and, thus,
a first delivery distributionD,).

3 repeat

4 stabilized «+ true;

5 forall = € NV do

6 forall y € N do

7 Dmyfd — Dzy & Byu

8 if By # By @ Dyy—q then
9 stabilized « false;

10 dBm Bz @ Day-a; If C is not fulfilled by D,, we search for another fast bundle
1 den forwarding scheme using algorithiph 1; I, be its delivery

12 enden distribution. We then duplicate the bundle on both delivery
13

schemes, yielding a distributio®; & Dy. We have already
pointed out thatD, @ Dy = Dy, thusC(D; & D-) is more
likely to betrue thenC(D,).

This process is iterated untl' is finally fulfilled.

As mentioned before, this algorithm generalizes both [12] AS mentioned in sectiof V4B, the distribution computed
(i.e. converges to théshortest expected path”and [17fl (i.e. by the “duplication” (©) operator is biased if its operands are
finds the exact shortest path in the case of perfect|y me;t not independendistributions. The Simple distribution formula
networks). (Dsp ® Dpg) ® (Dsp @ Dpg) brings to light the problem caused

The delivery computed by this algorithm depends on tHy dependent distributions.
order at which the elements of are picked up (lineEl5 and To avoid this bias, we ensure thay and D, are indepen-
dent by forbiddingDs to rely on the nodes involved b

“To be fair, this work also deals with message transmissitaysewhich (source and _destlnatl_on nc_)des excluded, fihe 5).
are not considered here. The resulting algorithm is given below.

14 until stabilized ;
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The opposite table shows how our probabilistic Bellman-
Ford algorithm behaves. This example is based on a
simple network made of 5 nodes. The nodes contact
profiles are given in figurEl7. In this example,is the
source node and is the destination.

At first, all the nodes (but the destination) have no
knowledge of any path to the destination; their best
distribution is thus set td, . The destination’s delivery
distribution to itself is of coursé.

Line 2 depicts the results obtained after the first iteration
Since onlyc and d have contacts with the destination,
only B. and B; are modified. They are set to the direct
contact with the destination distribution since, for exam-
ple, D._. ® D+ =D._.. The delivery distributions are
depicted as a square plot; theaxis is the bundle sending
time, the y-axis is the delay to reach the destination.
Each square represents a 24 hour period, the first column
matches bundles sent on Monday.

During the next iteration (line 3)¢ discovers it might
meet with d befored meetse. B, is thus changed to
Dy_q® Dy_.. The bundles received by can be for-
warded toc or d. The distributionsDy_._. and D,_4_.

are thus compared; bundles sent Tuesday or before are
sentvia d, those sent after Tuesday are seiat c.

The last iteration allows to decide when bundles should
be sent td or d. The distributionsB, andD,_, ® B, are
thus compared; the latter is given between parentheses.
Neitherc nor d should forward bundles tb, thusB. and

B, are left untouched.

The algorithm is stabilized since neithigre, or d should
forward bundlesia a.

This graph gives the contact
a,b,c,d,e € N.

Unconnected nodes never meet each other: they have a null
contact profile (and a corresponding delivery distribution).

The label connecting the other nodes describes which days th
might have a contact. For example, there is one chance out of
four thatb and ¢ meet on Thursday, and one out of two on
Friday.

ctable network.

profiles of the nodes

1 B,=By,=B.=B;=D, B.=Dv
B.=D._, By =Dgy_.
t t
2
B,=Dg g By
t t
33% 37%
33% 37% 1 6%
3
33% 6%
33% 37% 5%
33% 37% 39%
T T
Ba Dafb b2 Bb
t t
1% 1%
40% | 6% 40% | 6%
6% 6%
4 SN S A S R N
28% 33% 28%
33%
T T

Fig. 8. Probabilistic Bellman-Ford: example.



Algorithm 2: Constrained probabilistic delivery

Data: Network nodesV; delivery conditionC
Data: Bundle sources and destinatiornl

1 B« DJ_
2 repeat
3 | Using nodes in\, computeD e D via algorithm[1 o ,:‘ *\
4 B—Ba&D ,” / \"Dl
5 | N« N\ {nodes involved inD} U {s, d} D R D, .-
6 until C(B) or N = {s,d} .. / B}
X o .

Nothing guarantees of course that there exists a way to \//

deliver bundles that satisfi€s: even an epidemic broadcasting 1

might not suffice.

Fig. 9. Finding a fast delivery scheme that fulfills condition C' using
algorithms [Il and[2 This figure represents the delivery distribution lattice
L . (introduced in figurgl); it is depicted the usual way (bdBican element is
C. More on dlSjOIht del'very schemes greater than another one if it is placed above). The greyea @rresponds to
elements that satisfy conditiof. 1. The adapted Bellman-Ford algorithm is

The constrained probabilistic deIiver)aIgorithm above Uused to find a distributionZf; ) that characterizes a fast way to deliver bundles;
B* denotes the source node’s best distribution found afterations. We have

computes a delivery scheme that consists of duplicatillgf]j Bl < B2 < -.- < Dy. 2. Since ~C(D1), another disjoint delivery

the bundle to multiple, independent, non-duplicatingwdely distribution, D5, is computed using algorithdd 1. Combined with , it leads
schemes. to D1 ® D4 which still does not satisf¢’'. D3 is thus computed, and combined
. . with D1 and D3, gives a satisfactory delivery schemig& & D2 & Ds3. We
To ensure independence, algorithin 2 enforces those n@aweD; < D1 @ Dy < D1 ® Dy @ Ds.

duplicating delivery schemes to operate on completelyrdist

node sets. This might be too stringent if the network is small

or sparse. We thus propose to allow such a delivery scheiffematches a potential next hop = H,,(I*). We have:
to use nodes that amenlikely to receive a bundle according

to the other schemes. The resulting delivery distributiaills N'(z) = / N(t) Dy, (t,x —t)dt  (10)
thus bealmostindependent. {teIr|t<az}

Line [ of algorithm[2 is thus changed: only the nodes P — /OO N'(2) da (11)
involved in D with a probability higher than a given threshold " 0 !

are removed. The specific value of this threshold is a functio

of the network considered. Equation [[(ID) gives the bundle time arrival distribution at

) ) ) the next hopn;. This process can be continued recursively
The rest of this section explains how to compute thenij the probability of receiving the bundle is known fol al

probability that a given node receives a bundle, given a{nofyges.

duplicating) delivery scheme computed by algoritim 1. The bundle forwarding process can be represented by a
We have seen that the proposed modified Bellman-Foggaph. The children of a node are the potential next hops.

algorithm does not lead to a simple routing table: if a bundfghe graph obtained for the example depicted in fiddre 8 is

reaches a given node at tin1g its next hop depends on itsgiven below.

destinationand onT. Each noden divides time in intervals

I, 1y, ... (by means of they operator, algorithrll linEl7), @—>@ 25/256
and each interval matches a given next hof,,(I). In the 1 /1\/ 5/32
example figure18, nodé has defined two intervalsl? = (a) b @ OELL

[Monday, Tuesday and I$ = [WednesdaySunday; H,(I}) = ~ 9/16
d and Hy(1%) = c. o @ 0

A bundle crosses a number of nodes on its way to its .
destination. We compute the probabiliy, that a given node  The numbers labelling the nodes are the probabilities of
n is one of them. receiving the bundle, as given Hy {11). The destinatidhus

- : i 9
Let s be the bundle source node ardhe destination. If "eceives the bundle with a probability g + 7.

the bundle is ready to be sent at tiffig it should reachn =
Hy(I), wherel is the time interval ofs such thatT' € I.
The bundle arrival time at follows the contact distribution We propose to model contacts between a disruption tolerant
N(z) =Dgn(T, x), thus P, = [;* N () dz. network’s mobile nodes as a random process, characterized b
Once the bundle has been receivedhyeach time interval contact distributions. Such a description is more genéiah t

VII. CONCLUSION AND FUTURE WORKS



those generally encountered in the literature, and alldars, The same procedure can be applied to the right-hand part
example, to model a perfectly deterministic network. of (I12). (A2) is thus equivalent to:

We show how such contact distributions can be combined to t t
compute the bundle delivery delay distribution correspogd / Dy(T,z)dx > / Ds(T,z) dx (15)
to a given delivery strategy.¢. a description of the nodes for- 0 _ 0
warding decisions). We show how the Bellman-Ford algorithi¥hich holds by hypothesis. [
can be adapted to cope with such stochastic networks. Corollary 1: VDy, Dy € D, we haveD; © Do = D;.

There is a tradeoff between a bundle’s delivery proba- Proof: From LemmdllD, & Dy = D1 @& L =D;. W
bility/delay and the consumption of network resources. We
propose to duplicate bundles along disjoint “shortesthpsad
as to meet a aiven delivery quarantee without consumin td&] Z. Zhang, “Routing in intermittently connected mobild hoc networks

9 yg . . . 9 and delay toerant networks: overview and challengesEBE Com-

many resources. The corresponding algorithms are given. munications Surveys and Tutorialeol. 8-1, 2006, pp. 24-37.
This work can be continued along several lines. [2] S.Burleigh, A. Hooke, L. Torgerson, K. Fall, V. Cerf, Buibst, K. Scott,
We have proposed a way to route bundles through the and H. Weiss, “Delay-tolerant networking - an approach terplanetary

. ) internet,”IEEE Communications Magazineol. 41, no. 6, pp. 128-136,
network; other routing strategies should be explored and 2003.

compared. [3] A. Vahdat and D. Becker, “Epidemic routing for partialpnnected ad
. s . . hoc networks,” Duke University, Tech. Rep. TR CS-200006til5&000.

Three operators on delivery d|str|but|9ns have been deflne_ T. Small and Z. J. Haas, “The shared wireless infostatmdel: a new
Others could be added so as to describe more subtle routing ad hoc networking paradigm (or where there is a whale, tiseasnay),”

decisions, or to deal with bundles’ transmission delays. in MobiHoc '03: Proceedings of the 4th ACM international syrsipomn

, Mobile ad hoc networking & ting New York, NY, USA:
Real network traces should be analysed so as to quantify zr(‘:M ?;r'eessa 208; BS_ 213@44. comptiing ew or

their predictability, to compare delivery strategies, aod [5] P. Juang, H. Oki, Y. Wang, M. Martonosi, L. Peh, and D. Rudein,

measure how predictability impacts performance. “Energy-efficient computing for wildlife tracking: Desigmadeoffs and
early experiences with zebranet,” ABSPLOS, San Jose, CAct. 2002.
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